ABSTRACT

Yl -TAIH LUOR. A kinetic study of the dissociation of
al um num bound to an aquatic fulvic acid (Under the
direction of MARK S. SHUMAN. )

The di sssociation kinetics of al ximinumfulvic acid (Al -
FA) as a function of the concentration of fulvic acid, pH,
and ionic strength were studied with a fluorescence |igand
exchange net hod using |lunogallion. A graphical nethod and
statistical non-linear regression were used for anal yzing
kinetic data. A two conponent, five paraneters nodel
appeared to fit the data best. For a fixed al um num
concentration, dissociation rates decreased as the
concentration of fulvic acid increased and a greater
fraction of the total alum num appeared in the nost slowy
di ssoci ati ng conponent. Increasing pH slightly decreased
the dissociation rate. lonic strength appeared to have no
effect. The estimated pseudo-first-order dissociation rate
constants for the two conponents were about 0.1 and 0.01

mn"" respectively.
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I . I ntroducti on

Al umi numin Natural WAters.

Alum numis the npbst abundant netal within the earth

crust (Garrels, et al.. 1975), occuring nmainly as
alum nosilicate mnerals (Buckman and Brady, 1961). These
are nostly unstable in earth-surface weat hering conditions
and can be very nobile, form ng both organic and i norganic
nmet ast abl e precipitates. These organi c and i norganic
nmet ast abl e precipitates may rel ease al um numinto streans,
and |lakes if the soil is acidified by acid deposition
(Cronan, et al,” 1979; Farner, 1986). In northeastern North
Anerica, the additional acidification is possibly due to
"acid rain" which contains sulfuric and nitric acids of
i ndustrial origin (Likens, et al.. 1979; Hasselrot, et al..
1987), and the acid rain may cause | ow pH al ong with high
al um num concentration in both surface and soil waters
(Driscoll, et al., 1980; Johnson, et al.. 1981; Pl ankey and
Patterson, 1987; Neal, et al O 1989).

In relation to human health, alum numis a neurotoxin,
and nay al so i nduce Al zheiner's di sease, a commpbn denenti a
in people over 65 years old (Perl, 1988).

The toxicity of alumnumis related to the formin

which it is found, with inorganic alum numthe nost toxic
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fraction to affect aquatic organi sns such as fish. The
survival of fish in acidic waters is related to the
concentration of labile nononeric aliimnumand pH
Compl exation of alum numw th organic |igands seens to
reduce alum numtoxicity to fish (Driscoll et al.. 1980;
Baker and Schofield, 1982). This toxicity appears to be
associated with al umi num binding at the gill surface which
i nduces suffocation (Neville and Canpbell, 1988).

Wth respect to environnental sanples, several nethods
have been utilized for the determ nati on of npbnoneric
al um num speci es. For exanple, the Al conplex with 8-
hydroxyquincline is extracted into butyl acetate or methyl
i sobutyl ketone and anal yzed photonetrically (Barnes, 1975;
Driscoll, 1984; Canpbell et al.” 1986). Al um num and
pyrocat echol violet forma col ored conmpl ex which is neasured
photonmetrically (Seip, et al.. 1984; Ti pping and Backes,
1988; Backes and Ti pping, 1987a). An Al -lunpgallion conpl ex
can be detected either photonetrically or fluorinmetrically
(Hydes and Liss, 1976; Canpbell, et al.. 1983; Liator,
1987) .

Anal ytical nethods for environnental sanples require
identification of toxic forns of alum num such as the
i norgani ¢ nononeric species. At the present time, there is
no direct analytical technique in use that is capabl e of
analyzing all Al'*"'" species in natural waters. Al the

met hods rely on conplicated operational procedures. Precise
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t her nodynam ¢ nodeling is not possible because no reliable
stability constants for Al -hum c conpl exes are avail abl e.
The operational speciation of alvimnumin natural

waters is based on the procedure of Driscoll (1980). He

classified alvimnuminto three sol uble alum num fractions in
natural waters by using operational definitions based on
acid solubility (acid soluble altimniun) , and its interaction
with a cation exchange colum (| abile nmononeric alum numis
retained on the colum, and non-1labile nononeric alum numis
not retained). Labile nononeric alum num speci es consi st of
Al'*"-" and its conplexes with OH', F', and SO*"*. Non-labile
nmononeri ¢ al um num speci es are those bound by organic

i gands, the nost inportant of which are presuned to be

hum c subst ances.

bj ecti ves of This Research.

This work investigates the conpl exation of al um num
wi th Lake Drunmond Fulvic Acid: 1) to eval uate proposed
mechani sns of al um num conpl exation by fulvic acid (FA), 2)
to estimate the dissociation rate constants of Al-FA 3) to
apprai se the effect of ionic strength and pH on Al -FA
di ssociation rates, 4) to evaluate the use of a kinetic
nmet hod for non-operational speciation of alum numin natural
wat er s.

Li gand- exchange experinents were used to deternine the
di ssociation rate constants of Al-FA conpl exes. The

fluorinmetric reagent |unogallion was chosen because it
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provi des the basis of a nethod that is sensitive and
relatively interference-free for deternmining alum nvimin

natural waters (Hydes and Liss, 1976). lonic strength, pH,

and Al: FA ratios were varied to observe the effect on

di ssoci ati on rate constants of Al -FA.
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Il. Experinental Materials and Met hods.

1). Materials.

An al um num stock solution, A (Il11), was prepared from
Certified Atom c Absorption Standard Al um num Ref erence
Solution, 1.0 nD=1.0 ng Al in dilute HdJ, from FI SHER
SCI ENTI FI C COVPANY; 1.35 nL of this solution was diluted to

25.0 nL with 0.01 Mof J.T. Baker Utrex HJ to give a 2.0

MMV st ock sol ution. The solution was stored in a 25.0 nL

HNG3- cl eaned vol unetric flask. Al um num working sol utions of
2.0 and 4.0 pM Al and pH 5.0 or 5.5 were prepared by
diluting 10.0 or 20.0 >iL of the alum num stock solution to
10.0 mL with working buffer solutions at the desired pH and
ionic strength. Final pH adjustnments were nade by addi ng
dilute HO .

Stock 0.011 M NaAc/ 0.11 M NaC buffer solution was
prepared by diluting 2.2 nL of 0.5 Melectrolytically-
cl eaned NaAc to 100.0 mL with distill ed-deionized water,
and adjusting to 0.11 ionic strength by adding 0.64284 g of
Aldrich gold | abel reagent NaC . Final pH was 5.61i0.01
This buffer solution was stored in a 100.0 nL HNO3-cl eaned
volunetric flask. A stock 0.011 M NaU‘*c/ 0.011 M NaC buffer
solution was al so prepared. Wrking buffer solutions of pH

5.0 or 5.5 were prepared by adjusting the pH of the stock
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buffer with dilute HJ .

| Ai nogal l'ion, [3-(2,4-di hydroxyphenyl azo) - 2- hydr oxy- 5-
chl or obenzenesul phoni ¢ acid], was the fluorescence reagent
( F.W 344.0 ) used in these studies. A 2.5 nM stock
lumogal lion (Pfalz & Bauer) sol ution was prepared by
di ssolving 0.086 g in 100.0 nL of water. The solution was
stored in a 100.0 m., HNC3-soaked volunetric flask. The
final pH was 2.89. Lunogallion working solutions of pH 5.0
or 5.5 were prepared by diluting 200.0, 1000.0, and 2000.0
pL of the stock solution to 10.0 mL with the working buffer
and resulting in 50.0, 250.0, and 500.0 pM | unogallion
solution respectively. pH val ues were obtained by addi ng
either dilute HAO or NaOH.

The FA used in this study was from Lake Drummond, near
Suffol k, Virgina, and was isolated by using a XAD- 8 resin
procedure. This Lake Drummond Ful vic Acid (LDFA) is
descri bed by Thonpson (1989). A stock solution was prepared
by dissolving 0.205 g of solid LDFA in 100.0 nmL of water,
resulting in a 1000.0 ng DOC/ L sol ution, which was
refrigerated before use. LDFA working solutions were
prepared by diluting 20.0, 100.0, 200.0, 400.0, and 1600.0
}xL of the stock solution in 10.0 nL of working buffer,
resulting in 2.0, 10.0, 20.0, 40.0, 160.0 ng DOC/L sol utions

respectively.

2). Instrunental.

The pH was neasured with an Orion 701 digital pH neter
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and Orion conbination el ectrode. Sanpl e tenperature was
controlled with a Lauda RC-6 circul ating tenperature bath at
25. 0+0. 1°C.

Fl uorescence and |ight scattering neasurenents were
perfornmed with a SIMAM NCO I nstruments | nc. nodel SPF 500-C
spectrofl uoroneter. This instrtinment was controll ed by an
| BM PC m croconputer and software which collected the
intensity data and generated fl uorescence spectra.

