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ABSTRACT

Kinetic Study of the Speciation of Nickel(II)
Bound to a Fulvic Acid

John Allen Lavigne, Ph.D.
Concordia University, 1988

The distinguishable species present in solutions of
Ni(II) equilibrated with a soil fulviec acid (FA) are
identified by a2 kinetic method of analysis based on
reaction with 4-(2-pyridylezo)resorcinol (PAR). An approxi-
mate Laplace transform is used to assign the number of
species and a non-linear regression routine is used to
obtain final parameter values. Numerical methods are
carefully evaluated using simulated data including
synthetic noise.

Four rate constants , 0.67, 0.15, 0.021, and 0.0026
s=1 consistently represent components of samples initially
equilibrated at pH 4, 5, and 6.4. The first is associated
with Ni(OH2)62+. Species' concentrations vary in a reason-
able way with pH and with FA/Ni(II) ratio, and seem to
provide 2 realistic model. One important feature is found
at pH = 6.4, where the weakest acid carboxylic groups of
the fulvic acid have been deprotonated; 40% of Ni(II) is
then bound in a specics which requires ten days for

complete reaction with PAR.

iii




A comparison of multi-component kinetic analysis
results to a fluorescence monitored titration procedure
is presented. The kinetic analyses were performed at
three points along the titration curve for the pH 6.4 set,
at points equivalent to 0.67, 1.0, and 2.3%3 mmoles of
Ni(II) per gram FA for an FA concentration of 5.0 X 10-6 w.
These speciation results, when compared to fluorescence
quenching results, gave an "effecti " binding capacity for
the Armadale FA of approximateiy 3.1 mmoles bidentate

complexing sites per gram of FA.
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CHAPTER 1: INTRODUCTION

A: General considerations:

This study was an attempt to determine the chemical
speciation (1,2,3,4) of aqueous Ni(II) in the presence of a
soil fulvic acid. The approach used was a multi-component
colorimetric method of kinetic analysis in which the metal-
humic equilibria are perturbed by the addition of a large
excess of a colorimetric ligand and by a pH change.

For an understanding of such issues as chemical reacti-
vity, bioavailability, toxicity and fate of metals in
natural water systems, it is imperative to know the species
that a metal forms. These include the following: free
metal aguo ions, inorganic complexes, organic complexes,
colloidal and large polymer associations, surface bound
and solid bulk phases and lattice associated complexes (5).
It has been extremely difficult to identify all species at
prevailing concentrations. In particuler the distinction
between soluble and adsorbed species has been a troublesome
task.

Nickel is of significant interest to environmental
chemistry only when problems of contamination are concerned
(i.e. where concentrations are high as compared to average
levels) (6). A general order . decreasing toxicity

towards orgenisms is Hg2t > Ag* > Cu?* > ca2* > zn2* > ppt
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> cr3*+, N12* > Co2* (7). In addition, the metals Al, Cd,
Cu, Hg, Mn, Pb, and Zn have proven to be of great
importance relative to changes in pH (8), however there
exists only scant knowledge as to the potential risk of
nickel in environments of different pH.

We have chosen Ni?* for this study, not for its rela-
tive toxic importance, but for its kinetic convenience.
The lability of simple Nil+ complexes is less than that of
the other ions mentioned on page 1. This means that the
study can be initiated with the assurance taht all Ni2+
species including the free metal ion will be observeble.
Even when using stopped flow methods, an ion such as Cult
might react too fast to measure. Ni2* is situated midway
on a scale of water-exchange rates (9) from extremely fast
to extremely slow as depicted in Figure 1.

Marine geochemical data on nickel has been well docu-

mented (10), but jinzformation on nickel's speciation in

‘fresh waters is lacking. Seawater contains from 0.2 to 0.7

ug/L dissolved nickel (11). An uncontaminated fresh water
level between 0.5 to 0.8 ug/L was found in the Adirondacks
(12). Commonly, levels for nickel in natural waters are
usually low, however anthropogenic sources of nickel
include metallurgical industries involving smelting,
plating, and manufacturing, or from fossil fuel refining
andi combustion (13). Nickel finds its way to water by
leaching of the abundantly soluble salts or by atmospheric
deposition, or by direct addition (13). Nickel present in



Figure 1: Rate constants for water-exchange (inner

sphere) of some characteristic metals (9).
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highly contaminated surface waters was found to range from
between 5.9 to 6.4 mg/l in Alice Lake near Sudbury Ontario.

Toxicity testing on marine phytoplankton gave LC50
values (the concentration of toxicant at which 50 # of the
test population has died after a set period of time) of 2.0
mg Ni2*/L for a metal-tolerant strain, S. acutiformis
(14). At the other extreme, an LC50 of 0.1 mg Ni2*/L vas
found for a metal-sensitive strain, Scenedesmus sp. (15).
The concentration of Ni(II) used in the present study
corresponded to 0.29 mg N12+/L. a value deemed of signi-
ficance to the algal range just described. However, fish
toxicity studies gave LC50 values for Atlantic silversides
( Menidia menidia ) of 14.6 mg Ni®t/L and, for the tolerant
species of the mummichog (Pundulus heteroclitus) of 191.3
mg Ni2*/L for a 72 hour and a 96 hour time of exposure
respectively (16). This is almost 300 times the concentra-
tions used in this thesis. Bioaccumulation of Nickel by
aquatic macrophytes (alga) range from 3.8 mg/Kg in the
leaves of the species N. variegatum to 6375 mg/Kg in the
leaves of Potamogeton (17). The nickel concentrations
required to simulate toxic conditions towards fish are much
too high for the reaction with PAR (i.e absorbancies would
no longer follow Beer's Law). A lower concentration was
used so as to achieve a good absorbancy range (0.33 units)

vhile obeying Beer s Law.



B: Complexation of metals by humic substances:

In this study, a Bh horizon Armadale soil was used as a
source of fulvic acid (FA). B lafers are zones where there
is an accumulation of clays and/or humus material and
oxides which originated from the surface, or A layer,
having had some diagenetic evolution. The HA content
retained in a B horizon depends mainly on the amount of
drainage (i.e. leaching out). The FA used in this study
was not a raw geochemical substance, but the water-soluble
fraction of an alkaline extract of the soil mixture after
particulate filitration and extensive ion exchange to
convert it to the protonated form. It is of interest
because of its significant metal and organic complexing
characteristics and mobility within the water cycle but is
not itself the only complexing fraction of the soil. Others
are HA, clays, and oxides, components which were not consi-
dered in this study.

Complexation of metal ions in natursl water ie largely
controlled by the colloidal ligands, humic substances, and
hydrous oxides (18). This study has been directed to metal-
humic interactions using a stoichiometrically defined soil-
derived (pedogenic) fulvic acid (FA) as a representative
humic. There exists a variety of structural components that
are associated with humic substances. Tabhle I lists some of
the more important groups found in the Armadele soil

extracts (19,20). The major functional groups in most



Table I: Functional groups found in the Armadale soil

extracts (19,20) Concentrations are reported in meq/g.

Functional Groups Type of Extract

HA Humin FA
Phenolie-0OH 3.3 2.2 3.9
Alcoholic-OH 1.9 - 4.0
Ketonic C O 1.2 3.1 1.4
COOH 4.4 3.1 8.1
Quinonoid C O 1.0 2.0 0.6
Methoxyl 0.3 0.4 0.4




humic substances (HS) include carboxylic, phenolic, enolic,
quinone, hydroxyquinone, lactone, ether, ester and hydroxyl
as well as S~ and N- containing groups, although a signi-
ficent part of the latter are probably in non-complexing
functional groups.

Methods used for determining the types of ligands
responsible for metal binding to FA are based on the acidic
properties of the polymeric ligand. Fulvic acid's irregu-
larity and complexity obscure individual characteristics
and render the analysis of the chemical and physical nature
of F4 rather complicated (21). Schnitzer developed a
popular method for titrating the acidic properties which is
called Baryta adsorption (22). It invelves a reaction with

excess barium hydroxide followed by a titration of the

unused base:

2HA + Ba(OH); —>BaA, + 2H,0 + unused base

Total acidity (COOH and phenolic-OH) is then calculable.
Sehnitzer (22) also developed a Ca-acetate method for

the determination of the carboxylate content. The reaction

involves:

2R-COOH + (CH3C00),Ca —> (R-C00),Ca + 2CH5COOH

where the production of acetic acid is directly related to
the total COOH content and can easily be titrated.




The total hydroxyl (OH) content can be determined
using the method of methylation with dimethyl sulphate, or
acetylation with acetic anhydride (23). Frgm such results,
"phenolic~0OH is calculated by subtraction of the total
carboxylic-0OH from the total acidity, and alcoholic-0H is
calculated by subtraction of phenolic-0OH from total OH.
Such results must be accepted with discretion, there being
shortcomings too numerous to elaborate (24). This sequence
of determinations/calculations is the shortest, simplest
route, although other procedures have been exploited, such
as: methylation procedures (25), reaction with diborane
(26), and reaction with lithium aluminum hydride for the
determination of total acidity; an iodometric method (27)
and quinoline decarboxylation for the Qetermination of
carboxylic-0OH; and the Ubeldini method for phenolie-OH
determination (28). What must be emphasized is that each
method has its advantages and disadvantages. Because of a
lack of specificity appropriate to the study of complex
polyfunctional ligands such as the humic substances, values
obtained must be used with discretion.

Many recent studies have investigated FA and HA using the
nuclear magnetic resonance (NMR) techniques (29,30,31), dbut
strong disagreements exist among laboratories as to the
interpretation of the results (32,33). H-NMR spectra of
humic substances (34) are not easily resolved and have been
of interest only for overall functional group classifica-

tions. The latter approach supplies little information



about subtleties of structural units. Furthermore, HA and
PA have limited solubilities in common NMR solvents.
Schnitzer and co-workers (35) have studied, by 13C--NMR,a.
number of humic substances including the Armadale soil
extract used in this study. The major present debate
concerns the true aromatic cortent of the various humic
substances. Their method utilized the integration of the
areas under the peaks of cross polarization, magic-angle

spinning (CPMAS) Carbon-13 NMR spectra (36) between 100
and 160 ppm as assignable to aromatic carbons, which
supplies aromaticities when normalized to total area less

that for carboxyl carbons according to:

fa = fsa - fcoon

where fa is the normalized aromaticity, f‘a is the total
area for aromatic cardbons, and fcoog is the carboxyl
carbons. These results have shown that the percent aroma-
ticity for Armadale FA is 35%, compared to 92% for an A1
horizon Inceptisol HA from Shizuoke Japan (37). One of the
attributes of the Armadale PA ies this fact by 13¢c-NMR
techniques agrees well with the binding estimates based on
traditional titration methods. This increases confidence in
the values reported in Table I.

One disadvantage to NMR methods is that it does not
discern discreet OH peaks, although it does isolate COOH
peaks which contain the OH moiety. The OH content found

by the methods described earlier can be used to calculate




the appropriate fractions of OH and COOH groups.

Schnitzer and Gamble (38,39) have reported values for
the Armadale Bh horizon soil fulvic acid of 3.3 mmoles/g FA
of phenolic-OH, with a2 total -COOH content of 7.7 mmoles/g
PA (38,40,41). Aliphatic~OH was 3.6 meq/g FA, ketone was
2.5 meq/g FA and quinoid was 0.6 meq/g FPA. Permethylation
of FA reveals peaks between 50 and 60 vppm for COOCH3,
aromatic OCH3 and aliphatic OCHz groups from which the
approxiamte abundances are found. For the Armadale FA, the
relative abundance of OH groups associated with phenolics
versus carboxylic acid (1.00), was 0.40 (42). This
carboxyl/phenol ratio of 2.5 compares well with the 2.3
ratio found with titration data discussed above. The carbo-
xylate and phenolic-OH are of major interest with respect
to the metal-humic complexing characteristics (43). These

two reactions can be represenied as:

o, ,oH o M,
7
c 2+ —m S N +
/
M
c 0 ,0
7
c Ca
+ M - +H
2 =

10



Functional group content can vary significantly
depending on the source or type of the humic material.
Table I illustrates these differences between the groups
analysed for FA and HA from the same so0il (44). As an
illustration of the wide variety of values for various
functional groups that can exist between soils of differing
origin, Table II compares estimated values of quinone and
ketone content in humus from various substrates (45).
Evidence of such widespread disparities makes it obvious
that humic material used in any speciation study must be
well-characterized in advance. This is indeed the case for
the Armadale FA (38-4%) and is the major reason for which
it was chosen.

The conclusion of this review is that humic substances
have many functional groups in common but vary considerably
in detail. The sample chosen as a model in the present
study is vne of the best characterized, and composition
determined by either titration methods or by NMR studies
are in good agreement. It is also well characterized with
respect to stoichiometry of ion exchange and acidity by the
detailed titration studies of Gamble (40,41). The results
for the first and second end points as reported by Gamble
(41) 'were 3.16 and 7.70 equivalents acid per gram FA

respectively.

11
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Table 1II: Estimated quinone and ketone content for five

different soil sources (18).

Source Quinone c=0 Yetone
(meq/g) (meq/g) (meq/g)

total

Woodland soil 1.05 2.92 0.93

Peat 1.26 2.75 0.78

Brown Coal 1.33 2.90 0.78

Weathered brown coal 2.51 3.95 0.72

Weathered bituminious 3.27 5.18 0.90

coal




C: Conventional methods of metal species determination:

In a polydisperse system, the total concentration of

metal, Mp, for all species (free and complexed) in solution

can be algebraically described as:

[Mp] = [M2+] + [MI4] + [ML,] + oo+ [ML,)

where [ML;] is the concentration of the i-th metal-ligand
complex, and M2t is the free metal.

Conventional analytical methods commonly applied to
water systems are limited by their failure to distinguish
number and nature of chemical species in situ, since what
is measured is usually total metal and/or free aquo metal
(46). TFor example, the highly sensitive technique of
atomic absorption spectrometry (AA) is commonly used to
determine the concentration of a separated species, with
the seperation accomplished either by ion exchange (47),
solvent exsraction, or sizé fractionation (48). Solvent
extraction using either chloroform or carbon tetrachloride
may permit partial extraction of the metal ions adsorbed on
organic colloids and/or inorganic particles (49). Kamp-
Neilsen (SO)Xpoints out that chelation-extraction methods
may seriously underestimate organically bound metal
species. The use of ligands such as dithizone, diethyl-
dithiocarbamate, and ammonium pyrrolidine dithiécarbamate

form such strong complexes that the required stability

13




constant of a natural copper complex would have to be
greater than 1030 in order to avoid substitution by the
diethyldithiocarbamate (49). This not being the case with
all metal-humate equiliﬁria, some of the bound species
would react and thus be presumed as free metal ions, thus
underestimating the true bound species. Even if this were
avoided, the method only measures two components, free and
bound.

The most sensitive atomic absorption technique, that of
graphite furnace atomic absorption (GFAA) has an absolute
detection limit of approximately 0.02 ng/mL for most metals
using 50 vl samples (51). The optimum concentration range
vhen using conventional flame AA for the dete~tion of Nid+
is 0.3 to 10.0 mg/l with an absolute detection limit of
0.02 mg/1 {(52,53).

Icn-selective electrodes (54) are metal ion specific
but measure only the thermodynamic activity of the ion
which is often taken to be equivalent to the "free" metal
concentration in solution. As used, two species-types are
determinable, the "free" and the bound. The latter is
determined by difference from the total known metal concen-
tration, found either by AA or other suitable methods.
There does not exist at present any suitable ISE for
nickel. CopperISE s are capble of measuring copper ion
activity as low as 0.6 ug/l (55), but at these low levels,
problems of reproducibility and linear response abound, and

the potential readings obtained are ambiguous.

14



The major problem with ISE's is its relative insensi-
tivity. The lower limit of the copper ISE is 300 times
higher than that acheivable using GFAA. PFrazer et al. (56)
have introduced a method to obtain quantitative analytiéal
data when the EMF outputs are in the Non-Nernstian response
region. However, an artificial intelligence computerized
method is required to analyse the resultant potential
readouts in comparison to stored calibration data, and the
lower limit then becomes that level where the ISE noise
becomes significant. For example they were able to detect
bromide at 6 ppb with a 2 ppb error. This procedure
required rigid constant temperature control in order to
reduce the error to 0.5 ppb (i.e. it is not a routine
procedure). Again, output instability causes the greatest
difficulty, and, as mentioned, the complex data analysis
scheme required does not lend much appeal to this method.

Conventional ISE is acceptable for determining the free
metal ion activity. There is not any direct method for
distinguishing between the different species that are
bound. Bound species are evaluated by titration methods.
Weber et al. (57,58) have used a copper ISE in éonjunction
with fluorescence quenching measurements. From knowledge of
the total and the "free" metal concentrations, the bound
total can be thus easily calculated, and fluorescence
quenching serves to indicate when maximun ligand complexa-
tion has been acheived. A similar approach has been used

to determine equilibrium constants for pyrene, phenan-

15




threne, and anthracene in the presence of FA (59).

Anodic stripping voltammetry (ASV) has the ability to
distinguish three categories (60), namely free metal ions,
labile species which have stripping potentials cathodic to
that of the free species, and those that can be labelled as
electroinactive. Total metal can then be determined as
well after acid digestion (61) or following UV irradiation
in acid-Hy0, media (62), the latter being preferred when
studying natural organically bound metals. It is a sensi-
tive approach, but is usually limited to only a few
elements, namely Cu, Cd, Pb, and 2Zn (63). Nickel will react
with the mercury creating a metal-metal complex.

