. ¢

L ‘

' solution were prepared as described below. T

R .- : P2 ~ ., 2 "

4.1.5. Humic Agid Paraquat Titrations¥ S

L , ' . #
Bxactly the 'samé procedure used for‘cppper~has'employed for

pﬁe‘%itrations'of “humic acid with ’baraquat. Paraquat stock

! 3

i

ARfter the equilibration period, the LH( of the suspensions
\ ‘ . :

was measured. This was followedbby ultrafiltratién on a YM2 1000

»

. ¢ ' ‘ : .
molecular weight “cut-off membrane purchased from Amicon. 5.00

N v 7

mLs filtrates werépcollected for each sample and control at 69

psi. uFi%tréteS'were diluted with acetate buffer pH’/4.5 if
. . Fi ~=
neceéssary and analfzed for paraquat by UV at ‘254 nm on a Perkin

Elmer UV-Vis Spectf&bhometer Model 552, or by 'HPLC® with UV
detection at 254 nm. ' \\\\

4.1.6. Humic Acid Magnesium Titrations.

The same.‘procedure as described ahove was'fol;owed fo; the

4
Ve F

5 . i »
titrations ' of humic achp"yith magnesium. Magnesium stock

solution were péépared ‘as describgﬂ below:

After the equilibration period, ~the pH of the suspensions
was measufedy This was followed by ultfafiltration on a YM2 1090
méle@ulqr weight cut-off membrane ‘purchased from Amicon. 5.00°
mLs filtratég @erefcollectea for each‘saﬁble and ppntrol at 69

psi. Filtrates were:  diluted wi;h_ 1% HCL, if necessary, and

analyzed for magnesium by flame -atomic absorption of an Perkin

.

~ Elmer Model 3@5: The magnesium line at 312 nm was used for

1

analysis. ‘ ‘ ’ /;;’(;) .
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. 4.1.7. Humi¢ Acid Calciym Titrations. ' Y

.. ‘ .. .The same procedure, described ab6ve wds used in the titration

r
of humic: acid with calcium. Calcium stock solution were prepared

,as described below. 3'

! ' After the equilibration period- “the pH of the suspensions
wa; meaéured' This was followed by ultrafiltration on a YM2 1000

molecular weight cut off membrane purchased from Amicon 5.@0‘

!

nLs filtrates were collected forﬁeach sample and control at 60

*

psi. Filtrates were diluted with 1% HRNOa if necessary and were

’
analyzed by flame.atqmic absorption of a. Perkin!Elmer Hodel 305

N

§

at 212 nm.
. L T
4.1.8. Titrations of Humic Acid with more than one catton.
Titrations of humic acid with one cation in the presence of
[ 7]

various concentration levels of a second cation were carried out

exactly as degcribed—above. The total volume was gtill ' kept at

£

’ 50.00 mLs Dby reducing the amount of water added to accommodate

for the addition of the constant concentration cation. These

titrations included: ‘constant copper-paraquat titrant\constant

” ’ ?

paraquat-copper titrant, constant magnesium-paraquat titrant,

constant paraquat-nagnesium titrant, constant calcium-paraquat

- titrant, constant paraquat-calcium titrant, constant magnesium-

copper titrant, constant copper-magnesium titrant, constant

\ N

calcium-copper titrant, constant copper-magnesium titrant,

o constant calcium-magnesium titrant and constant magnesium-calcium
. ‘ ' -

'::‘3 . i : N n
e o 0 B /




)

titrant. All titrations weré performed at pH values of 3.00 and

L)

5.00. Quantities for a typicaf expefiment are shown, in Table 3.

[}

&it;aﬁions of humic acid with increasing gonceﬁtrapibns of
calciunm, mégnesium an& pa}aquat; coppef’aqd paraquét were glso
garriéd ouf -by.addipg‘“appropri;te aliquots df‘each cation. _The
final vqlume’of 50.00 @ps,was r;ached with ﬁatgr. A ;ypical

example is shown in Table “4. : * .

For all the . experiments at :pH 5.00, humic’ acid was

a

introduéed into the sample éontainer' from a stock solution

-

prepared as described below.- : -

\
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Table ;ﬁj -

Paraquat-Humic Hcid'Titgatibnw'

Constant Coppgr

mLs Ha20* -
' 48.90 -
48.80
48.70 .
48.60

48.50 -

18.4G

48,30
48.20"
48Mo
48.00

47.90

A}

\

- .

. mLs Mv#2* .

"0.10

0.20

. .9.30
'0.:40
. 0.50

0.60.

.80
0, 90

" 1.00

‘*.Previously adjusted to pH 3.00. ~

Paraquat stock sdlht;on 1.838 x 10-3 ., .