The follow ng instrunental settings were used for
measurenents of fluorescence spectra: Ratio node; Filter=l
Slit=5; Gin=l; Excitation wavel ength 515.0 nmwi th a band-
w dth of 5.0 nm Em ssion wavel ength 595.0 nmw th a band-
wdth of 5.0 nm Integration=10. Hi gh voltage was usually
set to about 355 V on the reference channel and about 775 V
on the sanple channel to maxim ze the signal to noise ratio.
The 31 or 32 data points were collected for each run during
two tinme reginmes. The first 30 data points were collected at
equal tinme spacings at 5.0 mnutes intervals, and the fina

data points were collected at 24.0 and/or 48.0 hours.

3). Met hods.

3.1) Experinental Procedures.

Al experinents were conducted at 25°C. Most kinetic
riins were carried out at a final alum num concentration of
1.0 pMand a final fulvic acid concentration of 1.0, 5.0,
10.0, 20.0 and 80.0 ng DOC/L. The Al -FA solution and the

|l unmogal i on solution were allowed to stand about 12-18 hours
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in a covered beaker at roomtenperature. The |unogallion
concentration used for nost runs was 125.0 \M a

consi derabl e excess over Al (II1l1). The reacti on was pseudo-
first-order in lunogallion (Shuman, unpublished data). An
exanpl e procedure is illustrated in Fig. II-1. The final pH
val ues of the Al -FA and |unogallion solutions were rechecked
before kinetic analysis and found to be within 0.04 pH units
of the initial | evels.

Ki netic runs were perfornmed by m xing and foll ow ng the
fluorescence intensity of Al-L\imformation in 1.0 cm
cuvettes. A pipette delivered 1.0 nL of |unopgallion working
solution into the cuvette, and the solution allowed to reach
25°C, about 10-15 mnutes. Data acquisition was initiated
after another pipette transfered 1.0 nL of Al -FA working
solution into this sane cuvette. Data acquisition began at
about two seconds after m xing. Final concentrations were
1/2 the working solution concentrations.

Two addi ti onal concurrent kinetic runs were carried
out: i) no Al added, only FA and | unogal |l ion working
solutions were reacted, which was considered the blank, ii)
1.0 pMof alum numand 125.0 pM of lunpbgallion, a solution

whi ch was used to correct for tine-to-tine variations in

i nstrument performnce.
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100 ~L of LDFA Stock 10 pL of Al Stock

-adding 5.0 nmL of the

st ock buffer

adjusted to pH 5.5

make up to 10.0 nL with the working
buffer; (2 }M : 10.0 ng DOC/ L)

st and over 12-18 hours

1.0 nmL

CUVETTE mi xi ng--->A1-FA(1 )i M5 ng DOC/ L)
Lum ( 125 >I M

1.0 L

make up to 10.0 nL with the working
buffer; (250 pK Lum

adj usted to pH 5. 5-
adding 5.0 nL of the

st ock buffer

1 nL Stock Lunpaalli on

Figure Il1-1. The exanple procedure of {1 pMAI- 5 ng DOC/ L

FA}/ 125 pM Lum preparation with 0.01 M Ncl Ac/
0.01 M Nadl buffer, at pH 5.5.
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3.2) Kinetic Analysis.

The system exam ned was

Al - FA ss* Al + FA

Al + Lum----- 2 Al -L\im

Consi der an aqueous m xture, Al -FA, consisting of n

conponents in which each conponent, named AlLj”, is involved

in the follow ng reaction :
AlLj™ + Lum—=-~ Al-Lum+ L~

where Lj™ represents the i**” binding site on the organic

macr onol ecul e, and AlLj" reacts with a |large excess of

lunmobgal lion to yield a comobn fl uorescent product, Al-Lum
The overall reaction is nonitored by the change in
fluorescence intensity which is proportional to the
concentration of Al-Lum Each conmponent, AlLj”, is assuned to
undergo a pseudo-first-order reaction simultaneously with
all other conponents. It is also assunmed that no coagul ati on

or precipitation occurs.

For any reactant, AILj", the first-order rate lawis
d[AILjA]/dt = -kj**t , or expressed by integral form [AlLj" A",
« [AILj"o * er~AM*AR - where [AILJA ™ is the concentration of
t he al um num conpl exed with Lj* and unreacted with
lunogallion at time t, [ALLj”]q, is the original concentra-

tion of alum num conplexed with Lj* and avail able for

10
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reacting with liinogallion, t is the reaction tine, and kj” is
the rate constant of the i *-" conponent.

For a multi-conponent nmi xture such as the one
consi dered here, the sum of the concentrations of al

di ssoci ati ng conponents at tinet is
rGi(t) =f (G (0) * e(-J7i*t)) (1)

where G g is theinitial concentration of ALj*, the i*"
conmponent, and k™ is the pseudo-first-order rate constant.

since the fluorescence intensity is related to the
concentration of [Al-Lvinm, the time dependent concentration

expression for A -Liun can be witten as.

It =a* [A-Lunit - a * {[AlLiJo - [ALJt) (2)

where "a" is a proportionality constant. Conbining (1) and

(2) gives

t=a* (i:0(0) -EC(0) * e-JN*1) )

=a*i:C,o0f * (1- e(-JrNi*t)) (3)

3.3) Data Treat nent.
Several graphical nethods were considered for
determ ni ng the concentration of Al -FA conpl exes and

di ssociation rate constants. For exanple, the infinite-tine

11
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nmet hod which utilizes an estimate of the asynptotic limt of

fluorescence intensity (Ij”ax™ ™ long time was used to
obtain rate constants and concentrations fromthe equation:

In(ljjjgjj "~t™ ~ constant-k*t where the constant of
integration is the natural log of the original concentration
of Al-FA conplexes; In(ljj,"j) . The Ijj,ax ™ defined in the
section of Infinite-Tinme Method. If the nmeasured asynptotic
limt is uncertain, the Guggenhei m nethod (Guggenheim 1926)
can be used since it does not need the asynptotic limt. The
Guggenheim method is based on plotting I n(1*+4*-1".) versus
time. A Time-lag nmethod, which is closely related to the
Guggenhei m net hod, nay be nore conveni ent because it does
not require the plotting of logarithms. In this study, the
Infinite-Time method was sel ected for graphical analysis
because the noise | evel of about 3.0 - 8.0% precluded use of
t he ot her two net hods.

Graphical analysis is not reliable for systens in which
t he nunber of conponents is not known. Non-linear regression
analysis is nore suitable for such situations and was used

for these studies. The infinite-tine nmethod was used for

graphical display and for initial parameter estimates.

Infinite-Ti ne Met hod.

| f a maxi mum fl uorescence intensity reading, Imax, is

obtained at sone long tinme, and it is assuned that

- = m =

Amax = a *£[AlLi]o = a *i:C(0). and letting
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ljjiax ~ At " AAA AR AAT AR shown that ST rax

w
11

1 - - 1 —i

Note that S/I7jj*j ™ is the proportion of Al conplexed with
LM which is unreacted with lumogallion at time t. Further,

time, gives a single slope, but for mxtures™ if conponents

are kinetically well separated, |inear segnents with
different slopes can be found with slopes reflecting the

i ndi vidual rate constants. For exanple, the equation for a
two conponent mxture is SITjA = (Cq)/(M(0) " "*A2 (0) M M
g(-kI*t) A {C20)/(Pi(0)" "2(0)) i* eMm*n) This nethod of
data anal ysis was used for obtaining first "guesses" for the

paraneter val ues in nonlinear analysis.

3.4) Statistical Analysis.

The statistics package, SYSTAT(WI ki nson, 1986), was
used for statistical data analysis. The kinetic data fit
best to a two conponent, five paranmeter nodel and was

overdeterm ned by a three conponent nodel. The two conmponent

nodel ,
[=11*(I-EXP(-KI*T))+l 2*(] - EXP(-k2*T)) +X

where | is the neasured fluorescence intensity, K and K2

are pseudo-first-order rate constants for the two reactions

13
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i nvol ving conponent 1 and 2, X is a tine-independent term
whi ch includes a blank and fast reacting conponent, Il and
12 are the initial fluorescence intensities for the two
conponents, and T is the reaction tinme, the first data point
recorded at 5 nminutes after mixing. Note that this nodel
does not need nor conpute Ijjiax*@ " initial estimate for K2
and for 12 was obtained graphically (see precedi ng section)
fromthe slope (-slope*2.303) and intercept (ljjj"jj*lO~
intercept™ respectively of the long-tine linear portion of
the plot of log(S/Ijjj”jj) vs. time and an estimate for Kl was
calculated fromthe slope of the short-tine |inear portion

of the sane plot. Finally, an estinmate for Il was obtai ned

by subtracting 12 fromIjax*
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Ill. Results & Di scussi on.

A linear standard curve of fluorescence intensity vs.