Cyclic voltammetry, and ASV, study the oxidation
(plating step) and reduction (stripping step) steps. A
metal ion must physically diffuse to the reaction layer
where it must dissociate from its counter ion or ligand
before being reduced through electron transfer. The amalganm
is formed when the reduced ioon is made available after
leaving the diffusion layer (64). The formation of this

metal complex:
I~ 4 Melt = MeL-(n-m)
must be faster than the oxidation of the amalgam:
M(Hg) === M™ 4+ ne~ + Hg

so that there can be recombination of the complex before

it has the chance to enter the plating step once again. If
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it has not, the two steps are indistinguishable. This can
often be the case with fulvic acid which contains many weak
binding sites.

One problem that merits consideration when using ASV
is the adsorption of a species onto the mercury drop which
can cause potential shifting, depressed potential values or
the occurence of multiple waves (65). Studies have
indicated that humic acid suppresses the reduction currents
during the plating step in ASV (66). Suppressions of
plating activity is interpreted in terms of the presence of
surface-active agents. Surfactants, usually present in
natural water, interfere with the quality and reliability
of results from ASV.

The "masking" of leabile cu2+ by C17 arise from shifts
in the Hg wave (66,67). These interferences arise from
complexation of the analyte and interactions at the droplet
interface and Hg phase. Since natural waters contain C17,
this interference may occur. Simple interpretations of
voltammograms are not satisfactory for speciation studies
because of these difficulties.

Another problem encountered in ASV studies occurs when
the ratio of the free metal is equal to or higher than that
of the ligand-bound metal, & situation arising subsequent
to both having been reduced to the amalgam, the ligand
diffuses back into the solution and is therefore no longer
available to recombine with the fraction of oxidized

amalgam originally proportional to it. This obviously
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gives rise to erroneously high values for the free metal
concentration (68). Thus, alternative methods capable of
supporting or verifying ASV analysis are important.

Dialysis has been employed to separate free metal ions
and the organically-bound metal species (69,70). Problems
associated with the use of dialysis membranes are serious.
It is suspected that some humic substances may dissociate
at the membrane surface, pass through as smaller units,
then reassemble into the aggregate form on the other side.
Furthermore, negatively charged complexes diffuse through
the wall very slowly (71,72) because the dialysis membranes
themselves are negatively charged. Contamination of the
membrane by the metal cation is widespread in practice and
once they have been decontaminated they tend to adsorbd even
more strongly than before.

Errors can result if it is assumed that the free metal
ion concentration outside the bag, at equilibrium, is equal
to the free metal ion concentration inside the bag. The
error (73,74) arrises when there is a deficiency of anion
passage to the outside. Excess electrolyte can overcome
this effect, but supporting electrolyte shifts the equi-
librium of weakly bound ligands, favoring an increase in
free metal ions according to the ionic strength effect as

illustrated with an example using copper and sodium:

+Nat

Cu-1L —== cu?* + 12~ ——= cu?* + INa,

18



Ultrafiltration has been used in a similar manner to
dialysis. Advantages are similar, disadvantages are
similar, but attenuated somewhat. It involves the appli-
cation of about 3 atmospheres of pressure (usuaily with
nitrogen) to a closed vessel with a filter on the bottom
made which is made of a very thin membrane coating ( such
as polycarbonate) mounted on a porous backing for physical
support (75). Buffle and Staub (76,77) have recently used
the ultrafiltration method to measure the complexation
equilibrium properties (stability constants) of zinc in the
presence of both a synthetic 1igand and a pedogenic (soil
derived) fulvic acid from a natural water. The method
works irrespective of the nature of the metal ions
involved, and its sensitivity is limited only by the method
of detection used to analyse the filtrate. Since the
method is applicable to all metals, the method has the
advantage of being useful for those metals that are diffi-
cult to analyse using other methods. The useful aspect is
that the ligand and its complexes are retained by the
membrane (78), whereas the free metal ions pass through
into the filtrate. However, even the smallest ot pore
sizes (i.e. molecular weight cut-off of 230) does not
completely retain all of the organic ligands found in
natural waters where molecular weights average only a few
hundred Daltons and dissaociation reassociation can occur
(79). By filtering only a small amount of the solution,

perturbations of the equilibria can be avoided, and this
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also reduces the filtration time.

A high concentration (0.1 M) of noncomplexing electrolyte
is an absolute requirement in order to avoid adsorption of
the metal 1ions onto and within the membrane. This is a serious
disadvantage since it would certainly perturb the equilibria
of the weaker binding sites, which are considered to

contribute greatly to the total number of binding sites.

It has even been proposed to regard biological uptake as
a measure of speciation. Biological uptake 1is a physico-chemical
process wherein metal uptake is a speciation-sensitive
phenomenon.  Trace metal uptake invariably invloves passage
through a complex multi-cellular membrane ( i.e. fish gills ).
The differences between common measurements ( i.e. ISE ) and
membrane processes include a less well defined diffusion Tlayer
thickness and a sometimes saturable adsorption uptake process
(81). The common assumption is that uptake measures free
ion concentration. Free metal ion concentrations have been
measured by bioassays (82) wusing marine bacteria, where biolo-
gical activity/response is measure by glucose or amino acid
incorporation. Kinetic considerations are of significance and
the procedure is quite time consuming. It is non-specific,
and the effective concentration range is 1limited from 1 pM to

1 nM (83).
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D: Kinetic Method of Speciation:

In this study species' concentrations and species'
rate constants for their reaction with PAR were determined
by fitting Equation 1.1 using a kinetic method (84,85).
On dissociation of the metal-FA species, a strongly binding
reagent produces a common detectable product. A multi-
component kinetic treatment dident.fies the components by their

difference 1in rates of reaction under conditions ( i.e. pH,

jonic strength ) fixed by the reagent solution. The rate

expression is:

Rate = %%—= kM1 + kM)l + ...+ KM ] [1.1]

In [ 1.1] P dis the product formed, and ki 's are the
individual dissociation rate constants of the various components.
The concentration of reagent is chosen large enough to force
pseudo-first-order kinetics. The reagent is 4-(2-Pyridylazo)resorcinol

(PAR).

This kinetic method has been apllied previously to iron(III)
(86) and aluminum(IIl) (87). In the latter case, estimates
of the rate constants and initial concentrations were
obtained from Guggenheim plots (88). Kinetically distinguish-
able components were recognizable from Tlinear sections
of the plots/ The disadvantage of this method 1is in

the uncertainty as to whether the non-linear portions
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contain more than one component and that at the most three
components were capable of being resolved. A number of
other data reduction procedures have been discussed elsewhere
(89,90 ). The lesson is clear. A better method for

objective assignment of components is necessary.

The data analysis method adopted for this work identifies
the minimal number of components capable of modelling the
system and 1is based on a method introduced by Olson and
Shuman ( 91 ) in which an approximation of the distribution
of the reverse of a Laplace transform as applied to Equation
{ 1.1 1 was used. The application of this method will be

discussed in more detail in Chapter 2.

A kinetic method of speciation has the added advantage
of providing an approximation of the kinetic behavior of
the various species identifiable 1in a natural water environment,
to the extent that the reagent solution does not produce
extreme conditions entirely irrelevant to natural systems.

In the method, the cation is scavanged from the
equilibrated Fulvic acid - Nickel(II) complexes (Fa-Ni(II) )
by swamping the sample with an excess of the strong
complexing reagent, PAR, which has a high stability constant

with Ni(II).

The reactions of PAR with the FA-Ni(II) species (and

the free Ni2+ ), can be represented:
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Ni2* 4+ PAR — X1 _, NiPAR

PAj-Ni + PAR ——X2 o NiPAR + FA,
FAo-Ni + PAR K3 o NiPAR + FA,
FAp-Ni + PAR —KD 5 NiPAR + FAp

where PA;-Ni is a kinetically distinguishable Ni(IT)
species. Note that NiPAR is a common product for colorime-
tric monitoring. With a large excess of PAR (in this case
50 fold) all the above reactions are pseudo-first-order. In
this case, the concentration of NiPAR evolves with time

according to:

-k(i)t
C(0);( 1 - e ) + X 11.2]

c(t)

where C(t) is the concentration of the NiPAR complex at any
time t, C(O); is the initial concentration of the i-th
species expressed in units of the proportionate quantity of
NiPAR produced at t = infinity, and k(i) is the rate
constant for the i-th component. Thus, the information on
the quantities of various types of ligand sites is given
by the C(O)i's, and qualitative information on lability by

the k(i)'s. The X term encompasses time independent



absorbance representing the sum of the "blank" absorbance
by PAR, the "blank" absorbance by the FA, plus the blank
absorbancies of any products formed by PAR in a time short
cﬁmpared to reagent mixing. Ni2t* was chosen because its
fastest reaction, that of free Ni(OH2)62+ with PAR, may be
studied directly 2t the concentration levels used here. No

fast reaction between Ni2* and PAR contributes to X.

E: Characteristics of the PAR reégent:

The acid-base equilibria (92,93%,94) of PAR are shown

in Figure 2, and the structural forms for the 1:1 and the

2:1 complexes of metals with PAR (95,96) are shown along
'with the equilibrium constants for Ni(II)-PAR in Figure 3.

Alpha values (o{ ) are used to express the fraction of

total ligand that is in a particular protonated state
(97). For PAR, the sum of its protonated/deprotonated

forms is given by:
¢ = [Hsa*] + [HpA) + [EA"] + [A2-] [1.3]

where C is the total sum of 1igands, and A represents PAR.

Theo!, fraction for a 1igand like PAR, when totally depro-
tonated, is given by (98):

Ko = ([HP/K1K2K3 + [E)2/Kks + [H)/Ks + 1) -1
[1.4]
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Figure 2: Acid-base dissociation steps for PAR (92).
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Figure 3: Structures for the 1:1 and 2:1 metal:ligand
complexes with PAR, and their equilibrium constants in the
case of nickel (95)..
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and where subsequent fractions for monoprotonated, di-

protonated and tri-protonated species are given by:

o =o<01%%_,o<2 =o<o%, andX 3 = &, [H]>

[1.5]

Using the pK.'s in Pigure 2, one obtains, for a pH of
7.8, the following alpha values: 3.07 X 10-5 for o’ 0.993
for 43 0.005 for »; and 3.9 X 1078 for =. Therefore,
it is the monoprotonated form III in Figure 2 which is the
predominant (99.3%) form for PAR under the kinetic condi-
tions used in this study.

F: Fluorescence quenching of humic substances by metals:

Fluorescence (99) is used in this study as a comple-
ment to the kinetic approach. Fluoresceﬁce is dependent on
the chemical structure and environment of the compound. Few
aliphatic compounds fluoresce, but large conjugated systems
do, having HOMO pi electrons which are promoted to LUMO
antibonding levels when low energy photons are absorbed
with minimal skeletal pertubation in the molecule.

Most paramagnetic metal ions quench effectively. Since
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in the case of FA, the COO~ groups provide weak field

1igand sites for Ni2t, complexes will be paramagnetic in
this case and quenching is expected. Previous studies
(57,58) used fluorescence quenching in a titration proce-
dure where Cu?*t was the titrant. This method was regarded
as pertinent to the study of complexation equilibria. The
effort to extend the method to Ni-FA revealed problems.
There is some reason to suspect that earlier reports were
overly optimistic. In our work, good equilibrium models

could not be developed from fluorescence data.
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CHAPTER 2: REDUCTIOR OF KINETIC DATA

A: The Laplace Transform:

The success and reliability of kinetic methods of
analysis depends critically on the numerical treatment of
the experimental multicomponent kinetic data. Any fitted
solution automatically involves the mathematical complex-
ity of a 2n-dimensional surface where n is the number of
components (one pair of C(O)i and ki for each). As is
commom in related problem areas such as multiple lumi-
nescence decay, non-linear regression (NLR) is used to
obtain ky's and C(0)y's. éhis can be readily done for three
components present in similar quantities if the ki's are
separated by more than a factor of two. (If quantities are

not similar, a factor of 10 may be needed between neigh-

bouring k;'s.) The central problem is the fact that several

component non-linear least squares fits are too flexible
and some guidance is necessary to choosse reasonable compo-
nent sets and initial parameters.

In the present case, one rate constant can be inde-
pendently determined, that for reaction of PAR with
Ni(0H2)62+ (by experiments in the absence of FA). A second
can be extracted from the linear part of the 1n(Ay -Ay)

data at late t by a linear least squares fit. That is, the
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last component in Equation 1.2 can be extracted since the
reaction is essentially complete with respect to the
others. To obtain objective initial values for the
remaining components requires a procedure to supplement
non-linear regression. In an earlier study (100) the use of
a modified Guggenheim plot method was explored. Recently,
Shuman and co-workers (91,101) have suggested use of an
approximate Laplace transform. Although the derivation
used in the analysis has been introduced and described
elsewhere (91), a short explanation is given here.

If we multiply a function, f(t), by e~3%, where s is
equal the complex variable 6"+ jw, and perform a one-sided
positive integration to infinity, and if the result exists
as a function, this is called the Laplace transform of the
function £(t) (102), denoted F(s), as in;

00 -
F(s) = Se-st £(t) dat [2.1]

For equation 1.1, this becomes, when k is considered

as a variable of the integration;

-]
c(k,t) = SF(k,t) e~kt g¢ [2.2]
o

The inverse Laplace transform of Equation 2.1 is the
function F(k,t). To obtain this function, the inversion
can be obtained using the Post-Widder equation (91,103,104)
yielding thus;
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Fk,t) = 1im‘( -1) m)(&)m‘” Qm gmg}_c) = lim Fp(k,t)
myeo |\ m! m»te

Inthefinal result, as explained in more detail in
Shuman's paper (91) where the mathematical approach was
initially developed, the distribution function H(k,t) is

obtained as;

H(k,t) = /)2 c(x,t) _ Qc(k t) [2.4]
(1nt)2 é;(lnt)

H(k,t) is a distribution function, from which a

spectrum is obtained by plotting H(k,t) vs 1n(t) where
individual peaks in the curve represent each component. The
area under each peak equals that component™s initial
concentration. Maxima in H(k,t) ve 1n(t) are related to k
(= 2/t). The difficulty with this procedure is that nume-
rical second-order differentiation can lead to artifactual
peaks when the smoothing routine for the original data is
susceptible to the production of "ringing". As well, the
numerical approximation leads to peak broadening which
removes the distinction between well defined species and a
continuous distribution of species. Data smoothing
procedures, which are essential, ameliorate somewhat the
first of these problems and exacerbate the second.

The accuracy of the value obtained for k; at the
maxima in the distribution is determined by the integer m
in Equation 2.3. ©Equation 2.4 was derived with m = 2,
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hence in our case ky = 2/t. Higher accuracy was deemed to
be unwarranted. However, if one wished to consider
extending Equation 2.4, the value of m must be also
considered for the exyression for k; = 2/t. In this
study, the valueofm was always restricted to 2.

Our approach uses the Laplece transform to obtain
estimates of parameters which are then refined by non-
linear regression. The validity of the parameters'
objective significance is not demonstrable from numerical
analysis alone. The case for parameter validity is finally
one of consistency of the rate constants as a function of
concentrations and pHs. (This issue is better discussed
after the results have been presented in Chapter 5). Trials
using artificial data (with noise) showed that whenever
erroneous results were obtained with the transform method
and the parameters obtained were subsequently used as input
for the non-linear regression routine, the algorithm failed
to converge. Confidence in parameter validity in a final
result is dramatically improved when simulations closely
related to the experiments reveals the details of the
process of data reduction. Although we acknowledge that
this "empirical" approach to validating algorithms is not
rigorous, synthetic data were designed to mimic the experi-

mental system to minimize the dangers.
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B: Nonlinear regression:

In contrast to the nonlinear regression package that
was previously used (105) (a general purpose program from
the Computer Center Library), the present program was
written exclusively for the purpose of fitting multi-
component kinetic parameters (sums of exponentials plus a
background signal) to the data, while restraining the
results to certain criteria which will presently be further
defined.

The mathematical characteristics have been discussed by
Mak and Langford (87). The salient features of the program
include the capability to compute the exact values of ell
the partial derivatives that comprise the Hessian matrix N.
It avoids convergence on negative values by using the
coefficients of the fitted polynomial and means to adjust
the intermediate parameter values in the course of the
regression. The advantage of this feature is obvious.
Computational accuracy is improved by eliminating estimates
of partial derivatives numerically (as is the case with
inputs of arbitrary regression models with the fore-
mentionned packages). This in turn assures better fitting
in the final solution. This also effectively reduces the
probability for the regression to converge onto an
erroneous minimum. Otherwise, the NLR algorithm chosen for

this work adheres very closely to that described in Bard
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(106) and discussed in the kinetic context by Mak and
Langford (87).

NLR routines require equal time intervals to work in a
minimum time span. For this reason all experimental or
simulated data was reconstructed by generating a suitable
(C,t) matrix from the original data using the procedure to
be described latter in Chapter 4.

The entire noncompiled version of the nonlinear regres-
sion as composed by M.K.S. Mak (107) is found in appendix B
of this thesis.