, " Copper stock solutionc1.60”x'ie-3‘M_'i
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*+ = .- Multiple’cCation Titration

mLs HA . mLs H20

. n 2.00 47.20
2.00 46.80 "
2.00 - . 46.20

- % 2.00 '45 LE
2.00 " 4500
2.00 44. 4@
2.00 ‘43 ae-
2.00 '43.20.
“2.00 - 42.60

" 2.00

42.00-

" 4. 1 5. Stdok SOIutions.

4;1.5}}.
A- 5 mL aliquot of 50%
‘previously boiled double

Table 4

- pH 5.00.

mLs Caf

oﬁ2Qo
0.400
0:.600"

@.800

©1.000 |

1.200

1.400 .

.1.600
1.800

, 2.000

_NaOH was

_deionized’

y

approximately 0 1 H NaOH solution.

determined by standardization with potassium acid phthalate (KHP)
.~t6 a’ phenolphtalein end point. {‘
§2§§§m Hydroxide standard solution in background NaCr

electrolyte was prepared exactly as above,

. to dilute,

0.1 H NaCl solution was used

of Humic Acid °

mLs Mg

0. 200

@.400

" 0.600,

0.800
1.000

-lx?OO

1.400
1,600 -
l.800°

. 2.000

Sodium Hydroxide Solutions.

1

dikuted

‘water.

~

The final

ey

I

. @.800

1.800

to 250

concentratioﬁ was

but instead

mLs. MV
0.200 N
0.400 ., Lo

2.600 : .

1.000 -
1.200
1.400- R

1.600
2.000

mls with‘ .

This . gave an °

ofﬂwater_
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P !
4.1.5.2. Phospthip Acid Standard ‘Solution.

Ten mL of Eé% Orthophosphoric acid, analytical reagent from

Fisher Scientific, were diluted to 250 mLs’with double deionized

it i 4 .
water. The - approximate concentration was 1 x 10-3 M. This

solution was standardized with standard 0.1 M‘NaOH‘solution. The

end point was.determined by theé Graﬂ's function method. "’

. " . .
4.1.5.6. Copper Stock Solutions. ‘o ] i

> .
Copper stock 'solupfons were prepared by dissolving an

A »

accurafelylknowﬁ weight of 99% pure' copper wire ( approximately

one gram )} from Fisher~Scientifid, ' in 1:1 HNO3:H,0. Dissolution

was enhanced by gently heating. Once the copper wi;e was tota;;y

disso;ved, the solution qwag transferred éuaﬁtitatiyely ot al

'iitre volumetric flask ahd diluted to - £be mark. This gave a
\ .

copper'éohcentration of about 1.5 x 10-2 Molar. This’ solution

was further diluted to 1.6 x 10-2 M. N _ "‘f
‘ 4.1.5.7. Magnesium Stocf‘golutions..

Approkimately two grams of Mgclz.sﬂzp weﬁf dissolved }n
double deionized water and diluted to ﬁne litre. The res@lﬁing
solution was standardized b& titrimetryt with ‘EQTA. Substock

'solutioﬁs’wgre prepared from this solution ranging from 1 x 16-3 <

" Mto 1l x10-! M. . L

4.1.5.8. Calcium Stock Solutions. .

Approxiﬁately two grams of calcium carbonate were accurately

!



°

Cl. ‘Dilution to' one

solution was standardized with EDTA. ' /Substock solutions were

deioniked water. Concentrations ranged from 1 x 10-3 to 1 x 10-1 -

Molar.

.
-

. 4 ) o o .
en at 100° C, “cooled to room .
. -

‘ .
temperature, weighed and .dissolved in-doublg deionized water,

itre. "This gave a stock solution of

L

4..1.5.10. Coﬁper'ét ndard Solutions; S
Copp;r éta;dafd ' golu;ioﬁs for atomic ‘absorﬁtiqp were
grepé:ed by dissolvgn pure’ copper wire’ in 1:1° HNO3 to gibe a
' 1000 ppm stock solution. This -solution was furthéf diluted to

-

"Copper.

431.5.11. agnesium Standard Solutions.

Magnesiuy metal wés carefully dissolved in dilute HC1 an
.diluted to Agive a 1000 ppm solution. -Aliquots of this solution -

Vi ) .
were dilu%ﬂd to cover the concentration range from 1-to §5 ppm

magnesiu?( N ’




»

4.1.5.12. Calcium standard Solutions.

»

Calcium carbonate was carefully dissolved in qelute HC1l and

, ™
diluted to give a stock solution of 1000” ppm.~ ‘Aliquots'df this

N »

solution were diluted to cover the concentration range from @ to

. F-u . A N
5 ppm calcium. _ . : /(’~
" m—— L) . . % '.