Al - Lum concentrati on was obtai ned for al um num
concentrations from0.2 to 2.0 pMat pH 5.5 (Fig. III-1).
Al um num cont anm nati on of buffer solutions was estimated to

be about 90.0 nM

Raw fl uorescence intensity nmeasurenents are tabul ated
in Appendi x |I. Noise anobunted to about 3.0 - 8.0 % of
signal. Concentrations of alum numand fulvic acid were
bel ow t hose that cause Al -FA coagul ation (Hundt and O Meli a,
1988) .

Prelimnary kinetic runs in buffered solutions showed
that Al-Lumformation was conplete within 2 mnutes at 1.0
pM of alumnum thus, it was assumed that all inorganic
al um num species reacted with [unogallion before the first
data point at 5 m nutes.

Al - FA di ssoci ation reactions were at |east 70.0 % and
nost were 90.0 % conplete within 150.0 m nutes. The maxi mum
fluorescence intensity was found at 24 hours after m xing
and no significant changes were observed beyond that time in
nmost cases. Plots of log(S/Ij[iax) "' time are curved and
show the existence of at |east two Al -FA conponents

simul taneously reacting (e.g., Fig. 111-2).
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Figure I11-2. Infinite-Time plot for various Al:FA rati os.
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Non-linear regression analysis was used to estinate
Kinetic paranmeters for a two conmponent/five paraneter nodel
Results are tabulated in Table Il1l1-1. H gh cross-correlation
among paraneter estinmates was observed and is typical of
t hese estinates (Cabaniss & Shuman, 1988). High residuals at
short tine were observed in nost cases indicating possible
addi tional conponents. Results are tabulated in Appendix II.

The nodel actually estimted the concentration of three
conponents, a fast dissociating component designated X in
t he nmodel (see Table I11-1) which includes the blank and
kinetically unidentified conponents, nostly inorganic

species, and two nore slowy reacting conponents designated
Al FA-j™ and AIFA2 « The estimated rate constant for conponent
AIFA2 is about ten times greater than those of Al FA2; thus,

the order of dissociation rates is as follows: X > AIFA-i >

AlFA2. Fit of the nmodel to experinental intensity-tine data

I's shown in Appendix IV, and is considered quite good.

1). Effect of DOC.

Effects of DOC, pH, and ionic strength were exam ned by
conparing conponent distributions and rate constants.

The dissociation of Al-FA is slower at higher DOC, the

A2 ("ti”® f° 50 reaction) increases as the DOC increases
(Fig. I'l'l-3). Also, the proportion of slower dissociating

conponents, (Al FA2+AlFA2)/ increases from45.9 to 89.5% as

the concentration of fulvic acid increases from1.0 to 80.0
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Table I'11-1. Summary of ki

conponents.

[A] [ LDFA]
(W™ (ng DOC/ L)
1.0 1.0
2.0 5.0
1.0 5.0
1.0 10. 0
1.0 20.0
1.0 80. 0
1.0 5.0
1.0 5.0
1.0n 5.0
1.07 5.0

Ki netic data of the dissociation of Al-LDFA as
determ ned by non-linear regression ana

[ Luni
(uM

125. 0

125. 0

125. 0

125. 0

125. 0

125. 0

25. 0

250. 0

125. 0

125. 0

X
%

54

a7.

35

23

11

10

18

a4.

33.

35.

netically distinguishable

Par anet er

AFA. )
C— sz1+4%
1 28. 2 . 172155
SE . 039089
4 28. 9 . 092401
SE . 007611
7 34. 9 . 070334
SE . 008756
4 43. 1 . 061402
SE . 008092
3 37.3 . 075396
SE . 006914
5 26. 9 . 097311
SE . 010984
(6] 44. 0 . 065878
SE . 003129
3 31.8 . 100952
SE . 035961
6 35.7 . 086390
SE . 013363
8 35. 4 . 068224
SE . 002576

Esti nat es

Al FA?.
K(mn #)

%
17.
23.
29.
33.
51.
62.
38.
23.

30.

28.

. 030932
. 006226

. 009445
. 001200

. 007450
. 000747

. 006391
. 000799

. 008567
. 000323

. 011875
. 000557

. 006010
. 000264

. 019374
. 010519

. 007573
. 000577

. 007234
. 000307

ysis with SYSTAT.

The nodel is 1=11*(EXP(- K1*T))+12* (EXP(-K2*T))+X, with the

first data point

(08/25/89 & 10/08/89),

at 5 m nutes.
Conditions are: 0.01 M NaAc/ 0.1 M Nad,
except; a) average value of pH 5.0 for two data sets
b) 0.01 M NaAc/ 0.01 M Nad .

SE is the standard error.
pH 5.5, 25°C
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Figure I11-3.Percentage of Al which reacted with |unogallion
at tine t for various Al: FA rati os.
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itig DOC L. The fraction of AIFA-j” appears to have a maxinum
| evel of about 44 % and varies within a fairly narrow range

( 28.0 - 44.0%. In contrast, AIFA increases unifornly

from1l7.7 to 62.6% as the concentration of fulvic acid
increases. As the Al:FA ratios decreases, where AlL:FA ratio

= pM A/ ng DOC/L, nore al um num appears in Al FA2"+Al FA2.
Since AIFA]™ is more or |ess constant this may suggest a

shift of alum num binding to strongly bound, | ow

concentration sites.

The dissociation rate constants (K) of A FAM and A FA

decrease as the FA concentration increase from1.0 to 10.0
ng DOC/L, but then increase as [FA] increases from10.0 to
80.0 ng DOC/L. The kinetic acceleration at |ower Al:FA
ratios is unexpected and there is no clear explanation.
Observing Fig. Il11-4 and I11-5, an inverse relationship
between the proportion of total alumnumthat is Al FAM and
Its dissociation rate constant is seen. On the other hand,

I ncreasing the proportion of AIFA2 or X does not affect the

dissociation rate of AIFA2 consistently.

Anot her way of analyzing the data is to assunme a fixed

rate constant for the two conponents. Assunmi ng the

dissociation rate constant for AIFA-J™ and AIFA2 to be 0.1 and
0.01 mn~" respectively, the model , 1=11*(I1-EXP(-0.1*T))+
| 2*(1- EXP(- 0. 01*T))+X, was used for non-linear regression

anal ysis. Results are tabulated in Table Ill-2 and plotted

inFig Ill-6. The proportion of ALFA3"+AlFA2 increases from

21
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Figure I11-4. SYSTAT estimated portion of Al-FA conponents

for varied Al: FA rati os.
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Table I'l1-2. Proportion of kinetically distinguishable

conponents for varied AL: FA ratios with fixed
di ssoci ati on rate constants.

Par anet er Esti nat es

[Al] [ LDFA] [ Luni x Al FAI Al FAO
(JIM (Mg DOIL)  (pM % % - % ~
1.0 1.0 125. 0 57.9 33. 1 9.0
2.0 5.0 125. 0 46. 5 29. 1 24. 4
1.0 5.0 125. 0 31. 8 34. 8 33. 4
1.0 10. O 125. 0 17.5 40. 7 41. 8
1.0 20. 0 125. 0 8.0 36. 4 55. 6
1.0 80. 0 125. 0 0. 6 48. 4 51.0

Kinetic data of the dissociation of Al-LDFA as
determ ned by non-1linear regressi on analysis with SYSTAT.
The nmodel is 1=11*(EXP(-0.1 T))+12*éOEXP_(-_0. 01*T))+X, with
the first data point at 5 mnutes. nditions are:

0.01 MNaAc/ 0.1 MNad, pH 5.5, 25°C
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Figure I11-6. SYSTAT estimated portion of Al-FA conponents

for varied Al: FA ratios. Dissociation rate

constants were fixed to 0.1 mn -" for A FAM
0.01 mn"-'- for AlFA2
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42.1 to 99.4 % as concentration of fulvic acid increases
from1l.0 to 80.0 ng DOC/ L. The fraction of Al FA2 increases
from9.0 to 55.6% and appears to go through a maxi mnum val ue
at 20.0 ng DOC/ L. The conponent Al FA* increases from33.1 to
48.4 % As above, the proportion of A FAM increases |ess

t han ALFA2. Residual plots for various Al:FA ratios show
fairly good distributions except at 80.0 ng DOC/ L. Results

are shown in Appendix II1.

2). Effect of pH.