A brief description of the algorithm is also provided
in this appendix. It is not introduced "point blank" in
this Chapter since it is not necessary to understand the
subtleties of the software in order to properly use it, and
besides the terms used in its description are not appro-

priate to the basic approach required in this thesis.
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CHAPTER 3: EXPERIMENTAL SECTIONR

A: Materials.

All chemicals were reagent grade unless otherwise
noted. The PAR reagent was obtained from Aldrich Chemical
Company; NaNOz and NaHCOs from Anachemia ; Ni(OF5)g.015
from May and Baker ; NaOH pellets and conc. HNOz from
Allied Chemicals. The water was deionized-distilled with no
cations detectable by flame'atomic absorption spectroscopy.
Chemicals were used without further purification.

Extraction of the soil fulvic acid from a Bh horizon
soil obtained from Armadale, Prince Edward Island following
procedures of Schnitzer (39), was performed in our Science
and Industrial Research Unit (SIRU) laboratories (108).
This fulvic acid was chosen because it has been well
characterized by Gamble and Schnizter (38,39). A number
average molecular weight of 900 a.m.u. (86) was used to
calculate "molar" concentrations of the fulvic extract. Mo
appreciate the complexity of the sample, it is worth noting
that the weight average molecular weight is near 5000
a.m.u. (109).

The experimental FA was extensively ion exchanged to
replace metal ion with : It was not, however,
fractionated because most chromatographic, degradative, and
mass spectral experiments have indicated a nearly conti-

nuous distribution of components and it seems unlikely that
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the behaviour of a FA can be readily simulated by the
summation of the properties of the pure model organic
compounds. One advantage of this study was to use a
stoichiometrically well defined natural substance, as is

the Armadale PFA.

B: Samples:

The mole ratio of fulvic acid to Ni(II) was varied
between 1:1 and 9:1 in unit steps. Each solution contained
1.00 X 10~ M NiCl,, and the appropriate proportion of
fulvic acid. Three series were prepared at three pH
values; 4.0, 5.0, and 6.4. A pH of 4.0 is just above the pHF
of the pure FA solutions, and a pH of 6.4 1lies beyond the
equivalence point in the titration of the carboxylates with
NaOH (see Chapter 1). These were obtained by adjustment
with extremely small quantities of HNO3 or NaOH as
required. Solutions were then equilibrated for at least 24
hours at room temperature in the dark, and +their pH values
confirmed.

The PAR reagent was prepared in 50 fold excess to the
Ni(II), thus 5.00 X 10=4 M, brought to 0.200 M with NaNO=z,
and 0.050 M in NaHCOz. After PAR dissolution was assured
the pH was adjusted to 7.5 with dilute NaOH.

Sample preparation for the‘ fluorescence quenching expe-

riments are described in part D of this chapter.
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C: Kinetics.

To study kinetics, 1.5 ml of one of the sample
solutions was mixed with 1.5 ml of the PAR reagent working
solution. This dilution gave final concentrations of 5.00
X 10=6 M NiC1l,, 2.50 X 10~4 M PAR, 0.100 M NaNO=z, 0.025 M
NeHCOz and pH 7.8. The reagent solution assures constant pH
(7.8) and ionic strength for all kinetic runs and an excess
of reagent over the metal of 50 fold. This guarantees
pseudo~-first-order kinetics and rate constants which are
consistent throughout. The mixing was done by consecutive
injections of aliquots directly into the cuvette such that
reactions could be initiated with a maximum t = O error of
about + 0.25 sec. once the reagent solution was introduced
as the second injection. The cell block was maintained at
24.509 + 0.19C using a thermostated circulating water bath.

Absorbance values were recorded at 521 nm on a
Perkin-Elmer Model 552 spectrophotometer and digitized from
chart records at ever increasing time intervals (related
somewhat to 1n(t) spacings) up to, at most, 9.0 X 104
seconds. The molar absorptivity at 521 nm of NiPAR was
found to be 6.57 X 10 4 +0.05 X 104. PAR does absorb weakly
at this wavelength but since it is in 50 fold excess, its
contribution to the change of absorbance with time is
negligible. PA absorbs slightly at this wavelength as well
but its contribution was found to not vary with time under
our experimental conditions. Both excess PAR and FA contri-

bute to the X term in equation 1.%. This amount, X, is
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constant with time, and varies only with changing FA
concentrations. The approach to multi-component analysis is

described in Chapter 4.

D: PFluorescence Quenching:

Fluorescence emission was measured at 465 nm following
excitation at %65 nm using a Perkin-Elmer Fluorimeter model
PE MP44B. Absorbance measurements at both +the emission and
excitation wavelengths were recorded in order to assess the
influence of the absorbancies on the correction factor
necessary to recalculate the exact relative fluorescence

according to the equation (110):

P o1-151(a)1 + a{2)

F = 13.17
CORR 1+ 1.02(a012 + AA22) a2

where A)1 and ARZ are absorbancies at the excitation and
the emission wavelengthe respectively, and d is the cell
path length.

To a 400 ml solution of FA equilibrated to a pH of 5.0
or 6.4, ulL aliquots of a 0.004 M NiCl, solution (50 to 500
ul) were added, and the PH maintained throughout +the
titration with dilute NaOH. Fluorescence measurements were
. recorded after 15 minutes of equilibration on 3mlL samples,
which were subsequently returned +to the vessel before the

addition of further titrant.



Three points along the titration curve, equivalent %o
titration amounts of 1.0, 2.0, and 3.0 mmoles per gram of
FA were selected for multi-component kinetic analysis in
order to observe the speciation as the titration progressed
to an asymptotical maximum quenching. This was done at pH
6.4 only as it was considered the most interesting in the
sense that at this pH, the most complexation was obhserved.
These three additions were done on a sample separate to
those for the fluorescence quenching titrations and were
allowed to equilibrate for 24 hours prior to kinetic
analysis.

Multi-component kinetics for all solutions involving
fluorescence quenching were performed on a Hewlett-Packard
8452A diode array spectrophotometer at 520 nm and 24.5 ©cC.
In order to reduce the amount of data obtainable on a
continuous kinetic run from O to approximately 3,000
seconds, the run was divided into three files such that
(i) for 200 to 400 seconds, a reading was recorded at 0.5
second intervals with integration times of 0.1 second each,
(ii) subsequently, data at intervals of 30.0 seconds with
integration times of 0.7 second were collected until an
elapsed t’me of approximately 2500 seconds. These sets were
further reduced in size using the algorithm called

STANDARD.A, and STANDARD.B as presented in appendix A,

programs which cause the data to resemble a logarithmic

progression of data acquisition with respect to time.
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CHAPTER 4: DATA PROCESSING TECHNIQUES

A. Data simulation:

Data were simulated according to Equation 1.3 by varying
both the number of and the values for the various para-
meters. Ncise was introduced by adding or substracting up
to 0.6% of the date using a ramdom generator of the noise
which was distributed normelly. To simulate temporal
aspects of the experiment, the values for the time of
recordings as obtained in the actual experiments were used.
These approximated logarithmically increasing increments.
The noise used in the simulations exceeded experimental
noise.

Results for a typical simulation are presented in
Table III. The NLR-refined results using the generated
data sets with 0.6 % noise deviated from the generators
between O and 12 %. The noise that was introduced was
considerably more than that encountered experimentally.
Thus, the deviations of the latter are expected to be less.
The percent "recovery" of Ni (II) lies within experimental
error. ?he means and standard deviations for each of the
four rate constants from successive simulations with ran-
domly varying noise are presented in Table IV. These show
reagsonable variations, and will be used in discussion of

the trends observed for experimental data below.
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TableIII: A four component simulation with estimates and
NLR refinements as obtained using the adopted approach as

described in section C of Chapter 3. &

Parameter Simulation Laplace NLR
Generators Trial Values Refinement

C1 1.67 1.43 1.77

k1 0.700 0.540 0.606

c2 1.67 1.66 1.78

k2 0.153% 0.170 0.157

C3 0.837 0.913 0.830

k3 0.0100 0.0095 0.0102

C4 0.609 0.944 0.617
k4 0.0022 0.003%1 0.0023

X 2.13 1.63 2.09

Percent

Recovery 100.0% 95.1% 102.4%

&  Noise level was 0.6%, and to offset was + 0.15 seconds.

(Time values used were borrowed from a pH = 6.4 run with a
FA to Ni ratio of 4). The terms k1 through k4 are the rate
constants. Concentrations in moles per liter X 10 6 are

represented by the C terms. Total concentration is 5.0 X

10-6 M.



Table IV: Means and standard deviations of the four rate
constants recovered from 8 simulations with noise after
application of the approach described in section C of

Chapter 3. 8

Parameter: k1 k2 k3 k4
Mean: 0.6746 0.1375 0.0098 0.0020
Standard

Deviation: 0.0624 0.0195 0.0015 0.0006

&  Rate constants are in units of sec.-!.



Table V: Four five component simulations with estimates and
NLR refinements as obtained usina the adopted approach as described

in section C of Chapter 3.2

Par. Gen. Est. NLR Gen, Est. NLR
Cl1 0.500 0.530  0.587 0.120 0.110 0.126
c2 0.070 0.118 0.091 0.035  0.039 0.035
C3 0.020 0.0245 0.020 0.020  0.0205 0.018
c4 0.010 0.0135 0.0051 0.014  0.0084 0.009
c5 0.200 0.197 N/A 0.026  0.0349 N/A

X 0.260 0.260 0,245 0.184  0.187 0.186
1 0.050  0.042  0.042 0.110 0.096  0.109
c2 0.070  0.075  0.0718 0.050  0.051  0.050
c3 0.050  0.0374 0.0515 0.021 0.019  0.020
c4 0.050  0.0509 0.0383 0,017  0.0123 0.0116
c5 0.150  0.169 N/A 0.039  0.0504 N/A

X 0.250 0.300 0.293 0.184  0.191 0.183
a

These were not seen in the preliminary experiments from which
the procedure was established. The limitation of the NLR to three
components excluded its extension to C5. C parameters were in
absorbance units, and k parameters were in sec.'l. values for

which are those obtained from the experimental results.

43




Table VI: Means and standard deviations of the four rate
constants recovered from 4 simulations with noise after
application of the approach described in section C of

Chapter 3. Rate constants are in sec.=1.

Parameter |Rete constant Mean . Standard deviation
k1 0.70 0.742 0.0275
k2 0.15 0.159 0.0098
k3 0.022 0.0246 0.0017
k4 0.0026 0.00546 0.00125
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Data simulated to correspond to that acquired from the
photodiode array spectrophometer (Hewlett Packard model
8452) were made similar to the above simulations and are
prasented subsequent to the results for the experimental
results obtained using the Perkin-Flmer 552 spectrophoto-
meter. Four examples of these simulations are tabulated in
Table V. It does not contain the results for the rate
constants which were identical for each of the simulations.
These are presented in Table VI as the means with their
standard deviations. These too were accompanied by
randomly generated noise._The 0.6% noise level was used
even though experimental noise levels are less with the

HP8452.

Smoothing:

The natural log of the absorbances as measured manually
was plotted against the natural log of time, an example of
which is presented in Figure 4. The curves so obtained
were reproduced by using the smallest n-th degree poly-

nomial which would faithfully reproduce the curve. The data

in Pigure 4 were subjected to a seventh degree polynomial..

Fitting was done using a 1least squares polynomial fitting
routine in the ASYST software package (111). Choosing the
lowest order polynomial in each case reduced the over-

reproduction of the data, including digitization errors,
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Figure 4: Result of smoothing stripped data of Figure 9
using log-log data and a seventh degree leas* squares

polynomial fit.
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vhen using a cubic-spline routine. The logarithmic coordi-
nates tend to "optimize" the data for a polynomial fitting.
The graphics programs were also built-in features of the
ASYST package used for most of the processing on an IBM-PC
equipped with an 8087 mathematical co-processor. Graphical

printouts were obtained using a Hewlett-Packer HP7470 XY-
plotter.

C: Estimating input rate constants:

A Laplace transform profile, which was smoothed using a
seventh degree least squares polynomial fit, is shown in
FPigure 5. It is one of the better cases of five simula-
tions made to mimic the HP8452A output and data reduction
scheme, which includes five components, and an X-term, with
0.6% noise. In this example, the first component had been
truncated and the fifth component stripped prior to the
application of the Laplace routine. In Figure 6, a
separate simulation produced less obvious peaks, albeit
estimates were accessible.

Following the Laplace +transformation of data recorded
for reactions which had gone to completion, four distinct
components were usually observed in the time-related
distributions. However, due to small differences in rate

constants (e.g. 0.6 and 0.2 sec.~1), peaks overlapped. This
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Pigure 5: Laplace transform profile (smoothed) for a
five compbnent simulation with 0.6% noise added. The first
component was truncated and the fifth stripped as explained
in this chapter. (generators were: €2 = 0.10, k2 = 0.15 ;
€3 = 0.10, k3 = 0.022 ; C4 = 0.10, k4 = 0.0026, where C

values are in absorbance units and k's in sec.‘1.)
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Figure 6: Unsmoothed Laplace transform profile of a
five-component poorly resolvable data simulation from which
the first component was truncated and the fifth stripped as
explained in this chapter. (generators were: (2 = 0.07, k2
= 0.15 3§ C3 = 0.02, k3 = 0.022, where Cvalues are in

absorbance units and k's in sec.~!).
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necessitated establishing a standard approach for the
evaluation of the minimum number of distinct components
required to model the Ni(II)=-FA equilibrium. The procedure
adopted is the following.

Step (i). The value of t corresponding to a maximum in
a curve derived through the Laplace transform method is
used to estimate the rate constant of that component as 2/t
= k(i). In the case of solutions containing only Wi+
(aq.), the maximum appeared at a time value of 3.2 seconds,

1. Therefore, after an

or a kyj of approximately 0.62 sec™
elapsed time of only 7 seconds, >98% of the free-Nickel has
been accounted for and it is essentially absent from the
remaining data. It was found that the time value corres-
ponding to the second peak averaged 14.3 seconds, k2 appro-
ximating 0.14 sec—! , and data from 7 seconds onward
represents complexed species only when fulvic acid is
present. The seven first seconds are analysed separately
because of their sensitivity to the t = 0 error of + 0.25
sec. and the overlapping of the first two peaks.

There was no ambiguity in assigning the various para-
meters to the synthetic data when using the approach.
However, minor alterations in the usual procedure, such as
using a cutoff time of 6.5 seconds rather than 7 for the
truncation of the first component, was sometimes required

in order to improve on the quality of the resolution of the

Laplace spectra, and 1limit the time required for final
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iteration of the NLR results.

Step (ii). Once the first component with its known K1 has been removed
the slowest component is estimated from the plot of In(A, 'At) using the
Tinear "tail" section of the plot where only the slowest component contri-

butes. The data are stripped by applying a negative term

according to Equation 1.3 using the rate constant obtained from the

slope and it's coefficient from the intercept of the Tline at t =

0. Since any further strippina induces sionificant accumulating
distortion, the remaining components are obtained directly from the

Laplace spectrum.

The stripping step usually increased noise levels, in the
sense that subsequent estimates become further removed from the
correct values. Fioure 7 presents, for the same data simulated
for Figure 5, the semi-logarithmic plot of Ln (Ag - At) versus
time showing an obvious linear trailing section which was used,
as blown-up in Figure 8, to estimate the fifth component.

In Figure 9, the effect of stripping the estimated fifth compo-
nent from the original data is shown. The application of the
smoothing routine to the noisy stripped data is i{llustrated in
Figure 4. It suffices to mention here that when doing log-log
stripping of kinetic components from absorbances versus time data
that if the resulting stripped log-log kinetic curve tends
significantly to "descend" after a rise, this indicates that too
much of the said component has been stripped and the procedure

should be repeated using a smaller section of the
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— 52
Pigure 7: Example of a semi-logarithmic plot of In(Ae-
At) vs time for the same data set as in Figure 5.
(generated C5 was 0.01 absorbance units , and k5 was

0.00009 sec.—1).
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Figure 8: Expanded view of the trailing linear section of

the semi-logarithmic plot of Figure 7 used to estimate the
fifth component. (generator was C5 = 0.01 absorbance units

and, k5 = 0.00009 sec.~').
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Figure 9: Log-log plot of absorbance vs time of original
data as in Figure 5 and of data from which the fifth compo-

nent was numerically subtracted.
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initial trailing end of the semi-logarithmic plot. Con-
versely if the stripped curve "levels-out", this is a good
indication of a reliable estimation, since this signifies
that A; is a constant and the remaining reaction is
complete.

Olson and Shuman (91) define the width of a peak at
half-height, H(k,t)max/z to have the value (1n k)1/2 =
1.6973. We have used this number in the calculation of the
area of a triangle used to approximate the area under the
curve represented by the peak. Peak height was found to be
the best and simplest parameter to use for estimating the
initial concentrations of the various components.

On a very few occasions, a fifth component was found.
This was stripped out as described for the fourth. It is
mentioned but not reported as a component due to ambiguity

and irreproducibility of this very small component.

Step (iii). The parameters of the second and third
components obtained after step (ii) were used to strip the
data and retrieve the <C(0) of the free aquo Ni (II) compo-
nent, and check agreement with the independently deter-
mined kt.

The combination of data stripping with the Laplace
transform permits resolution of four peaks (components).
The analysis described worked extremely well on synthetic
data over a reasonable parameter range in the presence of

noise.