AN o -

4.,1.5.13. Paraguat Standard Solutions.

Stgndards'foE UV‘analysis were made by diluting paraquag

stotk splutions with écetage buffer PH 4.5. The concentration,

-~

range covered was fron 1.7 x 10-7 M to 2. G' x 10-5 M, Starndatds
for. HPLC analysis were obtained by diluting paraqgat stock
solution in double deionized water. ‘
4:£.5.14. Laurentide Humic Aéid Stock Solution ( pH 5.00 ).
0.5000 grams of humgc acid were suspended in 20 mls of
deubie deionized water to which @.1 M NaOH was added dropwise to

increase the pH of the suspension to 5.00. The suspension was

. stirred constantly. Sodium hydroxide was added until no more

changeé in pﬂggsre observed. The suspensitz‘ was quantitatively
transferred to a 100 mL volumetric flask and diluted to the mark

with water at pH S.éﬁ.

4.1.6. HPLC Condltions for Parequat Anﬁlysis

1

Reverse Phase HPLC and UV spectrophotometry were -used to

‘detect paréquat in filtrates as well. A C;e (25cm x 2mm°)column

‘-

7

)
KRG

~




g

I‘ *r
from Chrométographic Science was used for HPLC. The mohile pha::\)
| j——

*

used was previously reported by Gill et %1.(49)‘ and consisted of
.2 g;aﬁs of sodium heptanesulfonate mixed with 13.50 mLs of 85%

orthophosphoric ,acid and 0.3 mLs of diethlyamine, dissolved 1in 1

litre ‘of 25% v/v methanol:water. Flow rate was kept at 2 mLs per'

LY . -

minute and, the preséure at 3000 psi. A éanple chrométogram is

shown in Appendix 5. v

. Chapter 5
» T : L ) L

. 5.1, Resu%ts and Discussdion.

,

‘n
)

5.1.1. Titration of LHA with standard base ( NaOH ).

) ~ ﬁ

ATitration curves for Laurentide Humic acid were obtained in

tﬂe followiﬁg ;ay; . électrode etan&ardization was ‘dogg by
titration of a 1.00 x 1é-3 molar érﬁhophosphoric acid solutiop.
- The potentials recorded were plo££ed against voluﬁe of base
added. The resulting calibration curve w;s fitted to polynomials

at each decade by means of a Fortran routine provided by Dr. D.

S. Gamble. Electrode ﬁotential readings for thg sample were

easily converted to hydrogen ion molarities. Equation (76) on
&) ra .

Page (39) was used to determine the amount of acid remaining in

the gel phase. Bbth quantities,'hydrogen ion molarity, and moles
of acid in the gel, phase were plotted agaipst:mLs of §tapdard
base added. Figurés 3 and 4 show titrd@ion curves of Laurentide

humic acid (LHA) in the absence and presence of background
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i eleotsiigge. The carboxyl contept was determined by the use of
. \ n P ) . [ >
Granap fdnetgxn.~ The end“po
by‘éraphicXé;éEd analytical method
"\

fitted to a polynomial .of s8econd degree and the énd point was

t for the_titration was calchéted

The Gran'’s funqﬂion was

' determined by iteratiye calculations. .The Grap’s function used

- -~ ’ 1 . e 4
i .was of the form Y = V [H*], as shown in figures 5 and 6. The
. v

number ofaholes of carboxyl groups pe} gram. obtained represents

an operationally gefined quantity; that is, it is the quantity

i

- resulting from the vanishing of the Gran’s functions. As has

been mentionéd by Perdue(64), the quanpity of carboxyl.groﬁps

[ _\ determined depends on the method used. The assumption of the
present method, 1is that 'ét pH :values higher than 7, all of the

« . >

carboxyl groups are titrated.: thrapolatiop of the Gran’s

function to that region, should give an estimate of the carboxyl
content. 'The catﬁoxyl)content determined in this. way in (?Eﬁ
presence of ©,1 M NaCl was found to be 2.56 millimoles égn gram..
The sanme vi‘ge was found in the absence of background electrolyte

] NacCl. ‘ . . ) .