An infinite-tinme plot. Fig. I11-7 shows a snal
increase in Al -FA dissociation with increasing pH However,

Table I11-1 shows that the esti mated di ssoci ati on rate

constant (K) of AAIFA/~ is slightly higher at pH 5.0 than at
pH 5.5, which is the expected trend. The difference here nmay

be due to the graphical sensitivity to the choice of Inax*
Al l proportions of dissociating conponents seemto be
more or | ess constant as pH increases, although

theoretically, Al FA* and Al FA2 m ght be expected to increase

consi dering proton conpetition with alum numfor FA

carboxylic or phenolic sites. The K of Al FA* does increase
sonewhat with proton concentration ( from0.0703 to 0.0864

mn"-? a 21.4%increase for about a three-fold proton
concentration). Based on the variance ratio test,

Fq @&(1,1)=161.4, there is no statistically significant
difference between these two K val ues of ALFA3"(VR= 2.318,

26
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B<,= 0.05). The K of AIFA renains nearly constant (from
0.00745 to 0.00757 mn~*,a 1.7%increase) and there is no

statistically significant difference between these two K
values (VR= 1.654, </= 0.05). The small changes in K val ues
for AFA™ and AIFA2 suggests there is either slight or no H'*"

conpetition for alum numw th these conponents at these pH

val ues.

3). Effect of lonic Strength.

Fig. 111-8 displays the infinite-tinme plot for two
val ues of ionic strength, which indicates no effect. On the
basis of the estimation of SYSTAT, increasing ionic strength
changes all paraneters less than 3.0 %

This result was not expected. Since fulvic acid is
considered to be a negatively charged macrorool ecule, it
shoul d attract cationic alum num and sodi um si nut aneousl y.

El ectrostati c repul sion between al um num and sodi um w | |
decrease the attracti on between al umi num and fulvic acid in
the presence of Na"”. The ionic strength affects al um num
binding to fulvic acid by altering the charge density of the
Al -FA conpl ex. Therefore, the dissociation rates of Al FA "

m ght be expected to increase as the ionic strength

i ncreases since the charge density on the nmacronol ecule is
expected to decrease. Cabani ss (unpublished data, 1989)
observed a strong salt effect on dissociation rates of N -FA

which is expected if the rate limting step is separation of


NEATPAGEINFO:id=E1AF7C4F-7909-47D5-B107-1189176665D2


0

00

Figure 111-8. Infinit

29

e-Time plot for two values of ionic
strength. (D) | =0.11 M (+) 1= 0.02 M
il B
* = =
654 Ffl 2 di
20,0 40.0 60. O 80. 0 100.0 120.0 140.0

Ti me(minut e


NEATPAGEINFO:id=867CC9DD-37E1-4462-AE96-F540CFBB12A4


a 'territorially bound" cation froma negatively charged

pol yel ectrolyte. No ionic strength effect here may suggest

an alternate nechani smsuch as direct |igand (here,

| unogal | i on) attachment.

4). Effect of Lunogallion.

| nspection of Fig. I11-9 shows that the half life
approxi mat el y doubl es when | unogal | i on concentration is
hal ved from250.0 to 125.0 }iMindicating that the reaction
rate is pseudo-first-order in lunogallion as has been noted
previ ously (Shuman, unpublished data). This does not appear
to hold when lunogallion concentration is reduced from 250.0
to 25.0 )iM possibly because the reagent is no longer in

sufficient excess. The fitted rate constants roughly foll ow

this sane trend.

5). Conparison with Previous Wrk

Mak and Langford (1982) used a fluorescence technique
based on calcein blue to study the dissociation of Al-FA
conpl exes via ligand exchange. Their well-characterized
fulvic acid was extracted fromthe By~ horizon of a Prince
Edwar d Podzol, Canada. They estimated the dissociation rate
constants (k) for these conplexes to be in the range of
0.0005 to 0.028 S~* at pH 5.0-8.0 and 19.5°C. In their data
anal ysi s, based on Guggenhei m pl ots and non-Ii near
regression, they designated two Al -FA conpl exes, Al-FA(l)

the faster and Al -FA(Il) the slower dissociating conponent.

30
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Mak and Langford's data covered the time span 0.0 - 7.0
m nut es whereas the present study used data from5.0 to
150.0 mnutes. Thus it is only possible to conpare Al FA
with Mak and Langford's Al-FA(Il) for which there was sone
time overlap in the data. The average K''s for ALFAN is
about 0.0016 S'-" under conditions of 125.0 uM I unogallion,
pH 5.5, 25°C, and 0.01 M NaAc/0.1 M Nad . Mk and Langford
(1982) found Al -FA(Il) to have a rate constant of about
0.0026 S~ . Since this is a pseudo-first-order constant and
Mak and Langford's reagent concentration was 200.0 uM the
rate constant nust be reduced to 0.0026*(125/200)= 0.00163
S~ for conparison. This conmpares with 0.00167 S"-'- for the
faster conponent (Al FA) in the present study. The
conpari son can only be approxi mate because of the limted
time overlap between the data sets, but they are
surprisingly close. Inspection of Fig. I11-2 shows that
Al - FAN has reacted nearly conpletely by about 20.0 m nutes,
as determ ned by the breakpoint, so perhaps the data overlap
is sufficient. The alum numrecovery in the present study
(close to 100.0 9% was nuch larger than 24 hours recoveries
reported by Mak and Langford (around 35.0 %9 . This may be
because the fluorescence reagent used in the present study,
| unmogal | i on, forns stronger conplexes with alum numthan

calcein blue. No stability constant are available to confirm

this.
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I V. Summary.

The kinetics of Al -FA dissociation was studied with a
fl uorescence |igand exchange method using Ixinogallion. The
concentration of fulvic acid ranged from1.0 to 80.0 ny
DOC/ L, al um num concentrations were 1.0 and 2.0 joM pH
values were 5.0 and 5.5, and the ionic strength was either
0.11 Mor 0.02 M

A graphical nethod used for analyzing kinetic data
i ndi cated nore than one conponent dissoci ated
si nul taneously. Non-linear regression analysis of the data
(30 - 31 data points) was perfornmed by using the SYSTAT
statistical package. O several nodels attenpted, a two
conponent, five paraneters nodel,

| = Li*(]-e("M*N)) 4 2% (] - et ~"2*1]) +X, appeared to fit the

dat a best.

The average dissociation rate constant (K) of Al FA*,
the faster reacting conponent, was alnost ten tinmes greater
than that of a slower dissociating conponent, AlFA . The
estimated pseudo-first-order rate constants for A FA* and
Al FA2 were about 0.1 and 0.01 min"” respectively and varied
somewhat with Al: FA ratios. The portion of total alum num as
Al FA*+AI FA] increased from45.9 to 89.5 %as the
concentration of fulvic acid increased from1.0 to 80.0 ny

33
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DOC/ L. The proportion of Al FA appeared to increase slightly
whereas Al FA2 increased about five-fold. The overal

di ssociation rates appeared to decrease as the concentration

of fulvic acid increased from1.0 to 80.0 ng DOC/ L, but a

reasonable fit to the data was obtained if these rate

constants were assuned const ant.
| ncreasi ng proton concentration increased the rate

constant of Al FA" but not Al FA2¢ The increase, however, was
not statistically significant. lonic strength appeared to

have no effect. As the concentration of fulvic acid

i ncreased at constant al um num concentration, an increasing

fraction of alum num was found to be associ ated with the

most inert dissociating conponent, (AlFA2).
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1 UMA, 10 ng DOC/L, 125 uM Lum, pH 5.5, 25°C

0.01 M NaAc/0.1 M Nad ,

MCODE: RATI O, FILTER 1,
SAMPLE HV: 795, REFERENCE HV: 355,

Ti me(m nut e)

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
1440
2880

1713
2313
2624
2844
3031
3124
3283
3619
3564
3636
3693
3771
3815
3827
3832
3862
3949
4033
4012
4045
4120
4150
4163
4184
4184
4205
4222
4228
4244
4276
4815
5040

I NTEG 10, SLIT:5, GAIN: 1,
EX: 515 nm EM 595 nm

| og( S/ | max)

-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0
-0.
-0
-0
- 0.
-0.
-0
- 0.
- 0.
-0.
-0
-0,
- 0.
- 0.
- 0.
-1.
-1.

17261291

. 25402704
. 30311375

34152558
37707947

. 39590759

43011829
51271566
49807364
5173431

53322859
55595341
56931737
57303461
57459289
5840619

6127506

64237306
63477588
64677473
67534451
6873203

69261416
70130448
70130448
71017225
71748595
72009694
72713733
74157004
10725986
45546893

I—‘QQOOOOOOQO_OOOOOOOOOOOOOOOOOOOOO

[1/1max)

. 33988095
. 45892857
. 52063492

56428571

. 60138889
. 61984127

65138889

. 71805556
. 70714286

72142857
7327381

74821429
75694444
7593254

76031746
76626984
78353175
80019841
79603175
80257937
81746032
8234127

82599206
83015873
83015873
8343254

83769841
83888889
84206349
8484127

95535714

I n( Ti me)

NN aOPMDMDDAEDNDDIEDMDNMAEDMDMMAEDMDMAEDMNMDMDDAEDO®O®®WWWWNNNDNER

. 60943791
. 30258509
. 7080502

. 99573227
. 21887582
. 40119738
. 55534806
. 68887945
. 80666249
. 91202301
. 00733319
. 09434456

17438727
24849524

. 31748811

38202663

. 44265126
. 49980967

55387689
60517019
65396035
70048037
74493213
78749174
82831374
86753445
90527478
94164242
97673374
01063529
27239839
96554557

42
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1 uMA, 20

DOC/ L, 125 uMLum, pH 5.5, 25"C

0,01 M NaAc/0.1 M Nad ,

MODE: RATI O, FI LTER 1,

SAWPLE HV: 795 niti,

Ti me(m nut e)

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
1440
2880

1253
1836
2202
2473
2672
2876
3000
3079
3238
3310
3455
3509
3558
3659
3760
3825
3829
3927
3956
3960
4045
4058
4076
4098
4222
4230
4250
4319
4324
4345
5094
5097

| NTEG 10, SLIT:5, GAIN: 1,
REFERENCE HV: 355 niti,

| og( S/ | nax)

-0.
-0.
- 0.
- 0.
- 0.
- 0.
- 0.