The X-components (blanks) of equation 1.3 were esti-
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nated by extrapolation of a third degree polynomial fitted
to the first 6 data points of unaltered untruncated data.
These values for the respective X-components were used in
all applications of a nonlinear regression to subsequent
components.

When acquiring data from the HP 8452A spectrometer, as
was the case only for the fluorescence quenching experi-
ments, the two collected files described in the experi-
mental section were reduced to approximate logarithmic
spacing similar to chart reading spacings as explained
previously. It was often found that in the case of the
reduced data from the HP 8452A that all fovr components
were immediately visible from its Laplace transform spectra
without prior truncation of the first component. Therefore
no semi-logarithmic stripping of the last component was
then required for estimation purposes, but it was performed
nevertheless, 1In order t¢ apply the NLR routine, which was
limited to three components, the first component was
truncated as described previously. In addition, upon appli-
cation of the semilogarithmic plotting of In(Ap- At) vs
time, a fifth component was sometimes seen (in the case of
the HP8452A only), which was stripped out as explained

earlier to reduce the data to a three component system.
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CHAPTER 5: EXPERIMENTAL RESULTS

A: Pulvic acid-nickel speciation results.

We begin with a presentation of the qualitative form
of the experimental results.

FPigures 10 and 11 show a selection of raw experi-
mental data for single runs of absorbance vs time. The
respective X-compcnents of Equation 1.3 were removed since
these vary with FPA:Ni ratio and would otherwise obscure the
comparison of the actual rates under varying conditions. In
Figure 11, which shows influence of the pH on the
reaction's progress, the differences between a pH of 4 and
5 are slight, whereas at a pH of 6.4 the conversion after
200 seconds is decreased dramatically. This is also seen in
the results after the kinetic analysis of the various
species observable and will be discussed later. The present
direct visual indication increases confidence in the
important result to be presented later.

Experimental data were treated in the manner vali-
dated on the synthetic data and the results of the mean and
standard deviation for each of the four rate constants
observed are presented in Table VII. It can be seen that
the deviations for experimental data are somewhat greater
than those of the synthetic results in Table IV.Since the

noise levels are less than is the case in simulations, *this
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Figure 10: Representative single run experimental data,
with "X-components" (see Equation 1.3) removed, of
absorbance vs time illustrating the effect of changing the
the FA:Ni(II) ratio.
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Figurel1: Representative single run experimental data,
with "X-components" removed, of absorbance vs time
illustrating, for a fixed PA:Ni(II) ratio of S:1, the
effect of changing the pH of equilibration. Note especially
the reduction of recovery of Ni(II) after 200 seconds at

the equilibrium pH of 6.4.
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Table VII:

Mean and standard deviation for each of the

four rate constants encountered with the experimental data

sets as a function of pH,

and as a pooled,

pH-independent,

group. &

Parameter: k1 k2 k3 k4
pH 4 m 0.6146 0.15%1 0.0208 0.0021
s.d. 0.1662 0.0364 0.0080 0.0009
pH 5 m 0.6990 0.1386 0.0203 0.003%2
s.d. 0.1332 0.0313 0.0078 0.0015
pH 6.4 m 0.533%1 0.1316 0.0197 0.0018
s.d. 0.0955 0.0258 0.0064 0.0009

POOLED n 40 39 40 24
m 0.6693 0.1467 0.0205 0.0026
s.d. 0.1578 0.0384 0.0082 0.0010
8  The terms n, m, and s.d. are abbreviations for the

number of runs,

respectively.

the mean,

and the standard deviation
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may be further indication that the mixture ligand, fulvic
acid, does not consist of four discrete components, The k's
probalbly represent averaqes over a distribution of related
components. The number of results reported in Table VII for
the fourth rate constant, k4, is less than that of the

other three. A complete NLR routine rewuires that the three
last components be fitted to the original, albeit truncated,
data. However this was not always possible. When such was
the case, the two middle components ( i.e. k2 and k3 ) were
fitted to data stripped of the estimated fourth component.
Although such results were not considered final, the rate
constants so obtained were reasonable are were used for the

statistical reporting in Table VII.

Figure 12 presents an example of a Laplace profile used
to assign components and obtain initial estimates. Table VIII
lists both the estimates extracted from figure 12 and the
resulting NLR refined values for the same run at pH 6.4 and
a 1:1 FA to Ni ratio. Note that values presented for concentra-
tions in figure 12 are actually in terms of absorbancies and refer
to the kinetic solution conditions ( i.e. double those of the

kinetic conditions ).

The four components are the minimum number of distinct
components required to model the FA - Ni(II) equilibrium,

and it must be recognized that these components




Figure 12: Laplace spectra of the last three components

of expe.rimental data of Table VIIIfor a run at pH 6.4 and a
FA:Ni(II) ratio of 1:1 after truncation of the first
component. H(k,t), and C, values are expressed in terms of

absorbancy changes of the kinetic reaction. Rate constants

are in sec.-!.
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Table VIII: Results for the estimates for the four
component model and the NLR calculations of an experimental

run at pH 6.4 and an FA:Ni(II) ratio of 1:1.2

Laplace
Parameter Trial Values NLR-refinement
a1 3.64 3.04
ki 0.404 0.512
c2 1.66 1.26
k2 0.140 0.125
C3 0.590 0.490
X3 0.028 0.019
C4 0.456 0.396
k4 0.0019 0.0026

2  Concentrations (C) are in moles per liter X 106 and are

for the equilibrium conditions. Rate constants are in sec.”
1




(rate constants) could very well be means over +three
distributions of components since we are dealing with a
mixture ligand, fulvic acid. Only the Ni(OH2)62+ component
is known to be a well defined molecular unit.

The mechanism of the Ni2% reaction is confirmed by some
approximate predictive calculations. The anticipated mecha-

nism is:

K
E
Ni(OH,)g2* + PAR ——> Ni(OH,)g2*,PAR

k
1
Ni(OH,)g2",PAR == Ni(OH5)gPAR + Hp0

with the latter being the rate determining step. Ky can be
predicted to be of the order of 1, whereas k4 should be
aprroximated by the water exchange rate constant divided by
either 4 ot 8 if the substitution is dissociative. The
water exchange rate constant for Ni2* is about 2 X 104
sec.”! such that k4 should be about 5 X 107 sec.”!. The

rate law for dissociation is:
rate = Kgky [ Ni?* 1 [ PAR ] [5.11

As [ PAR ] is 2.5 X 10-4 M, pseudo-first-order kinetics
will be observed ( since N12+ is 5§ X 10"6 M), the rate

expression then becomes:
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rate = kgopg | Ni2* ] l5.21

where: k

obs Kgky [ PAR ] (5.3]
which calculates 1 sec.”! for ky. This result, from
theory, is quite close to the experimentally observed value
of 0.67 sec.~!.

Cu2t is the most popular ion in speciation studies. In
our case, using conventional kinetics, 1t is desirable that
rate constants be at most 1.5 sec.~! in order to be
resolvable. Since Cu2* complexes (d9) are usually
structurally distorted, +the ground state has almost
attained the dissociative transition state structure, and
axial water molecules exchange very rapidly since they are
held weakly. The water exchange rate for cu?* is about 108
sec.~! making any ligand exchange rate approximately 104

times that obtained for Ni2¥, such that Cu?t would have a

rate constant with PAR in the order of 6.6 X 10> sec.‘1,.

much too fast for conventional kinetics. Stopped-flow has
been used elsewhere (100), but the back-diffusion of
réactants in a normal set-up would occur on the time scales
required for the reaction of any slower components in
Equation 1.3, rendering them undeterminable.

Since there is no evidence of change for the four
rate constants (or their standard deviations) with a change
of pH of equilibration or of FA:Ni ratio, the components of

the samples which are identifiable by kinetic analysis (at
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a pH of kinetic reaction of 7.8 ) are necessarily the same
regardless of pH of equilibration or FA:Ni ratio. In the
work on the AI(III) hydrous oxide - fulvic acid system (87),
rate constants were found to be a function of equilibration
pH. The present result dindicates a simpler pattern of
speciaiton for the FA-Ni(II) system, similar to that found
for the Fe(IIl) - FA system (86). In this sense, the four
components represent a ‘"physical model" of the speciaiton if
it is clear the teh term "physical model" 1is not intended to
deny the heterogeneity of the fulvic acid 1ligand system.

The emphasis is on the word model in the sense that the
four components might function well as the terms in a
predictive equation for the new conditions ( same k values

regardless of pH and concentrations ).

Figures 13 through 15 show the concentration trends
(molar) of the four species, the actual numerical values of
which are presented in Tables IX through XI. Notice that
the concentration profiles for the species do change with
equilibration pH , as expected. The results averaged a 100.0 %
recovery for all the pH 4 and pH 5 sets ( Figures 13 and 14 )
but not for the pH 6.4 set ( Figure 15 ) whose results
averaged a 60.2 ¥ recovery. This will be further discussed
later. As there were again no visible trends to the percent
recoveries at any particular pH, use of the averages was
taken as a valid normalization procedure in the case of the
pH4 and pH 5 sets. The free aquo species 1is represented by

the first component with a rate constatn of 0.62 sec.”! .
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Figure 13. Profiles of individual concentrations at
equilibrium of the four component model with respect to the
‘ FA:Ni(II) ratios at a pH of 4.0. Note, concentrations after

| dilution with the PAR reagent solution are half these

; values.
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Table 71x. Normalized resul+ts for the kinetic concentra-

tions of the four species reported for pH 4.2

FA:Ni(II) c1 c2 C3 C4
1:1 3.62 0.970 C.231 0.175
2:1 3.21 1.19 0.346 0.251
3:1 2.78 1.47 0.478 0.279
4:1 2.77 1.50 0.455 0.277
5:1 2.27 1.61 0.704 0.413
6:1 2.13 1.78 0.610 0.478
721 1.84 1.97 0.655 0.53%8
8:1 1.59 1.78 0.958 0.669
9:1 1.50 2.06 0.860 0.584

a

constants are in sec.—'.

Concentrations are in moles per liter

X 106, Rate
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Figure 14. Concentration profiles for an equilibration pH
of 5.0.
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Table X: Normalized results for concentrations under

kinetic conditions for the four species reported for pH 5.2

FA:Ni(II) C1 c2 C3 C4
1:1 3.85 0.785 0.227 0.137
2:1 3.23 1.27 0.228 0.272
31 2.92 1.45 0.271 0.364
4:1 2.79 1.42 0.315 0.472
5:1 2.18 1.96 0.298 0.568
6:1 2.27 1.75 0.337 0.635

Concentrations are in moles per liter X 106,



Pigure 15:
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Table XI: Non-normalized results for the concentrations

under kinetic conditions for the four species reported for

pPH 6.4. &
PA:Ni(II) (of c2 C3 c4

1:1 2.00 0.655 0.227 0.224
2:1 1.76 0.796 0.260 0.292
321 1.53 0.996 0.429 0.152
5:1 1.07 0.930 0.405 0.274
6:1 0.828 1.04 0.472 0.393
T7:1 0.682 0.965 0.633 0.457
8:1 0.914 1.15 1.07 0.464

a

Concentrati’ .s are in moles per liter X 106.
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This value was varified using free Ni(II) without any
fulvic acid present. The three other components reported
model "bound" Ni(Il) species, and, as can be expected, the
total ‘"bound" concentration increases with a decrease in
protonic loading ( i.e. an increase in pH where more ligands
become available ). Percentage recovery after 24 hours was
found to be such that for pH's 4 and 5, all the Ni(II)
species have reacted with the PAR reagent. At pH 6.4,
however, recoveries are about 60 % after 24 hours. 40 % of
the Ni(II) at pH 6.4 is shifted to a significantly less
labile component, with a corresponding decrease of all the
more labile components. The total Ni(Il) can, however, be
recovered by the PAR after up to 10 days meaning that this
is a very slow component with a kinetic rather than a
thermodynamic relationship to amss balance considerations.
At pH 4 or pH 5 teh results indicate a Ni(0H2)62+
species plus three '"bound" species. These three components
have reasonably stable and reproducible rate constants and
sensible mass action trends as FA:Ni(II) ratios and pH
vary. In this sense the results resemble those obtained for
Fe(IIT) (86). They are unlike the AI(III) results (87)
where variable rate constants suggested a single continuous
distribution of species which cannot be consistently subdivided.
The most interesting result 1is, perhaps, the one that
shows that equilibration of Ni(II) with FA at a pH beyond

the titration equivalence point for acid carboxylic




protons leads to a new species which is very much 1less
labile than those formed where proton competition is
greater. It is noteworthy that the more labile <forms
persist but a new relatively non-labile one has been added.
The result underlines, once again, the unexpected features
that the complex mixture character of humic ligands can

confer on their metal complexing.

B: Fluorescence quenching titrations.

Pigure 16 presents emission spectra as scanned from 430
nmn to 560 nm with an excitation wavelength of 365 nm. In
Table XII are the fluorescence intensities for five
relevant FA concentrations along with corrections for their
absorbancies at the emission and excitation wavelengths of
465 and 365 nm respectively. The resulting calibration
curves for both original and corrected fluorescence inten-
sities are presented in Figure 17. The pertinent informa-
tion which these results furnish towards the experiments
performed for this thesis is the measure of the signal to
noise increase as the FA concentration is lowered, due to
the necessity of increasing the gain of the spectrometer in
order to get a.full signal.

Initial titrations were performed at the three eqili-

brated pH's of 6.4, 5.0, and 4.0 for a fixed FA concen-
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Figure 16: Emission spectra of FA scanned from 430 to 530

nm at an excitation wavelength of 365 nm for the five FA

concentrations in Table XII.
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Table XII: Original fluorescence intensities and inten-
gities corrected for absorbancies at the emission and exci-

tation wavelengths.

Absorbancies Fluorescence intensity
[Fa ]2 365 nm 465 nm Original Corrected
5.0 0.414 0.144 73.0 138.5
4.0 0.330 0.115 71.8 119.7
3.0 0.248 0.087 67.9 99.8
2.0 0.166 0.058 58.1 75.2
1.0 0.083 0.029 38.8 44.3

Concentrations in moles/litre X 10°.
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Figure 17: Original and corrected fluorescence
intensities for the 465 nm emission at an excitation
wavelength of 365 nm for the five FA concentrations of

Table XII.
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Figure 18: Titration curves for fluorescence quenching by
Ni2* of a solution containing 8.0 X 10 -6 M FA at the three
pH values of 6.4, 5.0, and 4.0.
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tration of 8.0 X 10-6 M. These are presented in Figure 18
and were not analysed by the kinetic technique. It is
evident once again that there is not much difference of
Ni2+ loading at either pH 5.0 or 4.0, as was clearly seen
in Pigures 10 through 14 in section A of this chapter.
This is an important fact which supports part of the
results of the multicomponent analyses of section A.
Further titrations do not involve the pH 4.0 set as these
are evidently nearly redundant to the pH 5.0 cases.

With a FA concentration of 2.0 X 10-5 M, the signal to
noise ratio was far better. It was initially hoped that
the kinetic approach could be applied to the fully
complexed solution since at this concentration, result from
section A could then be verified. It soon became evident,
as was expected, that the required amount of Ni(TII) for
asymptotic approach to maximum quenching was much too high
to be useful for the kinetic analysis. Even though
attempted kinetic analyses produced final NLR refinements,
the deviation from Beer's Law at these higher concentra-
tions makes it unwise to use these data in a critical
discussion. Titration results for pH's of 6.4 and 5.0 are
presented in Pigure 19, where the point at which the con-
centration of Nilt wasg equal to that in the kinetic experi-
ments of section A is indicated by a vertical line. Far
from all the complexing sites of the FA had been titrated
during the experiments of section A as shown by the line in

Figure 19.

79



80

Pigure 19: Titration curves for fluorescence quenching by
Ni2+ of a solution containing 2.0 X 10~ M FA at pH 6.4 and
5.0. Arrow indicates point in the curves at which the

experiments analysed in section A performed.
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In order to circumvent the problem of having to add
excessive amounts of Ni2* in order to approach maximum
quenching, the equilibrium PA concentration was reduced by
four to 5.0 X 10~6 M. This is half the lowest concentration
used in section A. The titration curve is presented in
Figure 20.

The decreasing slopes in PFigures 19 and 20 are indica-
tive of a decreasing influence of newly-bound Ni(II) on the
quenching.phenomena, an observation also seen by Underdown
(109) in his work with Cu(II). This is due to +the titra-
tion of successively weaker binding sites.

The assumption as used by Weber (112) and Sposito (113)
is that the absolute fluorescence intensity I is related to

the sum:

I = aMLIOML + aLIOL [6.1]

where ayy is the molar fraction of metal-complexed FA in
total complexing sites of FA, ay, is the molar fraction of
metal-free FA to total complexing sites of FA, and where
IOML is the limiting value of I when maximum fluorescence
quenching is achieved and IOL is the fluorescence intensity
when no metal has been added. It relates the observed
intensity to the sum of complexed and non-complexed FA.
Weber's Equation 6.1 is a linear function which is based on

a one-site model. To be understood correctly, one can
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Figure 20: Titration curve for fluorescence quenching by

Ni2+ of a solution containing 5.0 X 10~6 M FA at a pH of

6.4 .
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agsume that the one-site model is in actual fact related
to the total of the complexing sites, taken as a whole.