]
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\ | Table 5

ihalytical Properties of Laurentide Humic Acid

Cen an e et me e o e - S e e e e e e m e Gm b G SR NS B GB WR m n SH R R Gm AT G SR S M en R SR S n SR G MmO em e en e

Element AT T Content
c : : 51.9' 3
o S 39.9 % -
] H o . S 5.5 %
N - 3 2.3 s
" s | | ’ 1 0.26 %
Total Acidity . . .7.60 gnhoie‘s/gr 10%
? coon - T 2.50 mmoles/gr, 5%
4 ) ‘ \ . - ’

- OH 5.1 mmo}es/gr‘ 10%

. . \ . ) T Py
Ash ' TR : < 0.1%
» " L

P
~ . P

In the case . of humic acid at zero ionic strength, the }
amounﬁéof carboxyl glroups donized at ,pH 5.00 1is. less thanéthe'
amount ionized at the same pH but in the presence of background

electrolyte. ' This muSt'be ke§t~in mind when correlating binding
N . * . {y PR

capacities with carboxyl content. ) .

~

For extrapolating purposes, the titration curye'piot;ed as .,

+ s 3

pqrcept acid rémaining in the gg; phase‘againsﬁ the volume. of

>

base aé‘zqro ionic strength, was fitted to a.polgnpmial. This is

shown in"figure 7. Tt can be seen that Figure 4 has a snallg:_'v

t L4
' * '
a.
< 1.—. j"
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slope than the equivalent curve for the acid present in the
2 -

external solution. s .

/

A£ pH 5.00 and zero.ionic 'strength, the percentage of aéid
still in the gel 1is. about 61.7% ‘of the total amount. This

represents only about 1.00 mmofes/gr of ionized sitgs. -

. N\

The titration curve in the presénce. of background

electrolyte 0.1 M NaCl 1is similar ~to the one in the absence of

\

NaCl. 1In the former, the gel c‘Fve ié flattened with respect to

that 'in Figure 3. This is due to the ion exchéhge taking place

5

be;weeh sodium and hydrogen ions. The initial pH is lower dué to

the release oOf protons by excess 8sodium ions. The decréase of

e

the solutibn phase acid shows a smaller slope in the pfesgncg of
It

I

sodium chloride.’ Th}s can be expiained by the fact tbat a‘'larger
‘fraction of the total acid has been released -into solutibn, and
the'remaiﬁ}ng amount of gcid in the gel is_félatively weak; this
means that in ordér to see a.larger decreaqe in the concentration
of protons in the externé?%solutio; a*larger aliquot of base must

be édded, provided that the same concentration is used. -

1
»
)

\
5.1.2. Redox Properties of Laurentide Humic Acid.
The analysis of the_redox properties of humic subqtanqes~1s'

rather complicated. The origin of the .complications lieqiin the

.

.

- heterogeneity of the functignal groups making up the total
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acidity of the sample and their éolyelectroiytic character.
Marinsky et al.(14,;5,16)‘ﬁas ‘developed a. methodology usgful in

agsessing the contributions of the polyelctrolyte effect to the

\

dissociation functitns of fulvic- acids. The regolution of the

electrostatic field ‘component to the apparent pKa has been

.achieved in the case of various -fulvic acid samples(15), by

screening -off 'the 'charge developed at the surface of the

molecules during titration with standard base. For fulvié aéids,
1 -

a%( high background electrolyte concentrations, the plot of

\

apparent pKa against the . degree of ionizationhis an increésing

function. This has been interpreted, as dué to the heterogeneity

of -‘the acidic functionalitigs of the sample; since. the

polyelectrolyte effect has,been mipimized by the high the high

¢ .

-concent:ation of background electrolyte. ) ‘

s

' At this point, 'resolutipn' of ‘the heteroéenei;y factor

follows two -main approaches: Marinsky(15) has pointed out, that

the heterogéneity‘ in these systems, can be ‘gortéd out by’ -

V4
regsorting to discrete sites. The other intetprétations, put
. Ve N 4 v

forward by Gamble(S9), Buffle(50) ‘and Perdue(51), ambng others,

~assumes the existence of a ‘continuous distibution of sites,

resulting from the sipilariziés in.pKa’s; values of which are too

.o ] o ) ,
close to be resolved. In the light of .the evidence presented soO

far for the case’ of fulvic acids{15,16,52), a merging of the two

models is needed. R : .