11912952
18810483
2377693

27858733
31120957
34740694
37098056

. 38669524
. 42015951
. 43620505
. 47043776
. 48390921
. 49650579
. 52368328
. 5526757

. 57241285
. 57365725
. 60531502
. 61514341
. 61651667
. 64677473
. 6515941

. 65835661
. 6667675

. 71748595
. 72097078
. 72980718
. 76175159
. 76416033
. 77442551
. 60733031
. 61754948

POOO0OO0OO0OO0OO0OO0O0OO0OO0OO0DO0DO0OO0DODO0OODODOODOODODOODODOOOO

EX 515

I /1 max

. 24583088
. 36021189
. 43201883
. 48518737
. 52422994
. 56425348
. 58858152
. 60408083
. 63527565
. 64940161
. 67784972
. 68844418
. 69805768
. 71787326
. 73768884
. 75044144
. 75122621
. 77045321
. 77614283
. 7769276

. 79360408
. 7961546

. 79968609
. 80400235
. 82833039
. 82989994
. 83382382
. 84736119
. 84834216
. 85246223
. 99941142

EM 595 nm
I n(Ti ne)

NNOADMANDADAMDMDADMDADADMDAMDADDADDOOOOW WNNNEPR

. 60943791
. 30258509
. 7080502

99573227

. 21887582
. 40119738
. 556534806
. 68887945
. 80666249
. 91202301
. 00733319
. 09434456
. 17438727
. 24849524
. 31748811
. 38202663
. 44265126
. 49980967
. 55387689
. 60517019
. 65396035
. 70048037

74493213

. 78749174
. 82831374
. 86753445
. 90527478
. 94164242
. 97673374
. 01063529
. 27239839
. 96554557
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1 uMA, 80 ng DOC/L, 125 uMLum, pH 5.5, 25°C

0.01 M NaAc/0.1 M Nad ,
MODE: RATI O, FILTER 1,

SAVPLE HV: 750, REFERENCE HV: 350,

Ti me(m nut e)

5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
180
780
840
900
960
1020
1080
1140
1200
1380
1440

1329
1835
2261
2496
2819
2925
3079
3336
3411
3530
3653
3775
3824
3898
4027
4041
4239
4331
4 211
4307
4303
4525
4664
4650
4716
4603
4752
4771
4818
4831
5006
5404
5276
5161
5205
5263
5129
5085
4932
4691
4759

- 0.
- 0.
- 0.
-0.
- 0.
- 0.
- 0.
- 0.
- 0.
-0.
- 0.
- 0.
- 0.
-0.
-0.
-0.
- 0.
- 0.
-0.
- 0.
-0.
- 0.
- 0.
- 0.
-0.
- 0.
- 0.
- 0.
- 0.
- 0.
. 13283226

| NTEG 10, SLIT:5, GAIN 1,
EX: 515 nm EM 595 nm

| og( S/ | max)

'_\

OORRRRRRPRO

12258773
18016879
23537096
26912094
32025479
33843881
36629238
4171648

43320804
45994575
48942919
52079425
53405825
55489037
5937814

59821948
66638941
70211562
65607489
69250871
69092802
78872646
86348362
85534399
8951269

82908282
91846774
93131163
96481772
97456072

. 62550537
. 34710906
. 43386226
. 58349622
. 29338264
. 22892465
. 05877334
. 87962581
. 92315562

000000000 FPOO0OO0O0000O0D0O0DO0OO0O0O0ODO0O0O0DOOOO0OO0O0 Oo0oO0Oo0000O0

1 /1 max

. 24592894
. 33956329
. 41839378
. 46188009
. 52165063
. 54126573
. 56976314
. 6173205

. 63119911
. 65321984
. 67598075
. 69855662
. 70762398
. 72131754
. 74518875
. 74777942
. 78441895
. 80144338
. 7792376

. 79700222
. 79626203
. 83734271
. 8630644

. 86047372
. 8726869

. 85177646
. 87934863
. 88286454
. 89156181
. 89396743
. 92635085

. 97631384
. 95503331
. 96317543
. 97390822
.94911177
. 94096965
. 91265729
. 8680607

. 88064397

I n(Ti ne)

N NN~ OO UlUARNSDSPMDIEDMNMDNMAEBEADMDMS A ANDNDMDNWW®W®W®WWNNNEPR

. 60943791

30258509

. 7080502

. 99573227
. 21887582
. 40119738
. 55534806
. 68887945
. 80666249
. 91202301
. 00733319
. 09434456
. 17438727
. 24849524
. 31748811
. 38202663
. 44265126
. 49980967
. 55387689
. 60517019

65396035
70048037
74493213
78749174
82831374
86753445
90527478
94164242
97673374
01063529

. 19295685

65929392
73340189
80239476
86693328
92755791
98471632
03878354
09007684
22983878
27239839
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1 MA, 5

0.01 M NaAc/0.1
MCDEr RATI O, FI L
SAMPLE HVi Bl O,

Ti me(m nut e)

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
1440

L, 125 uMLum, pH 5.0, 25°C 082589,

I n(Ti ne)

60943791

. 30258509

7080502
99573227

. 21887582

40119738

. 55534806

68887945
80666249

. 91202301
. 00733319
. 09434456
. 17438727

24849524

. 31748811
. 38202663
. 44265126

49980967

. 55387689

60517019

. 65396035

70048037

. 74493213

78749174

. 82831374

86753445

. 90527478

94164242
97673374
01063529

M Nad ,

TER 1, INTEG 10, SLIT:5, GAIN 1,

REFERENCE HV: 355, EX: 516 nm EM 596 nm

I | og( S/ | max) I /1 max
2647 -0 27016088 0 4631671
3248 -0 36484708 0 56832896
3575 -0 42660246 0 62554681
3815 -0 47826263 0O 66754156
4003 -0 52351247 0 70043745
4149 -0 56222448 0 72598425
4268 -0 5965477 0 74680665
4346 -0 62061278 0 76045494
4433 -0 64912821 0 77567804
4493 -0 66994503 0 78617673
4561 -0 69481042 0 79807524
4611 -0 71404716 0 80682415
4684 -0 74375757 0 81959755
4698 -0 74969528 0 82204724
4760 -0 77701286 0 83289589
4783 -0 78760032 0 83692038
4804 -0 79749786 0 84059493
4820 -0 8051932 0 84339458
4843 -0 81649975 0 84741907
4889 -0 84003618 0 85546807
4909 -0 85068119 0 85896763
4919 -0 85610316 0 86071741
4950 -0 8733548 0 86614173
4981 -0 89132017 0 87156605
4975 -0 88778451 0 87051619
5029 -0 92069212 0 879965
5026 -0 91879701 0 87944007
5043 -0 92964696 0 8824147
5060 -0. 94077493 0 88538933
5059 -0 94011239 0 88521435
5715 (0} 1

NS DNBDSDAADNDRADNEDDEAEDNMDAMDNDDOO®®WW®O®ONNNERE

. 27239839
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1 UMA, 5ng DOCL, 125 uMLum, pH 5.0, 25°C, 100889,
0.01 M NaAc/0.1 M Nad ,

MCODE: RATI O, FILTER: 1,

I NTEG 10, SLIT:5, GAIN 1,

SAMPLE HV: 750, REFERENCE HV: 350, EX: 515 nm EM 595 niti.

Ti me(m nut e)

5

10
15
20
25
30
35
40
45

50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
180
780
840
900
960
1020
1080
1140
1200
1380
1440

3457
4208
4616
4868
5238
5311
5382
5628
5615
5778
5845
5906
5992
5973
6159
6131
6278
6153
6190
6291
6292
6508
6436
6483
6629
6641
6789
6665
6729
6644
6824
7527
7127
7085
7335
7381
7568
7716
7347
7304
7534

I og( S/ | max)

- 0.