If the two fluorescence intensity contributions of
Equation 6.1 are available experimentally, kinetic multi-
component investigations shouild permit a check on the
validity of the empirical model (Equation 6.1) set forth,
as well as a means of fitting the results to a binding
capacity for +the FA-Ni2t system under similar conditions.
However, IOML is not directly obtainable from experiments
because of the huge Ni2+ 1levels required to saturate
sites and the complications from aggregation that can
ensue. Pigure 21 and Table XIII present profilesof
absorbancies for the four species C1 through C4 of Ni-PAR
at three titration points along the curve in Figure 20,
where C1 is the free aquo species, and C2 through C4 are
the complexed species. The strongest complexing species,
C4, does saturate at low concentrations of nickel, which is
expected. C2, the weakest binding site, hegins to saturafe
near the end of the titration, and C1, the free species,
increases more rapidly as the binding sites are approaching
saturation. These three results represent reasonbale
trends for a multicomponent titration with a metal. The
gspecies C3 increases almost linearly along the titration
curve, and, again, there is about 40% of the reaction which
does not appear in calculation, an important feature put
forward in section A. As is, these species' concentrations

do not give the maximum binding capacity. As mentionned in
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Figure 21: - Profile of the absorbancies for the four

speciegs found by multi-component analyses of the three

titration points in figure 20.
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Concentrations for equilibrium conditions of

the three titration points of figure 20 as analysed by

the multi-component routine.2

Initial concentrations

Parameter 3.0 X 106 M |4.5 X 106 ¥ | 10.5 X 10-6 ™
ci 8.58 9.44 21.40
c2 3.66 9.58 13.60
C3 2,22 2.26 7 .36
4 4.10 5.26 4.74

& Concentrations are in moles per liter X 107.



earlier arguements, the Ni2+ loading required to attain
full coverage of all complexing sites is too high. A value
for the concentration of complexing sites per gram for the
Armadale FA is that reported by Underdown et al. from
resulte obtained using an ion selective electrode to study
the Cu2+ titration of Armadale FA at pH 6.0 (114). They
report & minimum binding capacity of 3.1 meq/g for the FA
sample and Cu2+* at pH 6.0.

Figure 22 presents the percentage difference between
calculated fluorescence intensities using Equation 6.1 and
the quenching titration results of Figure 20, as a function
of projected values of IOML wvhen using a binding capacity
of 3.1 meq/g. The values for ayy were calculated from
speciation results using the multi-kinetic routine of
Chapter 4, results of which are tabulated in Table XIII and
presented in Figure 21, for which a mass balance was used

as in:

ayp = (Cp - €4 ) /L, r6.21

where C4 is the concentration of the free metal species,
and Cp is the total metal added. It is used in preference
to the sum of the complexed sites since it is the only
ascertainable, chemically "known" species, that of the free
metal ion. L 1is the total binding capacity (umoles/L).

The term aj is simply :
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Figure 22: Percent errors of calculated fluorescence for
a binding capacity of 3.1 mmoles complexing sites per gram
FA when thé minimum fluorescence intensity I°L is varied
from zero to 45.0, in arbitrary units of fluorescence. The
three concentrations analysed are shown. Dashed line

indicates area of least mutual minimum differences.
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ay = 1 - awg » ' r6-3]

by definition. Note that the calculated fluorescence wvalues
from Equation 6.1 through 6.3 when using Underdown et al.'s
binding capacity of 3.1 mmole per gram have high percentage
differences from observed fluorescence results when using,
for the value of I%yy, the final titration point in Figure
20 (which was 33.t arbritrary units). This does not imply,
however, that the value of their reported binding capacity
is wrong, but rather that the value used for I%g is too
high. The value of IOML which includes all three titration
situations within a minimum range of percentage differences
(Fopg VS Fople) 18 in the vicinity of 18. It is not
expected thatIoMLwill attain a null wvalue because of
inefficient quenching by metal complexes, enhancement of
fluorescence by metal complexation, and the existence of
fluorophores that do not complex metals. This value of 18
for 1%y is a plausible projection of the asymptote of
Pigure 20.

The definition of binding capacity usually implies a
constant. However, FA behaves differently, i.e. as in the
formation of aggregates at higher concentrations, and
therefore any "effective" complexing capacity reported here
is restricted to concentrations in the vicinity of 5.0 X
10-6 M PFA. Weber postulated that at the lower concentra-
tions that the FA has an expanded conformation, thus
allowing for a higher complexing capacity. The results of

section A have gradually decreasing Ni2t 1loadings as the




concentration of the FA is increased. The highest loadings
were 0.67 mmoles/g at a pH of 6.4 and an FA:Ni ratio of
1:1, all other subsequent solutions having progressively
lower loadings.

Lee et al. reported a value of 3.3 mequ/g or less for
an FA concentration of 10 mg/L (115). In the fluorescence
titrations herein, the FA concentration is 4.5 mg/g. If, in
contrast to experimental results of Lee, we adopted Weber's
idea, mentioned earlier, a slightly higher binding capacity
would be implied. The projections of IOML for a arbitrary
binding capacity of 4.0 mmoles/g are presented in Figure
23. This case tends towards a null in the minimum fluo-
rescence intensitiy much more quickly than the 3.1 mmoles/g
case, and the later is better suited to our sample.
Considering that our results show that for a binding
capacity of 3.1 mmoles/g that IOML reduces to a plausible
18 units and that independent laboratory studies support
the value, this is the best valﬁe for fitting the present
experiments and with it we can successfully fit fluo-
rescence titrations to the 2-component model of Equation
6.1.

An attempt was made to project values of IOML and the
binding capacity to a situation where the C2 species do not

contribute to fluorescence such that Equation 6.2 becomes;

ayp = f[Cp -(CCr+cCc2)] /L [6.4]

This resulted in a shift of the diagrams for the projec-
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Pigure 23: Percent errors of calculated fluorescence for
a binding capacity of 4.0 mmoles complexing sites per gram
FA when the minimum fluorescence intensity I°L is varied
from zero to 45, in arbitrary units of fluorescence. The
three concentrations nalysed are shown. Dashed 1line

indicates area of least mutual differences.
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tions at various binding capacities towards significantly
lower and implausible values of IOMI, It can thus be pre-
sumed that all species that complex with the FA are respon-
sible for the quenching phenomenum, albeit some may contri-
bute more than others.

The result of this effort to evaluate fluorescent titra-
tion methods reveals that a single species model (Equation
6.1) is adequate but that it leaves large enough error %o
accomodate the multi-component model. Our i-+4ial hope that
the success of single species model for 7 .iorescence would
allow correlation between fluorescence and one of the
components was frustrated. Apparently, all species which
were identified in kinetic analysis make significant

contributions to fluorescence.
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CONCLUSIONS

Most previous attempts to define or classify the metal
binding sites of humic subtances involved thermodynamic
studies of the metal cation , or H*, binding and assignment
of stability constants. Log KX values were observed as a
function of total metal added. Due to the nature of humic
substances and of the experimental function, these methods
usually supplied a continuous distribution of log K values
or at most a fitting by two or three discrete distridbutions
by a nonlinear regression routine. The present study
proposed to distinguish, by a multi-component kinetic
approach, the minimal number of components capable of
representing the experimental data of reactions between
metal-humate species and a colorimetric reagent. Equili-
brated solutions of Ni2* and an Armadale soil derived
fulvic acid where treated with excess (over Ni2+ by 50
fold) of PAR. The different rate constants for release of
nickel to PAR for the various species was then derived.

To assign the number of components, a Laplace transform
technique derived from ideas of Olsan and Shuman was used.
The parameter estimates were refined by a customized non-
linear multi-exponental 1least squares regression routine.
The latter was a definite requirement since the Laplace
routine on its own was ambiguous due to the overlapping and
interference of adjacent components.

This novel approach proved reproducable and reliable
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when applied to reasonable simulations of up to five compo-
nents (plus background) even with noise. When applied to
experimental data, the rate constants obtained for the free
Ni2+ was 0.67 sec. ! when nickel wae studied independently
0? the FA and between 0.53 and 0.69 sec.~! when in equi-
librium with a FA solution, regardless of the FA concen-
tration and of the pH of equilibration.

The study included 9 different FA concentrations
between 1.0 and 9.0 X 10-5 M with a Ni2* concentration of
1.0 X 10=5 M for three different pH's of 4.0, 5.0, and 6.4.
Consistent results were obtained for rate constants of
three other "bound"” components regardless of FA concen-
tration and pH value. This proved that the approach was
robust under all conditions used in this study. It also
indicates that the method is providing significant insight
with respect to the binding characteristics of the FA used.
No attempt was made at elucidating the conventional
chemical structuvre of these components, but they are no
doubt related to the carboxylate functional groups which
are titrated across this pH range.

The results for pH 4.0 and 5.0 were similar and exhi-
bited trends in concentration for the four components that
followed tendencies predicted by mass balance action consi-
derations as concentrations of FA were increased. All of
the Ni2+ added was recoverable in these two cases. At pH
6.4, however, convergence of the NILR routine and the esti-

mates always resulted in a mass balance which leaft about
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40 % of the Ni2* added was not accounted for. This
remaining Ni2* could be recovered by long reaction times
with PAR. Complete recovery takes less than ten days. The
additional component not seen at either pH 4.0 or 5.0 is
termed "kxinetically inert". This is the first observation
of this sort and is probably of significance in terms of
time of uptake and absorption by organisms (as well as by
PAR).

For the first time, following this study, it is clear
that a reliable method for fitting a kinetic model to a
metal-~-humate sample is available. The method shows stabi-

lity in rate constants suggesting the successful classifi-

cation of types of binding sites. The approach provides

the first insights into the dynamic dimension of the
problem of bioavailability of metal cations.

An attempt to establish the binding capacity of Ni2* to
the FA at pH 6.4 was done by studying the fluorescence
quenching of the FA by Ni%*. Using a model similar to that
used recently by Weber and Sposito, we were capable of
supporting, although not directly establishing, that Gamble
et al.'s value of 3.1 mmoles bidentate binding sites per
gram of the Armadale FA as a plausible result. An attempt
at fitting the fluorescence data to a four component
binding model was met with frustration. Cabaniss and
Shuman (private communication) have recently encountered
similar difficulty in the attempt to extent fluorescence
methods. It seems unlikely that fluorescence samples

binding sites homogeneously.

94




REFERENCES

(1) Jensen, A.; Jorgensen, S.E.; Analytical Chemistry
Applied to Metal Ions in the Environment, in Metal Ions in
Biological Systems, vol. 18, Circulation of metal ions in
the environment. Edited by Helmut Sigel; Marcel Dekker,
Inc., N.Y., 1984, pp. 5-60.

(2)- Plorence, T. M.; Batley, G.E., Chemical Speciation in
Natural Waters. CRC Reviews in Analytical Chemistry. 1980

vol. 9, no. 3, pp. 229-237.

(3) Guy, R.D.; Chakrabarti, C.L.; Analytical Techniques
for Speciation of Trace Metals. in; Proceediﬁgs of the
International Conference on Heavy Metals in the Environ-
ment, vol. $1; Hutchison, T., Ed., University of Toronto,

Ontario, 1975, pp. 275-294.

(4) Buffle, J.; Trends Anal. Chem., 1981, 1, (4), pp.
90-95.
(5) "Heavy Metals in the Environment." *International

Conference. Heidelberg, Fed. Rep. of Germany, vol. 1,
1983, CEP Consultants, U.XK., p. 1-8.

(6) ref. 1), p. 10.

(7) Bryan, G.W., Proc. Roy. Soc., London B, 1971, 177,
p. 389.

95



(8) Campbell, P.3.C.; Stokes, P.M.; Galloway, J.N.,
"Effects of Atmospheric Deposition on the Geochewical
Cycling and Biological Availability of Metals.”" vol. 2,
1983, pp. 760-763.

(9) Frey, C.M.; Stuehr, J.; "Kinetics of Metal Ion
Interactions with Nucleotides and Base Free Phosphates.”,
in "Metal Ions in Biological Systems", 1974, Sigel, H.,
Bd., Marcal Dekker, vol. 1, p. 69.

(10) ref. 3), p. 270

(11) Sclater, F.R.; Boyle, E.; Edmond, J.M., Earth
Planet. Sci., 1976, %1, p. 119.

(12) "Effects of Nickel in the Canaaian Environment."”
National Research Council of Canada. Publication no. NRCC
18568 of the Environmental Secretr-~iat, 352 pp. 1981, p.
87.

(13) ref. 12), p. 57.

(14) Stokes, P.M., Adaptation of green algae to high

levels of copper and nickel in aqueatic environments., in
"Proceedings of the International Conference on Heavy
Metale in the Environment", 1975, Toronto, Ontario,

Hutehinson, T.C., ed., 2, pp. 137-154.

(15) Hutchinson, T.C., Water Pollut. Res. Can., 1973, 8,
ppo 68-900

96




(16) Nickel: ambient water quality criteria, EPA, 1978,
U.S. Environmental Protection Agency, Washington, D.C.,
Document No. PB 296 800, US NTIS.

(17) ref. 12), p. 93.

(18) Choulhry, G.G., Humic Substances: Structural, Photo-
physical, Photochemical, and Free Radical lspects and
Interactions with Environmental Chemicals; Current Topics
in Environmentul and Toxicological Chemistry, vol. 7, YEAR,
Gordon and Breach Science Publishers, N.Y., p. 7.

(19) Roach, K.B., M.Sec. theis, 1983, Concordia
University, Montreal, Quebec, p. 8.

(20) Gamble, D.S.; Schnitzer, M., in "Trace Metal and
Metal Organic Interactions in Natural Waters.", 1973,
Singer, P.S., ed., Ann Arbor Sciences, Ann Arbor, MI, p.
265.

(21) Gamble, D.S.; Underdown, A.W.; Langford, C.H.; Anal.
Chem.; 1980, 52, pp. 1901-1908.

(22) Schnitzer, M.; "Chemical, Spectroscopic, and Thermal
Methods for the Classification and Characterization of
Humic Substances.", Proc. Intern. Meetings on Humic

Substances, 1972, Pudoc, Wageningen, pp. 293-310.

(23) Stevenson,.F.J., "Humus Chemistry", 1982, Wiley and

Sons Inc., p. 227.

97



(24) ref. 23), pp. 234-239.

(25). PFarmer, V.C.; Morrison, R.I.; Sei. Proc. Roy. Dublin
Soc., Sec. A., 1960, 1, p. 85.

(26) Dubach, P.; Mehta, N.C.; Jakab, T.; Martin, F.;
Boulet, N.; Geochim Cosmochim. Acta, 1964, 28, p.1567.

(27) wright, J.R.; Schnitzer, M.; Trans. 7'M Intern.
Congr. Soil Sci., 1960, 2, p. 120.

(28) ref. 23), p. 229.
(29) Wilson, M.A., J. Soil Seci., 1981, 32, pp. 167-186.

(30) Wilson, M.A.; Jones, A.J.; Williamson, B., Nature,
vol. 276 nov. 30, 1978, pp. 487-489.

(31) Wilson, M.A.; Barron, P.F.; Gillam, A.H., Geochimica
et Cosmochimica Acta, 1981, 45, pp. 1743-1750.

(32) Wilson, M.A.; Goh, K.M., Critical Comment, Geochi-
mica et Cosmochimica Acta, 1981, 45, pp. 489-490.

(33) Puggiero, P.; Interesse, F.S.; Sciacovelli, O.,
Author's Reply, Geochimica et Cosmochimica Acta, 1981, 45,

pp. 491-492.

(34) Schnitzer, M., "Charaterization of Humic
Constituents by Spectroscopy," in McLaren, A.D. and
Skujins, J., Eds., Soil Biochemistry, Marcel Dekker, N.Y.,
1971, vol. 2, pp. 60-95.

98




P m e e e T

(35) Hatcher, P.G.; Schnitzer, M.; Dennis, L.W.; Maciel,
G.E., Soil Sci. Soc. Am. J., 1981, 45, pp. 1089-1094.

(36) Lyerla, J.R.; Yannoni, C.S., IBM J. Res. Develop.,
july, 1983, 27 (4), pp. 302-306.

(37) Matsuda, K.; Schnitzer, M., Soil Seci., 1972, 114,
pp. 185-193.

(38) ref. 20), chapter 9.

(39) Schnitzer, M.; Khan, S.U.; "Humic Substances in the
Environment.", 1972, Marcel Dekker, N.Y.

(40) Gamble, D.S.; Can. J. Chem., 1970, 48, p. 2662.
(41) Gamble, D.S.; Can. J. Chem., 1972, 50, p. 2680.

(42) Hatcher, P.G.; Breger, I.A.; Dennis, L.W.; Maciel,
G.E., Solid-State 13¢-NMR of Sedimentary Humic Substances:
New Revelations on Their Chemical Composition.” chapter 3
in; "Aquatic and Terrestrial Humic Material.", Christman,
R.F. and Gjessing, E.T., eds., 1983, Ann Arbor Science, Ann
Arbor, MICH, p. 37-82.

(43) Gamble, D.S.; Schnitzer, M.; Hoffman, I.; Can. J.
Chem., 1970, 48, p. 3197.

(44) Senesi, N.; Schnitzer, M.; Soil Sei., 1977, 123, p.

2240

99



100

(45) Maximov, 0.B.; Glebko, L.I.; Geoderma, 1974, 11, p.
17.