1
PRRPORRPPRPPPOOOOOOOOOOOO0OOOO0OO0O0O0O0OO0OO0OOO

25808458

. 34233263
. 39603052

43285223

. 49329092
. 50627714
. 51929137
. 56766172
. 56496616
. 60003844
. 61531843
. 62971364
. 65085496
. 64609483
. 6951036

. 68736295
. 72963333
. 69343324
. 70383768
. 73357735
. 73388223
. 80532528
. 78018225
. 79642914
. 85116267
. 85598375
. 92031248
. 8657895

. 89307506
. 85719743
. 93702736
. 61093041
. 11727692
. 08736286
. 30646724
. 36234741
. 7171305

. 32036585
. 272495
. 62732083

O0OO0OPOOOOO0OO0OO0ODO0O0D0O0OO0O0O0ODO0D0DO0DO0DO0D0O0DO0DO0DO0D00D0O0O00O0DO0O00O0O00O0ODOD0O0OO0OO

1 /1 max

. 44803007
. 54536029
. 59823743

63089684

. 67884914
. 68831001
. 69751166
. 72939347
. 72770866
. 74883359
. 75751685
. 7654225

. 77656817
. 77410575
. 79821151
. 79458269
. 81363401
. 7974339

. 80222913
. 81531882
. 81544842
. 8434422

. 83411094
. 84020218
. 8591239

. 86067911
. 87986003
. 86378953
. 87208398
. 86106791
. 88439606
. 97550544
. 92366511
. 91822188
. 95062208
. 95658372
. 98081908

. 95217729
. 94660446
. 97641265

I n( Ti me)

NNN~Noooo0o0On MM ADMDDMAEAEDNDDAEDNADNDDDDEDOO®O®®WOONNNER

. 60943791
. 30258509
. 7080502

99573227
21887582
40119738
55534806
68887945

. 80666249
. 91202301

00733319
09434456
17438727
24849524

. 31748811

38202663
44265126
49980967
55387689
60517019
65396035
70048037
74493213
78749174
82831374
86753445
90527478
94164242
97673374
01063529
19295685
65929392
73340189
80239476
86693328
92755791
98471632
03878354
09007684
22983878
27239839
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1 pMA, 5 DOC/L, 125 JiM Lviltt.
0.01 M NaAc/0.01 M NaCl,

MODE: RATI O, FILTER 1,
SAVPLE HV: 840, REFERENCE HV: 355,

Ti me(m nut e) ! [ 09( S/ | max)
5 2572 - 0. 27050352
10 3100 - 0. 35532504
15 3440 - 0. 42026584
20 3671 -0.47067218
25 3858 -0.51624975
30 3958 -0.54273933
35 4086 -0. 57918908
40 4202 -0. 61509139
45 4286 -0.6430771
50 4352 - 0. 66640527
55 4434 -0. 69725126
60 4466 - 0. 70990919
65 4517 -0.73087778
70 4586 -0.76096138
75 4629 - 0. 78082094
80 4682 - 0. 80661856
85 4700 -0.8157406
90 4719 - 0. 82558192
95 4726 - 0. 82926463
100 4768 - 0. 85204185
105 4796 -0.86791861
110 4828 - 0. 88680395
115 4850 -0.90028103
120 4845 -0.89718112
125 4898 -0.93122309
130 4909 - 0. 93863559
135 4948 - 0. 9659852
140 4972 -0, 98371397
145 4956 -0.97181474
150 4979 -0.98902418
1440 5548 0]

oH 5.5,

| NTEG 10, SLIT:5, GAIN 1,
EX: 516 nm EM 596 nm

POO0OO0OO0OD0DO0OO0OO0OO0OO0OO0DO0DO0ODO0ODO0OO0OO0OOOOOOOOOOOOO0OO

I /1 max

. 46359048
. 55875991
. 62004326
. 66167988
. 69538572
. 71341024
. 73648161
. 75739005
. 77253064
. 78442682
. 79920692
. 80497477
. 81416727
. 82660418
. 83435472
. 84390771
. 84715213
. 85057678
. 8518385

. 8594088

. 86445566
. 8702235

. 8741889

. 87328767
. 88284066
. 88482336
. 89185292
. 8961788

. 89329488
. 89744052

25°C

I n(Ti nme)

NODMMMAMADANMDRANDRDDNANADNDANADADNADADADNDNWWWWWWNNNERE

. 60943791
. 30258509
. 7080502

. 99573227
. 21887582
.40119738
. 55534806
. 68887945
. 80666249
. 91202301
. 00733319
. 09434456
. 17438727
. 24849524
. 31748811
. 38202663
. 44265126
. 49980967
. 55387689
. 60517019
. 65396035
. 70048037
. 74493213
. 78749174
. 82831374
. 86753445
. 90527478
. 94164242
. 97673374
. 01063529
. 27239839


NEATPAGEINFO:id=E6B20D6C-BB78-4EDD-BB96-F37422E33CC2


1 UMA, 5

0.01 M NaAc/0.1 M Nad ,

MCODE: RATI O, FILTER: !,
REFERENCE HV: 355,

SAMPLE HV: 840,

Ti me(m nute)

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
1440

1724
2369
2786
3070
3283
3475
3601
3725
3829
3903
4000
4101
4127
4211
4253
4282
4338
4366
4427
4463
4488
4506
4550
4573
4603
4612
4654
4672
4695
4705

DOC/L, 25 uMLum, pH 5.5, 25°C
| NTEG 10, SLIT:5, GAIN: 1,
EX: 515 niti, EM 595 nm

| og( S/ | max) I /1 max I n(Ti me)

- 0. 15942573 0. 30725361 1.60943791
- 0. 23822726 0. 42220638 2 . 30258509
- 0. 29802182 0. 49652468 2 .7080502

- 0. 3440356 0. 54713955 2 .99573227
- 0. 38205729 0. 5851007 3.21887582
-0.41943902 0. 61931919 3.40119738
- 0. 44584421 0.64177508 3 .55534806
-0.47349858 0. 66387453 3 .68887945
-0.49813257 0. 68240955 3 . 80666249
- 0. 5165524 0. 69559793 3.91202301
-0.54194473 0. 7128854 4 00733319
-0. 57006332 0. 73088576 4 . 09434456
-0.57760637 0. 73551952 4 . 17438727
-0.60291223 0. 75049011 4 24849524
-0.6161405 0. 75797541 4 .31748811
- 0. 62551529 0. 76314382 4 . 38202663
-0.64421186 0. 77312422 4 44265126
-0.65387092 O. 77811442 4 .49980967
-0.67568856 0. 78898592 4 . 55387689
- 0. 68909838 0. 79540189 4 60517019
- 0. 69866051 0. 79985742 4 65396035
-0. 70567799 0. 80306541 4 70048037
-0. 72332488 0. 81090715 4 74493213
- 0. 73284291 0. 81500624 4 78749174
- 0. 74557973 0. 82035288 4 82831374
-0.74947478 0. 82195687 4 86753445
-0. 76812833 0. 82944217 4 90527478
-0.77637467 0. 83265015 4 94164242
-0.78714479 0. 83674924 4 97673374
-0. 79191207 0. 83853146 5 01063529
(o} 1 7 27239839
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1 UMA, 5ng DOCL, 250 uMLum, pH 5.5, 25°C
0.01 M NaAc/0.1 M Nad,

MODE: RATI O, _FILTER !,
SAMPLE HV: 775, REFERENCE HV: 355,

Ti me(m nut e)

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
1440

1587
1872
1956
2193
2198
2349
2349
2342
2364
2396
2476
2436
2501
2574
2532
2647
2656
2681
2466
2468
2671
2670
2606
2683
2572
2494
2531
2671
2702
2695
2718

| og( S/ | max)

-0
-0

:
ONNRRPRRRRRRPRRRPRRRRPOFP

38078685
50687909
55229448

. 71409015

71824611
86722308
86722308

. 8590616

88524619
92639358
05043408
98400034
09778972
27588696
1647365

5829911

64185776
86604772
03284891
03630944
76215159
75300821
38503143
8901814

26989659
08400143
16240784
76215159
23012946
07252161

| NTEG 10, SLIT:5, GAINzl,

EX: 516 nm EM 596 nm
I n(Tinme)

H 0O0OO0O0O0DO0O0DO0ODO0OO0DO0OOD0ODOO0DO0OO0DOOOOOOO0OOO0OOo O o O

I /1 max

58388521
. 68874172
7196468

. 80684327
80868286
. 86423841
. 86423841
. 86166299
. 86975717
. 88153054
91096394
89624724
92016188
94701987
93156733
97387785
. 97718911
98638705
90728477
9080206

. 98270787
98233996
. 95879323
98712288
. 94628403
91758646
93119941
98270787
99411332
9915379

N O MSDNMDMAEDNMNBREDMDADADADRDDDMDAEDOOWO®E®NNNER

. 60943791
. 30258509
. 7080502

. 99573227
. 21887582
. 40119738
. 55534806
. 68887945
. 80666249

91202301

. 00733319
. 09434456
. 17438727
. 24849524
. 31748811
. 38202663
. 44265126
. 49980967
. 55387689
. 60517019
. 65396035
. 70048037
. 74493213
. 78749174
. 82831374
. 86753445
. 90527478
. 94164242
. 97673374
. 01063529
. 27239839
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50

Appendi x 1. St at|st|cal out puts for regression on both
A FAl and Ki, and the model
| =l 1*(1 EXP{- KI*T)) +I gl EXP( K2*T)) +X.

[DFX TE |1, |sL\l/J|nr%erp|9|ond|t|o 8Ch as: 1A })841 I\/INa&g DOC/ L

PARAMETER ESTI MATES:

LABEL ESTI MATE STANPARP EPRCR
11 1855. 3670 428. 9647
Ki 0. 172155 0. 039089
12 1168. 8283 193. 2934
K2 0. 030932 0. 006226
X 3563. 6075 386. 2067

CORRELATI ON MATRI X OF PARAMETER ESTI IVATES

11 £1 12 X
1 1. 000000
Kl 0. 526396 1. 000000
12 0. 190686 0. 925880 1. 000000
K2 0.111323 0. 862181 0. 963248 1. 000000
X 20. 763106 0. 944935 -0. 779061 «0. 711637 1. 000000
160. 0
1+0. 0
120.0
100.0
BO. O < a
60. 0
40.0
20.0 u o a
0.0 o B &IX o a
-20.0
-40. 0
-60.0
-80.0
-100.0
-120.0
-140.0
©160.0 e e b b ] e e

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0
Time(minut «
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This result is under cond|t| ons such as: >|NIAI 5
LDFA, 125 pM Lum pH 5.5, 25°C, 0.01 M NaAc/O M Na

PARAMETER ESTI MATES:

DOC/ L
d’

LABEL ESTI MATE STANDARD ERROR
11 2800. 0883 202. 0432
Kl 0. 092401 0. 007611
12 2307. 0404 115. 8811
K2 0. 009445 0. 001200
X 4596. 1616 132. 1407
CORRELATI ON MATRI X OF PARAMETER ESTI MATES:
U £1 12 £Z
11 1. 000000
Kl 0. 359691 1. 000000

12 0.066236  0.875642 1. 000000
K2 ~ 0.013655 0.820067 0.703339 1.000000
X -0.683258 -0.910920 -0.715896 -0.680548  1.000000

160.0 a
140. 0-
120. 0 a
100. 0 . . . ¥ =
50.0 a
60.0
0 40.0 D 1
= 20.0 - a
(I -20.0 D
n40.0- 2 e -
60. 0 a . @ D1
-80.0 - n
-100. 0
-120.0 - © o a T
-140.0
-150.0 - _____ Teomnn Temee o deme e P TR S S U PPN P P
0.0 20. 0 40 O 60.0 80.0 100.0 120.0 140.0

Time (minut «
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This result is nder conditions such as: 1 pMA, 5 DOC/ L
LDFA, 125 pM Lum pH 5.5, 25°C, 0.01 M NaAc/0.1 M NaQl.
PARANMVETER ESTI MATES:
LABEL ESTI MATE STANDARD ERROR
11 1816. 9730 79. 2939
K 0. 070334 0. 010262
12 1531.1920 111. 4798
K2 0. 007450 0. 000836
X 1862. 3712 102. 2015
CORRELATI ON MATRI X OF PARAMETER ESTI MATES:
1l £l 1L £ X
11 1. 000000
Kl -0.135731 1. 000000
12 -0.379606 0. 868486 1. 000000
K2 -0. 470695 0. 783584 0. 671444 1.000000
X -0. 333706 -0. 862024 -0. 658318 -0.575216 1. 000000
160.0 - D
140. O-
120.0 -
100.0 -
80.0
¢ 60.0 1
an 40.0 - a
I, n 0
' 200 0 0 0 n o0
A nn- r
20.0 on e T
40.0
60. 0 a
80.0
a a
—100 O -
00 20.0 40.0 60.0 80.0 100.0 120.0 140.0

Time(mMlnut «
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Thi resul | under condltlons sucy as: 1 > M %ﬂ
A 125 )IMLum pH 5.5 25°C, 0.01 M c/01
Nadl .
PARANVETER ESTI MATES:
LABEL ESTI MATE STANDARD ERRCR
11 2123.4774 106. 5910
KI 0. 061402 0. 008092
12 1649. 0210 131. 4804
K2 0. 006391 0. 000799
X 1153. 8123 116. 2045
CORRELATI ON MATRI X OF PARAMETER ESTI MATES: -
11 12
11 1. 000000
Kl -0. 201358 1. 000000
12 -0.514923 0. 864646 1. 000000
K2 -0. 575630 0.791709 0.795217 1. 000000
X -0. 363995 -0. 807626 -0. 554982 -0. 479669 1. 000000
160.0 - -
140.0 -
120.0 -
100.0 -
BO. O a
~ 60.0
1.0 - D a at
. 20.0 4
0D- a ° a "/\00° on D 1
20.0 o
40.0 “
60.0
BO O a
100.0 o
120.0

Ti m«(minut 6)

SR Loeeeees R PO Loeeeeeuneens R O T PO e
40 (0] 60 O 80.0 100.0 120 O 140.0
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This result is under conditions such as:

u - 1 ]{MA, 20
DOC/L LDFA, 125 pM Lum pH 5.5,725°C, 0. 01" M NaAc/ D. "M
Na .

PARAMETER ESTI MATES:

LABEL ESTI MATE STANDARD ERROR
11 1898. 2081 63. 1602
Kl 0. 075396 0. 006914
12 2615. 9768 69. 8744
K2 0. 008567 0. 000323 -
X 577. 0083 78. 9461

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:
Il KI Il n.
. 000000
. 489387 1. 000000
. 274736 0. 942761 1. 000000
. 154443 0.867879 0. 854794 1. 000000
. 662494 -0.968530 -0.882243  -0.808136 1. 000000

11

KI

12

K2

x -

cO0o0OFR

80.0
70.0 -
60.0 -
50. 0
40.0 H
30.0
20.0

10.0 -

a  .10.0 -
a -20.0 - D " a <> —>
-30.0 -
-40.0 -
-50.0 -
-60.0 -

-70.0 -

-80.0 ' I ¥ R (I 1—
0l O 20.0 40.0 60.0 80,0 100.0 120. 0O 140.0

Ti m«(minut e
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This result is under conditions such as: 1 pM A, 80
DOC L LDFA, 125 pK Um pH 5.5, 25°C. 0.01 M NaAc/0.1 M

Nad .

PARAMETER ESTI MATES:
LABEL ESTI VATE

11 1453. 0723 130. 5830
Kl 0. 097311 0. 010984
12 3389. 8322 73. 0461
K2 0.011875 0. 000557
X 568. 6043 114. 1094

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:
Il £1 u. JS|

Il 1. 000000

Kl 0. 245788

12 +0.164699

K2 20.333549

X - 0.709246 .

. 000000

.811763 1. 000000

. 622895 0. 587411 1. 000000

. 825796 < 0. 508455 «0. 337712 1. 000000

o000k

160. 0 -r
140. O -
120. 0 -
100. O -
80. 0 -
60. 0 -
40. 0 -

20. 0 -

-20.0 -
-40.0 -
-60. 0 -
-BQ O -
-100. O -
-120. 0 -

-140. 0 -

-160. 0 - Joreevreernne [ [ — | — [ [— — [ J— | — [ — -
0.1 20.0 40.0 60.0 80.0 100.0 120.0 140.0

Tlme(mlnut «
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This result is under conditions such as: 1 xiMA, 5 ng DOC/ L
LDFA, 125 uM Lum pH 5.0, 25°C, 0.01 M NaAc/0.1 M Nad
08/ 25/ 89.