(46) Benes, P.; Steinnes, E.; Migration Forms of Trace
Elements in Natural Fresh Waters and the Effect of Water
Storage. Water Research, 1975, 9, pp. T41-749.

(47) Fernandez, F.J., At. Absorpt. Newsl., 16, 1977, bp.
33

(48) Burrell, D.C.; Atomic Spectrometric Analysis of
Heavy Metal Pollutants in Water. 1974, Ann Arbor Science,

Ann Arbor.

(49) Stowey, J.F.; Jeffrey, L.M.; Hood, D.W.; Nature,
1967, 214, p. 377-

(50) Kamp-Nielsen, L.; Deep Sea Res., 1972, 19, p.899.

(51) Guy, R.D.; Chakrabarti, C.L.; Analytical Techniques
for Speciation of Heavy Metal Ions in the Aquatic Environ-

ment. Chem. in Can., 1976, vol. 2, no. 10, pp. 26~29.

(52) Jensen, A.; Jorgensen, S.E.; Analytical Chemistry
Applied to Metal Ions in the Environment, chjapter 2 in;
Metal Ions in Biological Systems, vol. 18, Sigel, H, Ed.,
Marcel Dekker Inc., N.Y., 1984, p. 38.

(53) McBeath, W.H.; Preston, D.B.; Canham, R.A.; Eds.,
Standard Methods for the Examination of Water and Waste-

water, 1981, American Public Health Association,




Washington, D.C., p. 194.

(54) Ion~Selective Electrode Reviews; Applications,

Theory and Development. Thomas, J.D.R., edt., 1982, vol.4,

no. 1, 141 pages.

(55) Blaedel, W.F.; Dinwiddie, D.E.; Anal.Chem., 1974,
46, p. 873. . .

(56) Frazer, J.W.; Baladan, D.J.; Brand, H.R.; Robinson,
G.A.; Lanning, S.M.; Determination with Ion-Selective
Electrodes in the Low-Level Non-Nernstian Response Region.

Anal. Chenm., 1983, 55, pp. 855-861.

(57) Ryan, D.K.; Weber, J.H.; Anal. Chem., 1982, 54,
p.986.

(58) Saar, R.A.; Weber, J.H.; Anal. Chem., 1980, 52, pp.
2095-2100.

(59) Gauthier, T.D.; Shane, E.C.; Guerin, W.F.; Seitsz,
W.R.; Grant, C.L.; Environ. Sci. Technol., 1986, 20, pp.
1162-1166.

(60) Ref. 3), pp. 276-280.

(61) Florence, T.M.; Batley, G.E.; Talanta, 1977, 24,
p.151.

(62) Batley, G.E.; Farrar, Y.J.; Anal. Chim. Acta, 1978,
99, p. 283.

101



102

(63) Saar, R.A.; Weber, J.H., Environ. Seci. Technol.,
1982, 16, (9), p. 510A-517A.

(64) Ref. 3), p. 279. -

(65) Schmid, R.W.; Reilley, C.N.; J. Am. Chem. Soec.,
1958, 80, pp. 2087-2094.

(66) Alzand, I.K.; Langford, C.H., Can. J. Chem., 1985,
63, pp. 643-650.

(67) FPlorence, T.M.; Batley, G.E., J. Electroanal. Chenm.,
1977, 75, p. T91.

(68) Ref. 3), p. 288.

(69) Benes, P.; Steinnes, E.; Water Res., 1974, 8 , pp.
947-953.

(70) ref. 2), p. 233.
(71) ref. 2), p. 234.
(72) ref. 3), p.p. 289-290.
(73) ref. 35,'p. 289.

(74) Kotyk, A.; Janacek, K.; Cell Membrane Transport,
1975, Plenum, N.Y.

(75) Amicon, 1972 Publication No. 426A. Lexington, Mass.:

Amicon Corp.




(76) Buffle, J.; Staub, C.; Anal. Chem., 1984, 56, pp.
2837-2842.

(17 Staub, C.; Buffle, J.; Haerdi, W.; Anal. Chen.,
19849 569 ppo 2843‘2849'

(78) Tuschall, J.R.; Brezonik, P.L.} Anal. Chim. Acta,
1983, 149, pp. 45-58.

(79) Buffle, J.; in "Circulation of Metals in the
Environment."; Sigel, H., Ed., 1984, vol. 18, chapter 6,
Marcel Dekker, Inc, N.Y., pp. 165=-221.

(80) ref. 12), p. 284.

(81) Turner, D.R., in "Metal Ions in Biological Systems",
vol. 18, Chpt. 5, Sigel, h., ed., 1984, Marcel Dekker Inc.,
NOY., ppo 137-1640

(82) Sunda, W.G.; Ferguson, R.L., in "Trace Metals in
Seavater", Wong, C.S., et al., eds., 1983, Plenum, N.Y.,
871 pp.

(83) ref. 81), p.153.

(84) Langford, C.H.; Mak, M.K.S.; Comments Inorg. Chem.,
1983, 2, no. 3-4, pp. 127-143.

(85) Langford, C.H.; Mak, M.K.S.; Inorg. Chim. Acta, 1983
70’ pp. 237-2460

103



(86) Langford, C.H.; Wong, S.M.; Underdown, A.W.; Can. J.
Chem., 1981, 59, no. 2, pp. 181-186.

(87) Langford, C.H.; Mak, M.X.S.; can. J. Chem., 1982,
60, noe. 15, PP 2023"2028.

(88) Guggenheim, E.A.; Phil. Mag., 1926, 2, p. 538.

(89) Mak, M.K.3.; Langford, C.H.; Khan, T.R.; J. Indian
Chem. Soc., LIV, 1977, Jan., Feb., Mar., 51. '

(90) wWilkins, R.G., "The Study of Kinetics and Mechanism
of Reactions of Transition Metal Complexes.", 1974, Allyn
and Bacon, Inc., Boston, 403 pp.

(91) Olson, D.L.; Shuman, M.S.; Anal. Chem. 1983, 55, pp.
1103-1107.

(92) Flaschka, H.A.; Barnard, A.J.; "Chelates in
Chemistry.", 1972, Marcel Dekker, Inc., N.Y., p. 118.

(93) Geary, W.J.; Nickless, G.; Pollard, F.H.; Anal.
Chem., 1962, 26, p. 575.

(94) Geary, W.J.; Nickless, G.; Pollard, F.H.; Anal.
Chem., 1962, 27, p. T1.

(95) ref. 92), p. 128.

(96) Corsini, A.; Yik, I.M.L.; Fernando, Q.; Freiser, H.;
Anal. Chem., 1962, 34, p.1090.

104

pl
g
H

aSLon A3 a Fasd

s



105

(97) Guenther, W.B., "Chemical Equilibrium", 1975, Plenum
Press, NY, 248 pp.

(98) ref. 97), p. 60.

IR s 4 e

(99) Wehry, E,L.;Structural and Environmental Factors in

Fluorescence, chpt. 2, in, "Fluoresacence: Theory, Instru-

e TRTERRETR e

mentation and Practice.", Guilbault, G.G., ed., Marcel

Dekker, Inc., N.Y., 1967

(100) Mak, M.K.S.; Ph.D. thesis; "Kinetic Analysis of
Aluminum in Environmentally and Geochemically Relevant
Problems.", 1980, Carleton University, Ottawa, Ontario, 187

pages.
(101) ref. 42), chapter 17, pp. 349-370.

(102) Kreysig, E., chapter 5 in; "Advanced Engineering
Mathematics." 5-th edt., 1983, Wiley, N.Y., 988 pp.

(103) widder, D.V.; "The Laplace Transform", Princeton
University Press, Princeton, N.J., 1946

{104) Bellman, R.; Kalaba, R.E.; Lockett, J., "Numerical

Inversion of the Laplace Transform.", American Elsevier,

N.Y., 1966

(105) 1IMSL, User's Manual, (International Mathematical and

S e TR

Statistical Libraries, Inc.) IMSL LIB1-0006, Revised,

July, 1977.
Product: IMSL S/370-360, Edition 6, 1977.



-

(FORTRAN IV) IBM §/370-360, Xerox-Sigma 8/6-T7-9-11-560.

(106) Bard, Y., "Nonlinear Parameter Estimation.",

Academic, N.Y., 1974

(107) Mak, M.K.S., Concordia University, Montreal,

Quebec, Personal communication.

(108) Aysola, P., Science Industrial Research Unit,
Concordia University, Montreal, Quebec. Personal

communication.

(109) Underdown, A.N.: Ph.D. thesis, "Light Scattering and
Spectroscopic Studies of Aggregation Processes in a Well
Chatracterized Fulvic Acid." 1982, Carleton University,
Ottawa, Ontario, 204 pp.

(110) Ref. 109), Appendix B, pp. 193-197.

(111) Adaptable Laboratory Software: ASYST: A Scientific
System., Mac Millan Software Co., N.Y., 1985

(112) Ryan, D.K.; Weber, J.H., Environ. Sci. & Technol.,

(113) Blaser, P.; Sposito, G., Soil Sci. Soc. Am. J.,
1987, 1 [y ppo 612-6190

(114) Gamble, D.S.; Langford, C.H.; Underdown, A.W., The
Interrelationship of Aggregation and Cation Binding of
Fulvic Acid, in "Complexation of Trace Metals in Natural

Waters.", 1984, Martinus Nijhoff/Dr. W. Jung Publishers,

106




107

The Hague, Netherlands, pp. 349-356.

(115) ref. 42), chapter 11, pp. 219-230.



APPENDIX A: THE ASYST PROGRAMS FOR ESTIMATIONS

The programs allready compiled under "KINETIC.2" are
presented here in the sequence that they should be used to
successfully estimate all the parameters required for the
non-linear regression routine of Appendix B. Alterations

can be made to suit the user if required.

The dimensions of array and scalar definitions are as
follows;
>Under file DIM.ASY ;<

REAL DIM[ 2000 ] ARRAY Y
REAL DIM[ 2000 ARRAY X

>These arrays serve as the basic receiver/holders of the
raw data as aquired from DOS.<

REAL DIM[ 2000 ARRAY NEWX
>These arrays are for the smoothed/interpolated values for
all newly generated x,y fits.<

REAL DIM[ 2000 % ARRAY NEWY

REAL DIM] 2000 | ARRAY DIFF2
REAL DIM| 2000 | ARRAY NEWSET

>These arrays are used in the calculation of the Laplace
profile<

REAL DIME 2000 1 ARRAY DIFM

REAL DIM{ 2000 ARRAY LOGS

REAL DIM| 2000 ARRAY SY

REAL DIM| 2000 ARRAY SX

REAL DIM{ 2000 ARRAY BUPFFER

>These arrays serve to make calculations without altering
X,y, and newy<

REAL DIM| 10 ARRAY RATE

REAL DIM| 10 ARRAY CONC

>These arrays are for saving coefficients of polynomial
fits, and for generating new data<

RFAL DIME 15 i ARRAY COEFF
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>The following scalars are mostly self-explanatory and can
be better understood by studying the actual applications in
the algorithms.<

INTEGER SCALAR NEXT

INTEGER SCALAR N.O.P

INTEGER SCALAR NUMBER

INTEGER SCALAR INT

INTEGER SCALAR SECT

INTEGER SCALAR COUNT

INTEGER SCALAR RATES

INTEGER SCALAR DEGREE

REAL SCALAR U

REAL SCALAR Ui

REAL SCALAR U2

REAL SCALAR U3

REAL SCALAR U4

REAL SCALAR U5

>The foolowing "WORDS" are used to perform the functions
they define and reduce thereby the amount of typing
required to do such things as clearing the screen, etc...<
G GRAPHICS.DISPLAY ;

N NORMAL.DISPLAY ;

C SCREEN.CLEAR ;

: Z2Z STACK.CLEAR ;

¢ S STACK.DISPLAY ;

A.P XY.AUTO.PLOT ;

D.P XY.DATA.PLOT ;

>Under file "ODDS&.END" :<

>To set up the readout of the array positions on the
screen;<

: A.R

array.readout

normal.coords

«6 .9 readout>position

world.coords

>To display the original or active x,y array<
¢ RESET

X SUBE 1, N.O.P ]

Y SuB{ 1 , N.O.P

A.P

>To truncate the data set, use the word TRUNK:<

¢ TRUNK

CR ." FROM WHICH INDEX ONWARD? :" A#INPUT NEXT :=

X SUB[ NEXT , N.O.P NEXT - ] X SuUBl 1 , N.O.P NEXT - ]
Y SUB{ NEXT , N.O.P NEXT - ] Y SuB_ 1 , N.O.P NEXT -
N.0.P NEXT - N.O.P := ;
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>To get a rate constant for a particular peak, it is found
using the word A.R, and the following; Note that the
numbers must be entered before using the words (indivi-
dually)<

KK EXP 2. SWAP / .

CC LABEL.SCALE.Y * 1.6973 * . ;

>Under file READ.ASY ;<

>To enter data from DOS: The number of pairs must be
supplied. The order of entry is first a ¥, then on the next
entry 1its corresponding x-value, etc... Use the
following;<

¢ READ.BAS

CR ." Enter the filename "

"INPUT DEFER> BASIC.OPEN

CR ." Enter the expected number of data pairs:"

#INPUT N.O.P :=

N.0.P 1 + 1 DO

BASIC.READ DROP

Y[ I] :=

BASIC.READ DROP

X[1]:=

LOOP

BASIC.CLOSE

14

>Under file STAND.5 ;<

>0Once the raw data has been entered, it must be reduced in
size. The first step is optional and simply reduces the
size of x,y by half by omitting every second pair.<

:STANDARD.S
X SUB[ 1, N.0.P 2/ ] X SUBE 1, §N.0.P 2/ ] t=
Y sSus[ 1 , N.0.P 2 / Y Su[ 1 , N.0.P 2/ 1=

2
2
N.0.P 2 / 1 - N.0.P := ;

- »

>Pile PIRD.LN ;,

>This program is used to find the X-component. It requires
an estimate of it to be entered. It is a simple iterative
search and find routine. The tolerance should not be so
small such that it is impossible to obtain, nor increment
80 large as to pass the tolerance gquickly. It will only
change the x-values to accomodate the X-component if the
user so wishes at the end of the iterations, when the
program tells the user of the adjustment it would make, and
request permission to do so or continue as is. It is
suggested that a third degree fit be used, but if this be
too drastic, a 2 cd degree fit may work faster. THIS
PROGRAM SHOULD BE USED BEFORE STANDARD.A<
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¢ FIND.X

N

CR ." DEGREE ? " CR
#INPUT DEGREE :=

CR ." X—-estimate ? " CR
#INPIT U1 :=

CR ." Tolerance ? " CR
#INPUT U2 :=

CR ." Increment ? " CR
#INPUT U3 :=

O NEXT ==

400 1 DO

NEXT 1 + .

O INC :=

3 1 DO

INC 1 + INC :=

1 SECT ==

INC2 / 1 = IF -1 SECT := THEN
U3 NEXT * SECT * DUP U5 :=
X SUB[ 3,6 +

Y SuB[ 3 , 6

DEGREE L ASTSW.POLY.FIT
0.0 SWAP POLY[X]

U4 :=

U4 U1 - ABS U2 < IF LEAVE THEN
U4 . U5 .

LOOP

NEXT 1 + NEXT :.:
U4 U1 - ABS U2 < IF LEAVE THEN
CR LOOP

CR ." Toletlance criteria met, added factor is = " U5 .