PARANVETER ESTI MATES;

LABEL ESTI VATE STANDARD ERROR
11 2180. 0350 44 . 6321
Kl 0. 070265 O - 003493
12 1533. 8393 43 - 5306
K2 0. 006064 0 . 000320
X 1996. 9971 53 . 1695

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:
11 KI 12 K2 2%

11 1. 000000
Kl 0. 138391
12 - 0. 189408
K2 - 0. 324530
X -0.621615 -

. 000000

. 785311 1. 000000

. 724488 0. 557754 1. 000000

. 832077 ~-0.535656 --0.455010 1. 000000

O OO0+

ou.u —

50.0 -
40.0 -
30.0 - e

20.0 -

b 0.0 -
-10.0 -
-20.0 -
-30.0 - n
-40.0 -

-50.0 -

0.0 [ 1 1 1 1 1 1 1 r 1 1 1 r 1 -\
0.0 20.0 40. 0 60.0 80.0 100. 0 120. 0 140.0

Ti me(mi nut e)


NEATPAGEINFO:id=A5FF1552-7D11-4582-B9E8-D78A499ED343


57

Thi_s 3 ul t | s under condltl Su as: 1 ul\gAI, 5 DOC/ L
LDFA 125 uM Lum pH 5. 0, M'NaAc/ 0.1 M Na ,
10/08/89

PARAVETER ESTI MATES:

LABEL ESTI MATE STANDARD ERROR
11 2462. 9796 317. 5335
Ki 0. 102514 0. 023232
12 2537. 6408 159. 2928
K2 0. 009082 0. 000834
X 2369. 1795 366. 4520
CORRELATI ON MATRI X OF PARAMETER ESTI MATES:
11 Kl 12 K2 n
11 1. 000000
Kl 0. 994130 1. 000000
12 -0.561663 -0.503208 1. 000000
K2 -0.911538 -0.887915 0. 602846 1. 000000
X -0.999672 -0.995782 0. 544381 0. 903462 1. 000000
D
150.0 -
. 100.0 -
D
50.0 -
DD 0 |
-50.0 - <  Tm =
(-
-100.0 - ’ D n 1
-150.0 -4 4 JEEEEN R B oL Toeer =" = AT e, | -]
0.0 80. 0 100.0 120. 0 140.0

Ti me(minute)
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This iult I s under conditions such as:N%AH'S/IOAIl,M na DOC/ L

LDFA 125 pM ~ Lum pH 5.5, 25°C 0.01 M

PARAVMETER ESTI MATES:

LABEL ESTI MATE STANDARD ERROR
11 1963. 8941 48 .1083
Kl 0. 068224 0. 002576
12 1596. 9891 38 .0818
K2 0. 007234 0. 000307
X 1981. 7413 41 .1094

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:

11 £1 11 n
11 1. 000000
KI  -0.070521 1. 000000

12 -0.447337 0.680301  1.000000
K2 -0.554129 0.570731 0.386927 1.000000
X  -0.631185 -0.672487 -0.234433 -0.145523  1.000000

40.0 -
30.0 ~
20.0 -

. 10.0 - . D°

D 0.0 -

w
0

-20.0 -

-30.0 -

—SO D - 1 1 1 1 1 1
o0 20.0 40. 0 60, O 80.0 100. 0 120. 0 140. 0

Ti m« (Ml nut «
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This result is under conditi S as: '
LDFA, 25 joM Lum pH 5.5, 25°C, 0.01 M NaAc/Q

PARAMETER ESTI MATES:

LABEL ESTI MATE STANDARD ERROR
11 2464. 9384 49. 1439
Kl 0. 065878 0. 003129
12 2129. 7618 51. 8530
K2 0. 006010 0. 000264
X 1011. 4982 52. 4105

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:

11 £1 12 £Z

I 1. 000000
KI -0. 019364 1. 000000
12 -0.325711 0.812196 1. 000000
K2 - 0. 430364 0. 748502 0. 606859 1. 000000
X 20. 506995 - 0. 822352 - 0. 538316 -0. 468158 1. 000000

50.0

O D
40.0 -
30.0 -
a D

20.0 -
° 10.0
3 ae

0.0
M
v 10.0

20.0

30.0 - D

D<=
4-0.0

ST 2 O O R R R O S PO Aoy Ry U SRS S IO o
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0

Time (minute
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(BER, 530 Stah Bk % 9 301 M nand O e ® B

PARAMETER ESTI MATES:

LABEL ESTI MATE STANDARD ERROR
11 855. 4664 301. 9932
KI 0. 100952 0. 035961
12 640. 6047 221. 5279
K2 0. 019374 0. 010519
X 1191. 9971 152. 6438

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:
Il £1 12. £2
11 1. 000000
Kl - 0. 866653 1. 000000
12 20.925520 0. 989835 1. 000000
K2 -0.932486 0. 974441 0. 989396 1. 000000
X 0. 753212 -0.977987 -0.944705 - 0. 929929 1. 000000

120.
100. O -
BO O -

60, O - D a
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Appendi x I11.Statistical out Euts for relg ession on Al FA
,and the model is 1=11* (|--EXP(-0.1*T) )+l 2* (I-EXP(-0. 01*T) )+X
This result is under conditions such as: 1 uMA, 1 ng DOCL
LDFA, 125 uM Lum pH 5.5, 25°C, 0.01 M NaAc/0.1 M Nad".
PARAMETER ESTI MATES:

LABEL ESTI MATE STANDARD ERROR
11 2228. 1634 151. 4512
12 601. 9863 85. 9100
X 3895. 5960 119. 6957
CORRELATI ON MATRI X OF PARAMVETER ESTI MATES:
a1 a = >
11 1. O00000
12 -0.673833 1. 000000
X  -0.955033 0.443209 1.000000
200.0
150.0 -
100.0 -
50.0
0.0
D D
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2100.0 -
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-200.0
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This result is under conditio

s such as; 2 >IMAl, 5 ng DOC/L
LDFA, 125 )JM Lum pH 5.5, 25°C, 0.01 M NaAc/0.1 M NaCl".
PARAMETER ESTI MATES:
LABEL ESTI MATE STANDARD ERROR
11 2818. 1561 160. 2753
12 2360. 5648 88. 4613
X 4498. 9539 127. 2832

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:

| | >} >
11 1. 000000

12 -0.676475 1. 000000
X - 0. 958082 0. 455597 1, 000000
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(B, 528 T “BH S8 95 3V W nand B ad® P

PARAMETER ESTI MATES:

LABEL ESTI MATE STANDARD ERROR
11 1781. 1743 83. 7580
12 1707. 2956 61. 3388
X 1629. 7896 57. 7196

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:

11 1. 000000
12 -0.812960 1. 000000
X - 0. 938315 0. 583775 1. 000000
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This result is under conditions such as: 1 pK hi, 10 n
DOC/ L LDFA, 125 pM Lvun, pH 5.5, 25°C, 0.01 M NaAc/0.1
Nad .
PARANMETER ESTI MATES:
LABEL ESTI MATE STANDARD ERROR
11 1955. 3553 138. 7135
12 2011. 1512 73. 1577
X 843. 1351 111. 8516
CORRELATI ON MATRI X OF PARAMETER ESTI VATES!
11 1. 000000
12 -0.647157 1. 000000
X -0.957378 0. 419452 1. 000000
200. 0
150.0 -
100.0 -
50. 0 a‘a °
T3
0.0
@ a °©= a =
K -50.0 De 0
-100.0 - DMq.
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This result is under conditions such as: j oM Al ,
DCI‘JL LDFA, 125 yM Lum pH 5.5, 25°C, 0. 01 MNaACIO 1ml%/I

PARAMETER ESTI MATES:

LABEL ESTI VATE STANDARD ERROR
11 1825. 6918 75. 0173
12 2796. 2431 39. 2053
X 400. 5190 60. 4302

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:

1 1 i 1 ==
11 1. 000000

12 -0. 652572 1. 000000
X - 0. 958624 0. 429462 1. 000000
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This result is under conditions such as:

1
E%/L LDFA, 125 pM Lum pH 5.5, 25°C, 0.01 NaAC/O 1an|

PARAMETER ESTI MATES:

LABEL ESTI MATE STANDARD ERROR
11 2534. 1835 1541. 8464
12 2669. 4534 270. 9591
X 32. 1968 1344. 0954

CORRELATI ON MATRI X OF PARAMETER ESTI MATES:

1 ] a = _ =
11 1. 000000

12 -0.922419 1. 000000
X -0.998537 0. 902027 1. 000000 *

300.0

200.0 - Dy D}

100.0 -

-100.0 - D

-200.0 -

-300.0 U PP Lovennes Loveenns Loveenns Loveunes Toeeenns Loeennes Tooeunes Loveenns Loveunns Toweenns Loeennes Tooeunes Lo
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.O0

Ti me(minut e)


NEATPAGEINFO:id=F7F41524-702F-430B-AA37-3A43BBA21EE9


Appendx 1V. The comparison of SYSTAT estinated and

experimental fuorescence intensity for varied concentrations
of Al .

Thi | ot dit h M A
Qa%'gf PLBEA S0 O s8R o DM Naact 9. P

n5m+hbhb

Tl nE(nl1lNs)
D EXPERI MENTAL + 'ESTI MATED
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plot is under conditions such as: 2.0 pM A, 5.0 ng
[XIJL LDFA, 125 }iMLum, pH5.5 25°C, 0.01 MNaAc/ 0.1°M
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This plot is under conditions such as: 1.0 pM AI,C?.O ny
DOC 'L LDFA, 125 pM Lum, pH 5.5, 25°C, 0.01 M NaAC 0.1"M
g B Bd
-° plp Bt
ip B'pa|p p
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This plot is unde r conditions such as: 1.0 p 10. Olq%
DOC/L LDFA, 125 pM Lum , pH 5.5, 25°C 0. 01 M NaAc/ 0.1
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This plot is under conditions such as: IW%
L'LDFA, 125 }IMLum , pH 5.5, 25°C 001 MNaAc/ 0 1
NadCl .
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