CR ." Save new x ? (YES = 1, NO

1 =IF X U5 + X := THEN ;

>Pile STAND>ARD ;<

=0

)

>> " #INPUT

>To reduce the size and spacing of pairs to better apply a
log-log polynomial fitting procedure,
the first of these two. The second is used after a second
READ.BAS is performed, where the original is automatically
put aside, then the second is reduced, and spliced onto the
first. This second read in of data is used when files are
too large and must be sized down as
experimental section of this thesis.<

STANDARD.A

SUBL 30 , 20 , 2 X SUB| 30
SUBL 30 , 20 , 2 Y SUB| 30
SUB| 69 , 20 , 6 X SUB| 50
SUB[ 69 , 20 , 6 Y SUB| 50

SUB[ 188 , 10, 10 ] X SUB[
SUB[ 188, 10, 10 ] Y SUB

PR PIrEPIrG P

SUBL 287, 6 , 20 ] Y SUB

v w -

70
70
SUB{ 287 , 6 , 20 } X SUB[ 80

one must use at least

o0 08 bklee o

explained in the
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X SuB[ 406 , 15 , S0 ] X SUBE 86 , 15 ] $=

Y suB| 406 , 15, 50 | Y suB[ 86 , 15 ] :=

X suB{ 1155 , 8 , 100 ] X suB[ 101 , 8 ] 1=

Y suB( 1155 , 8 , 100 ] Y suBl 101 , 8 ] :=

300 1 DO

X[ T1+]1X[1]-X[I1+]X[1I]-ABS/~1.=
IF I N.0.P := LEAVE THEN

LOOP

N.0.P OLD.N

X SuB[ 1

>And when a second file is fed into the system;<

: STANDARD.B

xsuB[10, 5,2 ]XxX8UB[ 10, 5 ] :=

Y sUB[ 10 , 5,2 | Y SUB[ 10 , 5 ] :=

Xsul 20,5, 3 ] XSUBL 15, 5 | :=

YSUB[ 20 , 5,3 | YSUB 15, 5 =

X SUB[ 36 , 5, 4 ] X SUB[ 20 , 5 ] :=

YSuB[ %36 , 5,4 ] YSUBL 20,5 ] :=

X SUB{ 58 , 50, ] X SUB[ 25 , 50 ] 1=

Yy suB[ 58 , 50, 5] Y SuBl 25 , 50 ] :=

210 1 DO

X[ Tt +]1X[TIT)-DUPABS / -1. =

IF I N.0.P := LEAVE THEN

10OP

X SUB{ 1, N.O.P ] SX SUB{ OLD.N 1 + , N.O.P ] 'z
Y suB[ 1 , N.0.P | SY SuB[ OLD.N 1 + , N.O.P ]| :=
OLD.N N.0.P + N.O.P :=

SX X :=

SY Y :=

>Pile FIX.ASY ;<

>The use of this file is unfortunately limited by the ASYST
system. The limitations require that the size of the data
to be fitted times the degree of fitting be less than 1000.
This program fits a polynomial to the log-log data, and
interpolates by logarithmic spacings according to the
number of new points and degree desired by the user. It is
suggested that for a full data set that a tenth degree fit
be attempted first, and that for a single component set
that a fifth degree fit be done. The size of the raw array
may have to be reduced further by using STANDARD.A, and the
aumber of points can be found (after reduction) by typeing
. NOO.P L ] .<

¢ PIX.XY

2z

CR ." # new pairs ? " H#INPUT NUMBER :=

X SUB{ 1, N.O.P | LN

Y SUB,L 1 , N.O.P | LN
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A.P
CR ." Degree ? " fINPUT DEGREE :=

X[ No.P ] INX [ 1 ] LN - NUMBER 1 - / U :=
NUMBER 1 + 1 DO

I1 -U*X[1 ]JIN+EXPNEWX([I]:=
LOOP :

X SUB[ t , N.O.P ] IN

Y sSuB[ 1 , N.O.P ] IN

DEGREE LEASTSQ.POLY.FIT

DUP COEFF SUB[ 1 , DEGREE 1 + ] :=

NEWX SUB[ 1 , NUMBER ] LN SWAP POLY[X]

NEWY SUB[ 1 , NUMBER | :=

NEWX suB[ 1 , NUMBER | IN

NEWY SUB[ 1 , NUMBER ] DUP

EXP NEWY SUB[ 1 , NUMBER ] := IN D.P

>File LAP.ASY ;<

>This is the program that applies the Laplace transform
mathematics to the newly interpolated data. No information
need be entered. At the end of the plotting,
get cursor/arrays in order to get values for maxima.<

¢ LAPLACE

NEWX SUB[ 1 , NUMBER ] LN NEWX SUB[ 1 , NUMBER ] :=

NUMBER 1 DO
NEWY{I1+]NEWYEIJ-U/DIFF1[I]:=
NEWX [ I 1 + JNEWX | I ]+ 2./ NEWSET [ I ]
I NEXT :=

LOOP

NUMBER 1 - 1 DO
DIFF1 [ T 1 + ] DIFM [ I ] -
NEWSET [ I 1 + ] NEWSET [ I ]
LOOP

NUMBER 2 - 1 DO

DIFF1 { I1+]DIFF| I ] +2./ =1.%*
DIFF2 [ I ] +-1. *DIFF2 [ I ] :=

LOOP

NEWSET SUB[ 1 , NUMBER 3 - ]

DIFF2 SUB[ 1 , NUMBER 3 - ]

U/ DIFF2 [ 1
+ 2.

NEWX SuB[ 1 , NUMBER ] EXP NEWX SUB[ 1 , NUMBER ] :=

A.P

’

>PFile SMOOTH.ASY ;<

>This program will smooth the Laplace profile if required.
It is not very often necessary, but if NUMBER exceeds 600,

it occasionally is.<

: SMOOTHER

NEWSET SUB[{ 1, NUMBER 3 - 4 / , 4 ]
DIFF2 SUB[ 1 , NUMBER 3 -4 / , 4 ]

type A.R to

I E::
J NEWSET [ T ] ¢
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CR ." DEGREE ? " CR

#INPUT LEASTSQ.POLY.FIT

NEWSET SUB[ 1 , NUMBER ]

SWAP POLY[X]

NEWSET SUB[ 1 , NUMBER ] SWAP D.P ;

>Pile LOG.ASY ;<

>The following program is used to estimate the last
component if it was not found using LAPLACE. If there were
three known component after LAPLACE, the new data should Ye
transfered to DOS using the program words NEW.XY and
TRANSFER which are to be explained later. The value of A-
infinity must be supplied, and the linear trailing section
is looked at closer by using the word CUT.ITK

: LOG.IT

CR ." A-Inf> ? " CR

#INPUT U1 :=

NUMBER 1 DO

Ut NEWY [ T ] -IN L0GS [ I ] :=
LOOP

NEWX SUB[ 1 , NUMBER 1 - ]
LOGS SUB[ 1 , NUMBER 1 -
A.P

;

: CUT.IT

CR ." N.0.P = " NUMBER 1 - .

CR ." Pirst index 7 "

CR #INPUT COUNT :=

CR ." Last 2 " CR

#INPUT NEXT :=

NEWX SUB[ COUNT , NEXT COUNT
L0GS SUB[ COUNT , NEXT COUNT -

)
[ DU W)

A.P

NEWX SUBE COUNT , NEXT COUNT - ]
L0OGS SUB[ COUNT , NEXT COUNT -
1 LEASTSQ.POLY.FIT

DUP COEFF SUB[ 1 , 2 ] :=

NEWX SUB[ COUNT , NEXT COUNT - ]
SWAP POLY[X]

NEWX SUB[ COUNT , NEXT COUNT - ]
SWAP D.P

CR ." Rate constant=" CR

COEFF [ 1 ] =1. * .

CR ." Abs-value =" CR

COEFF [ 2 ] EXP .

?
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>Pile STRIP.ASY ;<

>Phis program strips rate constant COEFF [ 1 ] and Abs.-
value COEFF [ 2 ] LN from the original (active) x,y array.
It is not a dedicated function, and after the plots of
original vs stripped are found acceptable, this new x,y set
must be saved by typing ORIG.SAVE;<

¢ STRIP.ORIG

N.O.P1 + 1 DO

Y[ I E COEFF [ 1 ] X[ I ] * EXP 1. SWAP -
COEFF [ 2 ] EXP * - BUFFER [ I ] :=
LOOP
X SUB{ 1t , N.O.P ] LN
Y SuB[ 1 , N.O.P | LN
P

X sup[ 1 , N.0.P ] LN
BUFFER SUB[ 1 , N.0.P ] LN D.P

: ORIG.SAVE
BUFFER SUB[ 1 , N.O.P ] Y SUB[ 1 , N.O.P ] :=

14
A

>Pile TRANS.FER ;<

>This program interpolates log-log data with a polynomial
fit with a user's choice degree value according to spacings
based on equal time intervals in order to be compatible
with the nonlinear regression routine. It is a bit fussier
that PIX.XY for a good fit. If it skips too much of the
initial data, the x,y data set must be reduced in size
(change N.0.P) or the number of new pairs must be
increased .

¢ NEW.XY

N CR ." number of "

CR ." new pairs? " cr

#INPUT NUMBER :=

X SUB[ 1, N.0.P ] LN
Y SUB{ 1 , N.O.P | LN

CR ." DEGREE ? " ¥#INPUT DEGREE :=
DEGREE LEASTSQ.POLY.FIT
COEFF SUB[ 1 , DEGREE 1 + ] :

X[ NO.P]X[ 1] -~NUMBER Y - / U1 :=
NUMBER 1 + 1 DO

I1-U1 *X[ 1]+ NEWSET [I ] :=
LOOP

NEWSET SUB[ 1 , NUMBER ]

LN

COEFF SUB|{ 1 , DEGREE 1 + ] POLY[X]
LOGS SUB| 1 , NUMBER ] :=

X sun{ 1, N.O.P ] LN
Y SUB[ 1 , N.O.P ] LN A.P
NEWSET SUB[ 1 , NUMBER ] LN
LOGS SUB| 1 , NUMBER ] D.P ;
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>This program transfers the new data to a file compatible
with the nonlinear regression routine. If the trailing end
of the fit dips below the criginal data, the size of NUMBER
nust be reduced to eliminate this problem. It is important
not to touch the keyboard during transfer as this will jam
the system.<

¢ TRANSFER

i NEXT :=

CR ." Filename ? "

cr "INPUT DEFER OUT>FILE

NUMBER 1 + 1 DO

Loes [ I ] EXP . N

CR

NEWSET [ I ] .

CR

L0OOP

OUT>FILE.CLOSE
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APPENDIX B:NONLINEAR REGRESSION

This is a listing, in Turbo-Pascal language , of the
program called EXPFIT.PAS and ran by typing EXPFIT once it
has been appropriately compiled. The data file which is to
be fed into the program must be in the form:

1]*.2343 (This is usually in units of absorbtion)

t2j*1 (Time values)

etce..
where the alternating numbers are for y, then x. No other
_information.can be in that file. The program will cease
reading the file after 250 pairs have been entered, but
this can be altered in line 4 of the program 1isting below.
The number of parameters should not exceed 7, which
include, in the following entry order: [1] = C1, [2] = k1,
and so forth, with the final parameter being the X-compo-
nent. It is highly recommended that the final question
asked be always answered by "N" unless the program has
failed to converge in which case "Y", but be warry of these
latter results for they have restricted eigenvalues. The
program will converge when the sum of least squares is less
than 10-8, An alternate criteria is incorporated, but the
use of its regression results is discouraged.

The NLR algorithm chosen for this work adheres closely
to that described by Bard (106) and discussed in the
kinetic context by Mak and Langford (87). The following is
a description of the NIR algorithm. It is not necessary
for the reader to understand it in order to effectively use

the routine.
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Briefly, to determine the step direction for each new

iteration, the inverse scaled decomposition of the Hessian
matrix N is computed. The eigenvalue decomposition of the
scaled Hessian matrix C was accomplished by the following
sequence; (i) initial application of the Givens-House-
holder algorithm to reduce C to the tridiagonal form, (i1)
diagonalization of the tridiagonal matrix by the QR algo-
ritm with origin shifts, and (iii) successive orthogonal
transformations of the unit matrix to obtain the eigen-
vectoras. After the step direction is established, thé step
length is determined by an interpolation-extrapolation
algorithm. Computations were terminated when a series of
further iterations failed to reduce the value of the
objective function which is the absolute difference between
the regression model value in a previous iteration and the

regression model value of the current iteration.

EXPFIT.PAS dervi
1 const
2 matmax = 10 ;
3 word = 16 ;
4 maxnop = 250 ;
5 type
6 matdim = 1..matmax ;
7 xary = array [matdim,matdim] of real ;
8 yary = array matdimj of real ;
9 datadim = 1..maxnop ;
10 zary = array [datadim] of real ;
1 var
12 i,j,size,k,m : matdim ;
13 a,v,gl,z,ninv : xary ;
14 b,w,u,p,q,r,q2,vl,bt1,al,al1,ab,ac,az : yary ;
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15 y,y1,aa,deltal : zary ;
16 e,el,e2,s,x,c,d,f,h,g,c1,pt,xt,r1,41,q1,81,bs,
17 dphi,sum,delta,deltat,z1,22,rho,ratio : real ;
18 iter : integer ;
19 nop,i1 : datadim ;
20 choice : char ;
21 test,check : boolean ;
22 datain : string[15] ;
23 datafile : text ;
24 (*the following is a series of functions calcu-
25 lating the partial derivatives of the regression
model with respect to each variable*)
26 1 function dervi : real ;
27 1 begin
28 1 dervl := t-exp(-af[2]*aa[i1])
29 end ;
30 1 function derv2 : real ;
1 1 begin
32 1 derv2 := alf1]*aa[i1]*exp(-a1[2]*aa[i1])
33 end ;
34 1 function derv3 : real ;
35 1 begin
36 1 derv3 := t-exp(-atl[4]*aalit1])
37 end ;
38 1 function derv4 : real ;
39 1 begin
40 1 derv4 := at[3]*aa[i1]*exp(-ai[4]*aali1])
41 end ;
42 1 function derv5 : real ;
43 1 begin
44 1 derv5 := 1-exp(-atl[6]*aa[i1])
45 end ;
46 1 function dervé : real ;
47 1 begin
48 1 dervé := ail[5]*aali1]*exp(-a1[6]*aali1])
49 end ;
50 1 function derv7 : real ;
51 1 begin
52 1 derv7? := 1.0
53 end
w 54 (*the following is a series of procedures to calcu-
. late the sum of squares
f 55 psi; and the respective gradient vector,
Hessian matrix etc.¥*)
|i 56 1 Procedure soss (var delta : real) ;
57 1 (*soss calculates the sum of squares#*)
58 1 begin
59 1 delta := 0.0;
60 1 for i1 := 1 to nop do
61 2 begin
62 3 case size of
63 3 3 : y1[i1] := at[1]1*(1-exp(-at[2]
*aali1]))+at{3];
64 3 5 : y1[11] := at[1]*(1-exp(-at[2]

L bt T



W

o WY

AUVITVIVIVIVIVIVIVIE A PRPOUOIVINDWAR VUV S 2R OVUVIDWAREINITITR AR -

' *aa[i1]
+al|5];
7: yilit]
*aaf11]))+a1[3]*
al[5

end;
deltat(11] := y[11
delta := delta+sqr

end;

Procedure gragient (var q2
(*computation of the initial gradient vector*)

case size begin of
3 : begin

for 1 :=
in

be
qui] := 0.0;

1- -ai[4]*
*(1-exp(—a1[gfgéafa}])%4:3

)-y1[118
deltal

: yary )

1 to size do

for i1 := 1 to nop do

cagse i of
1+ q2(i
2 : q2li
3 ¢ q2t1
end;

end;

end;

: begin

for i :=

=2%deltal
~-2%*deltat
-2%*deltat

1 to size do
begin
qui] := 0.0;

for i1 := 1 to nop do

case i of

Q
N
-

end;

: begin

e e e e b

=2%*Jealtt
~2¥%¥deltal
-2*deltal
-2%deltal
-2*deltal

for i := 1 to size do

in

ggfi] := 0.0

for i1 := 1 to nop do

case i of

(Y] ® 08 s s

Ke)

n
T

: q2[
E

O NN -

=
[» "R TITY
.o

i unun
e e bde fde s i e

*® eo oo 2o v o0

-2*de1ta1;
-2%*deltal|

-2%del tal

-2*deltal|

-2%deltal
~-2*deltal
-2%*deltal

11);

Y)+a1[3]1*(1-exp(-ai{4]*aali1}))
1]*(1-exp(-a1[2€

i1]))
s

*derv1

*derv2
*derv?

*dervi;
*derv2;
*derv3y;
*derv4;
*derv?

*dervi;
*derv2;
*derv3;
*derv4;
*dervS;
*dervé;
*derv?
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17 3 end;

118 2 end;

119 1 end;

120 end;

121 1 Procedure Hessian (var b1 : yary; var a : xary);

122 1 (*computation of the initial Hessian matrix
elements*)

123 1 begin

124 1 for i := 1 to size do

125 1 for j_ := 1 to size do

126 1 ali,3j] := 0.0;

127 1 for i1 := 1 to nop do

128 2 begin

129 3 case size of

130 4 3 : begin

131 4 for k := 1 to size do

132 5 begin

133 S z! := 0.0;

134 6 case k of

135 6 1 ¢ 21 := dervig

136 6 2 : 21 := derv2;

137 6 3 s+ z1 := derv?

138 5 end;

139 S for m := 1 to size do

140 6 begin

141 6 if (m<k) then

142 6 z2 := 0.0

143 6 else

144 7 begin

145 7 z2 := 0.0;

146 8 case m of

147 8 1 : 22 := dervi;

148 8 2 : 22 := derv2;

149 8 3 : 22 := derv?

150 7 end;

151 7 a{k,m] = a[k,m}+2*(z1*22);

152 7 alm,k] := alk,m];

153 6 end;

154 5 end;

155 4 end;

156 3 end;

157 4 5 : begin

158 4 for k := 1 to size do

159 S begin

160 5 z1 := 0.0;

161 6 case k of

162 6 1 ¢ 21 := dervl;

163 6 2 : z1 := derv2;

164 6 3 ¢ 21 := derv3;

165 6 4 : 21 := derv4;

166 6 5 : 21 := derv?

167 5 end;

168 § for m := 1 to size do

169 6 begin
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if (m<k) then

(z1%*22);

ze do

+2%(z1%22);

I3
L

z2 := 0.0
else
begin
z2 := 0.0;
case m of
1 ¢ 22 = dervi;
2 : 22 := derv2;
3 ¢ 22 := derv3;
4 : 22 := dervs;
S : 22 := derv?
end;
a[k,m = a[k,m]+
alm,k] := alk,m);
end;
end;
end;
end;
‘7T : begin
for k := 1 to si
begin
z1 := 0.0;
case k of
1 ¢ 21 := dervi;
2 : z1 := derv2;
3 ¢ 21 := derv3;
4 :+ 21 := dervd;
5 : 21 := dervS;:
6 : z1 := derv6;
T : z1 := derv?
end;
for m := 1 to size do
begin
if (m<k) then
z2 := 0.0
else
begin
z2 := 0.0;
case n of
1 ¢ 22 := dervi;
2 : 22 := derv2;
3 ¢+ 22 := derv3;
4 : 22 := derv4;
5 ¢ 22 := dervS;
6 : 22 := dervé6;
7T : 22 := derv?
end;
a{k,m] 1= a{k,m}
aim,k] := alk,m
end;
end;
end;
end;

end;
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end;
writeln;
writeln;
writeln ('the Hessian matrix elements
row x row are : ');
for 1 := 1 to size do
begin
writeln;
for J := 1 to size do
write (' ‘',a[i,3] : 9);
end;
(*scaling of the matrix*)
for 1 := 1 to size do
begin
if (a[1,1]+0) then
v1[i] := 1.0

else
b1[i] := sqrt(abs(ali.i]));
end;
for i :=1 to size do
for j := 1 to size do
begin
if (i=j) then
ali,j] := ali,}]
else
ali1,3] := afi.J]/sqrt(abs(a[i,i]*
q a[jtj ));
end;

for i := 1 to size do
end;

Proce?ure matinv (var dphi : real ; var vi,atlt

yary)s;

(*matrix inversion begins via Givens~Householder
and QR methods¥*)

var

max,min : real ;

begin (*computation of e*)

e := 1.0;

for k := 1 to word do
e := e*2.0;

e := 1.0/e;

begin (*computation os s,el,and e2*)

end

s := 0.0;

for i := 1 to size do
for j := 1 to size do
8 := s+a[i,31*a[i,}];
el := e*sqrt(2.0%*s);
82 := e1/.size*size5;

writeln;

writeln;

writeln ('the values of el and e2 are : ');
writeln (e1,’ ',e2);
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begin (*generate an identity matrix of SIZE*)
for i t= 1 to size do
for 1= 1 to size do
if 1<>E en v{i,j] := 0.0
else v = 1.0;
end;
begin
for i := 1 to (size - 2) do
begin
if a[(i+1),i] >= 0.0 then x :=
else X = -1.0,
¢ := 0.0;
for j = (i+1) to size do
c := c+alj,i]*al[j,1]
d := x*sqrt(c
b[i] = =d;
£ o= 1 O/(c+abs(a[(i+1) il*d));
wli+1] := a[(i+1),1]+d-
for j := (i+2) to gize do
wlil :=a[J,1
for j := i+1 to size do
ulj] := frwl}];

for k ¢t= 1 to size do

begin
p[k] 1= 0.0;
for j := E +1) to size do
plk] := plk]+v[k, j1*vw(i];
end;
for k := 1 %o size do
for j := (i+1) to size do

vik,3] := VEk jl-plk]*u(jl;
for k := (1+1) to size do
begin
[k] := 0.0;
j = E +1) to gize do
q[k] := qlk]+alk, j1*ul3];
end;
h := 0.0;
for k := (i+1) to size do
h := h+q[kl*u[k],
h := h/2.0
for k := §i+1) to size do
= q[k]-h*wu[k]
for j := (i+1) to size do

for k := (i+1) to size

a[g,k] := alj,k]- q[j]*w[k]-W[J]*q[k]
end;

writeln;

writeln;

writeln ('the numerical elements of the
final tridiagonal matrix are ; ');
writeln;

for i := 1 to size do

begin

1.0
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writeln;

for j := 1 to size do

write (* ',a[i,j] : 9) ;
end;

(*QR decomposition*)

blsize-1] := a[(size-1),size];
for i :=1 to size do

r[1] := a[1,1i];

m := size

"to (m-1) do

begin
if abs(b[i]) <= e2
then begin
d := 0.0;
c := pl ;
end;
else begin
x1 := sqrt (pi*p1+b[i]*b[i]);
d b(i]/x1;
¢ := pl/x1;
for J := 1 to size do
begin
h := c*v[j,(i+1)2-d*v§j,i];
v[jt%].:= a*vij,(i+1)]+c

*vlj,il;
V[J,zif1)] := h;

end;
end;
r1 := c*pt+d*b[i];
d1 := c*ci;

a1 := a1*b[i]+d*r[i+1];
r[i] := d1%*rt+d*qi;

if i > 1 then
bl[i-1] := st*r1;
81 := d4;
pl := c*r[i+1]-si*c1*b[i];
cl := ¢
end;
b{m-1] 1= s1%pl;
rim] := cl*pt;
bs := 0.0;

for k := 1 to (m-1) do
bs := bs+abs(blk]);
if (bs <= et) and (test=true)
then begin
for k := 1 to m do
rlk] := r(k]+g;
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380 4 test := false;

381 3 end ;

382 3 while (abs(b[m-1]}) <= e2) and (test=true) do

783 4 begin

384 4 if m >= 2 then

385 5 begin

386 5 r(m] := r{nl+g;

387 5 m := m-1;

288 4 end

389 4 else

390 5 begin

391 5 if (abs(abs(r{m]/£)-1) > 0.5) and

(test=true) then

392 5 test := true

393 5 else

394 6 begin

395 6 g := g+rim];

396 6 for k¥ := 1 tom do

397 6 r(k] := r[k]-r[m];

398 5 end

399 4 end;

400 ¢4 if m >= 2 then

401 4 test := true

402 4 else

403 4 test := false ;

404 3 end;

405 2 until test := false ;

406 2 (*Bigenvalue adjustments if necessary
begins*)

407 2 for 1 := 1 to size do

408 2 r{i] := abs(r{i]);

409 2 if choice='y' then

410 3 begin

411 3 max := r i] ;

412 3 min := r{i] ;

413 3 for 1 := 2 to size do

414 4 begin

415 4 if r{i]>max then

416 4 max := r[i] ;

417 4 if r[1]<min then

418 4 min := rli] ;

419 3 end ;

420 3 if (min/max)<0.000005 then

421 4 begin

422 4 writeln ;

423 4 writeln ;

424 4 writeln ('the Hessian matrix or the
initial estimates are ill-conditioned') ;

425 4 writeln ;

426 4 writeln ('the value of max/min is :',
max/min) ;

427 4 for i := 1 to size do

428 4 r(1i] := 0.000005*max+r[i] ;

429 3 end ;
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end ;

writeln ;

writeln ;

writeln ('the eigenvalues are:');
for k := 1 to size do

write (' ',r[k] : 9);

writeln;

writeln;

writeln ('the eigenvectors are:');
for £ := 1 to size do

begin

writeln ;

for j := 1 to size do

write (' ',v[j,i] : 9) ;

end
end:;
for 1 := 1 to size do
for j := 1 to size do
g[i,3] := 1/v1[1]*v[1,]];
for i ¢t= 1 to size do
for := 1 to size do

z[1, J] = gi{i,31*1/r(j];
for i := 1 to size do
begin
sum := 0.0;
for k := 1 to size do
begin
sum := 0.0;
for j := 1 to size do
sum := sum+z[i,j)*g1[k,jl;
ninv[i,k] := sum;
end;
end;
writeln;
writeln;

writeln ('the values of ninv [i,k] are :

for 1 := 1 to size do
begin

writeln ;

for j := 1 to size do
write (' ' ninvii,j} : 9);

end ;
for i := to size do
begin
vi[i] := 0.0;
for i =1 to size
vifi] := v1[i]+ninV[i.J1*( a2{3i1);
end;
writeln;
writeln;

writeln ('the values of vi[i] are : ');
for k := 1 to size do

writeln (*vi[',k,'] = ',vi[k] : 9);
dphi := 0.0;

')
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for 1 := 1 to size do
dphi := dphi+vi[i]*q2(1];
writeln;
writeln;
writeln ('the value of "dphi" is : ');
write (dphi : 9);
for 1 := 1 to size do
at1[1] := a1[1] ;
end;
procedure stepsiz (var al : yary ; var check :
boolean );
label 99
var
ab : yary ;
maxQ,max,dumny ,maxi,deltal ,min : real ;
count,index : integer ;
gsizetl : matdim ;
(*the following function NRHO is to compute
the stepsize proportionality factor*)
function nrho : real ;
begin
nrho := dphi*sqr(rho)/(2*(dphi*rho+deltat~
delta))
end;
procedure doss )var delta :real);
var
i1 : datadim;
begin
delta := 0.0;
for i1 := 1 to nop do
begin
case size of
1{i1] := a1[1]*(1-exp(-a1[2]
*aa{i1]) +a1[3]
: 1= a1(1] *¥(1-exp(-at[2]*
aa[i1] )+a1[3] (1-exp(-at{4]*
aal i1 ))+a1[5]

7 ¢ yi{i1] := at[1]*(1-exp(-at{1]*
*( 1. - 6 *

s et

end;

deltat[it] := y[112-y1[118
delta := delta+sqr{deltatl{it]);

end;
end;
(*the main procedure stepsiz begins below*)
begin

check := trua ;

count := O ;

maxt := 1.0 ;

repeat

count := count+2 ;

if (abs(v1[count]5>max1 then
max! := abs(vi[count]) ;
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until count := size-1 ;
dummy := 1.0

max0 := 0.5 ;
if max1>0.5 then

repeat

dummy := dummy*0.5 ;

max0 := max1*dummy ;

until max0<=0.5 ;

writeln ;

writeln;

writeln;

writeln ("the initial adjusted at[i]
values are : ') ;

writeln ;

for 1 := 1 %o size do

begin

v1ri} :i= v1[i]*dummy ;

al[i] : 11[i]+v1[i]

writeln ('at[i',i,'] = ',a1[i] : 9)
end;

deltat := delta ;

doss(delta ;

pin := 0.0 ;

for 1 := 1 to size do

if a1[i](m1n then

min := atl[i

if (delta(deltat) and (min>0.0) then
begin

wvriteln ;

writeln ('the initially adjusted
a1[i] values are used directly') ;

-e |

writeln ('for extrapolation/

interpolation.')

end

(*Greenstadt Type adjustments begins*)
else

begin

for i := 1 to size do
ab[1i] := a1[i] ;

deltal := deltat ;
index := O ;

count := H

repeat

count := count+2 ;

if ablcount]<0.0 then
begin

al{count] := abs(ab[count]*0.15) ;
index := index+1 ;

end 3

if ab[count-1]<0.0 then
begin .

allcount=1] := abs(abl count-1]*0.75) ;
index := index+1 ;
end 3
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until count = size-1 3

if ab[size]<0.0 then

begin

allsize] := abs(ablsize]*0.5) ;
index := index+t ;

end ;

for 1 := 1 to size do

begin

if ab[i1]>0.0 then

at[i] := at[i]-at[i]*(index*0.15) ;
end 3 :

doss(delta) ;

if deltad<deltal then

begin

writeln ;

writeln ('the "scaled" values of ai[i]
are : ')

for i =1 to size do

writeln ('scaled al[i] = ',a1[1] : 9) ;
end

else

begin

count := 0 ;

repeat

deltat := delta

count := count+1 ;

case size of

3 : gizel := 1;

5 : sizel := 2;

7 : sizel := 3

end;

for i := 1 to sizet do

begin

if abli*2]<0.0 then

at[i*2] := atlli*2])+abs(abli*2]*0.1) ;
end ;

doss(delta) ;

until (deltaddeltat) or (count=8) ;
if deltal<{=delta then

begin

case size of

3 : sizel := 2;

5 : sizetl := 3

7 ¢ sizel := 4

end;

for i := 1 to sizel do
begin

if ab[2%i-~1]<0.0 then
al[2%i-1) := at|2*%i-1]*1.2 ;
end

end ;

deltal := delta ;
doss(delta) ;

if deltat<delta then
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begin

for i :=1 to sizet do
begin

if ab[2¥i-1]<0.0 then
at[2*%i=1] := at[2*i-1]*(2/3) ;
end ;

end ;

deltal := delta ;
doss(delta) ;

if deltai<delta then
begin

case size of

3 : sizel :=

for i := 1 to sizel do

begin

if ab[2%*i-1]|<0.0 then

at[2*i-1] := abs(ab[2*i-1]*0.5) ;

if ab|2%i]<0.0 then

al[2*i] := abs(ab[2*i]*0.15) ;

end ;

if ab[size]<0.0 then

al|lsize] := abs(ablsize]*0.5) ;

end ;

writeln; _
writeln ('the "scaled" values of ai[i]
are : ') ;

for i :=1 to size do

writeln ('scaled al[i] = ', at[i] : 9) ;
end ;

end ;

for i := 1 to size do

az|i] := 0.0001*(a1[iE+0.001) ]
ratio := az[i]/abs(vi[1]) ;

for i := 2 to size do

begin

if (az[i]/abs(v1[ig))<ratio then
ratio := az[i]/abs(v1[i]) ;

end ;

if abs(deltat-delta)<1.0e-08 then
begin

check := false ;

goto 99 ;

end

else

begin

writeln;

writeln ('the boolean value of delta
and deltat are:') ;

end;
rho := 1.0 ;
writeln;
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writeln ('the new values of delta and
deltat are :') ;

writeln (delta : 9, ', deltat : 9) ;
if delta<deltat then
begin

if nrho<O then
dummy := 2%*rho

else

dummy := nrho ;

writeln;

writeln 2 the value of dummy is :') n;
writeln (dummy : 9) ;

if abs(dummy-rho)((o 1*rho) then

dummy := rho

else

dummy := dummy ;

for i := 1 %0 size d

a1[12 1= abs(a11[i]+dummy*v1[i])

doss delta)

if delta)deltat then

dummy := rho

else

dummy := dummy ;

for i := 1 to size do

begin |
abs Ea11[i]+dummy*v1[i]) ; |
at(i] ; |

writeln ;

writeln ('the ai[i] values by
extrapolation are : ') ;

for i := 1 to size do

writeln ('EXT at{',i,'] = '.at{i] : 9) ;
end

else

writeln ;

writeln ;

writeln ('interpolation begins at this
point ') ;

begin

count := 0 ;
repeat

count := count+1 ;
writeln ;

writeln ('the value of rho and nrho
respectively are :') ;

wrlteln (‘rho = ',rho,’' ','nrho =

',nrho) ;

if nrho<(0.75*rho) then

dummy := nrho

else

dumnmy := 0.75*rho ;

if dummy<(0.25%rho} then

dummy := 0.25%rho
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else
dumny :
for i :

dumnmy ;

1 to size _do

a1[1g abs(al1[i]+dunmy*vi[i]) ;
doss(delta) ;

rho := dummy ;

writeln ;

writeln ('the current interpolation
cycle is : ',count) ;

writeln ('the values of atl[i] by
intrepolation are : ') ;

for i := 1 to size do

writeln ('INT a1[',1i,'] = ',a1[i] :9) ;
until (delta<deltat) or (count=15) ;
if ratiod>abs(nrho) then

begin

check := false ;

writeln ;

writeln ;

writeln ('iterations terminated by
way of alternative criterion') ;
end ;

end ;

99 : end ;

begin

(*main programme beginas*)

writeln ;

writeln ('what is the name of your
data file ? ')

read (datain) ;

writeln ;

writeln ;

writeln ('input the number of
parameters to be fitted or SIZE :') ;
read (size);

writeln ;

writeln ;

writeln ('input initial estimates of
parameters; i.e.,a[1]...a[size]') ;
for i := to 1 to size do

begin

writeln ('Enter at[',i,'] : ') ;
readin (at1[i]);

writeln ;

writeln ('do you wishto restrict
eigenvalues? - answer "y" or "n"') ;

read (choice) ;

writeln ;

writeln ;

writeln ('the valuesofthe initial
estimates are : ');

for i :=1 to size do

begin
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ac[i] := at[i] ;

writeln ('at{',1,'] = ',ac[1] : 9);
end 3 )

assign (datafile,datain);

begin

reset (datafile);

nop := O3 A

while not eof(datafile) and
(nop<maxnop) do

begin

while not eoin{datafile) and
(nop<maxnop) do

begin

nop := nop+i 3
regd(datafile,y[nop],aa[nop])

end ;

readin(datafile);

end;

close (datafile);

end;

writeln;

writeln;

writeln ('the value of nop is : ');
write (nop);

writeln;

writeln;

writeln ('the values of y[it]s, and
aali]s are : ')

for i := 1 to nop do

writeln (y[i],® ',aali]);
iter := 0 g
repeat

iter := iter+1 ;
check := true ;
soss(delta;
writeln;
writeln;
writeln ('the value of delta/sum of
squares is : ');
gradient(q2);
writeln;
writeln;
writeln ('the gradient vector of
dimension size is : ');
for i := 1 to size do
writeln ('q2g',i,'] = ',q2[1] :9);
hessian(bt,a
writeln;
writeln;
writeln ('the diagonal elements of
matrix Bl is : ");
for i := 1 to size 4o
writeln ('b1(',i,'] = ",b1[1i] : 9);
writeln;
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writeln;
writeln ('the elements of matrix A is :
1

for 1 := 1 to size do

begin

wvriteln ;

for J := 1 to size do

write (' ‘'.al[i,3] : 9) ;

end 3

matinv. (dphi,vi,atl);

stepsiz (a1, check)

until check := false :

writeln;

writeln;

writeln ('iterations terminated/boolean
check is : ', check) ;

writeln ('the final values of the
regression parameters .are :');
for 1 := 1 to size do

writeln ('at{',i,'] = ',at1[i]
writeln ;

writeln ;

writeln ('the original parameter
estimates were : ') 3

for i := 1 to size do

writeln ('at[',i,'] = ',a1{i] : 9) ;
writeln ; _

writeln ('number of iterations thus

far :') ;
writeln (iter)
end .