s

~

E
L
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5.1.2.1. ‘Apéi;éation 30£ -$ar1néky's Heihgdolog& "to the
'Pctehtionetfi; Dataifdr Laurentide Humié Acid.- |
) ?hé" potentioﬁetrié dat§3 obtained  dur1ng .tiér;tions of
;;urentide Humic Acid with sﬁénda;d”base were analyzed\uqing_the
mqthodglogy developed by ﬁa;;nsky(IS). ’Plots of appérené acidity
. constants k/.px,pp' ); agaigst. the dégres of ionization Qere,-
produced. . The degree of ioniza%}on was‘estimated by gubtractinq
the amoqn£ of acid remaining in the gel as deterfnined by Bquafioh
. (76) on'Page (38) from the total carBo;yl content. ‘ ,‘
“ Figﬁre 8 shows the apparenf pKa' for humic 'acié pibtted ‘
adainét theif degree of ibnizaiion’ at two different ionic e
strengths. jﬂe mast sériking feature 'is that the‘varfation of
pKapp 18 not 55 prominent as Has’peen iep;ftéd fo:efulqic acids
215}16), This is not due tq underestimhtiéns,&% the degree of
ionigation, ‘ TheJ lower curve in Figure 8, indicgies that
variations o¥ PKapp With the degree of ionization.are very small.
The significance of these results is that the humic acid
under {nvespigatioh presents a rather simple ’ spectrum of

dissociation constants, modelied by a single discrete value. The

intersect;on of the two curves in Figure 8 pro@idés an estimgtg

r

of an "intrinsic" pKa values of approkimatef& 3.70.

Another piece of information that can bhe obtained is an

estimate of the electrostatic field developed at the surface of
. 3 n *
the humic acid molecule. _Assuming that the bottom‘curve in

Figure 9 represents the situation where the electrostatic
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potential has been Jscreened by background electrolpte) . the
difference between the upper. curve and the bottom one provides an
estimate of the electrostatic _field at Zero background
electrolyte. This plot'is shown in Figure 9. ' .

The pKaDDG is a unique function of pH alone for a rigid gel

’ impermeabie to salt. _ This seems to be the 'case for the

v

Laurentide Humic Acid which is rather surprising. ‘A plot of

4

apparent pK° against pH in the external solution shown in Figure

-

10 indicates just’that There is a discontinuity in the function

"at about pH 5.00. The presence of a déscontinuity as shown in

the low ionic strength plot has- been attributed by Marinsky to

changes in the .polymer configuration. The. origin of 'the

~discontinuity seen here may be a _.chande in thé‘éonfiguration of

Vo . f
the humic'acid'polymer. The structure of humic acid goes thraough

'rather drastic changesfduring titration; from a gel phasé into a

] A

. Lo [, »
"dissolved"” polyelectrolyte The position of the .discontinuity

*can be iocated at about pH 5.00; it .coincides-.-with the almost

t

total' dissoluuion' of the humic 9gel as detected ‘by“vishal

‘examination of the sample. This takes place at pH just below 5.

"Precipitation" in the context of this disqussion is taken as the

k4

situation in which large particles can be seen to settle by no

other aid‘ than the‘ naked ‘eye. It is'understood that more

sophisticated methods’ of detecting  the onsEt of coagulation or
precipitation can sharpen this observation.

N In the potentiqmetric analysis done by Marinsky (53 54) on a

v
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humic ‘acid sample, tﬁis discontﬂ&gity was. not present. This

could have been due to the treatment that the humic acid sample

undervwent\prior to titration. In that particular experiment, the

sampIe was subjected to a cycle of acid-base treatment by
adding stoichiometric amount of HNO3 and NaOH alternatively. I@ ’
h was found, during phe course of this study, that the dissolutién-

\

precipitation equ;librium ‘for humic aeid is quite dependent on

the concentration of humic acid, At concentrations less than 0.1

Y

4 ‘ \ gram per litre, prééipitation of humic .acid by addition of acid

was not noticeablé. Precipitation was evident to the eye at

concentrations larger or §qua1 to 1 gram per litre. The use of
- ’ \
the treatment described by Marinsky could have been the\bause for

the disappearance of'the discontinuity:
P ) ~ The results presented 1n this seqtion’indicate that the

acidic fupc;ionalibies titratable with base in aqueous medium for

b Laurentide humic, acid could be modelled by single value for the
. } . ionization constani. This may be due to the low corbogy; content,
< of the sample. A value of 3.7 hao been resolved as the average
intrinsi¢c pKe' for the acidic sites. This result has a
significant bearipg on the intorpretation of ‘metal ion bindingwq
5.1.3. Paraquat Speciation Methodology.

The main problem. in gquilibrium studies in natoral water

systems 1is the speciation technique. That is, the researcher is

-
#

. . , . . .
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interested 1ﬁ obtaining a picture of the equilibrium situatioe at
Loy e el ¥

a given' tiire with the minimum éisturbance of the equilibrium
kg .

to - et °
itseT€, In the case of the interaction: of a limited number of

),
s

metal ions with humic substances, ion Belective eiectrodes are

’évaildble which qake the problem of speciation eagier or at 1ea€t
tolerable. .Ion'selective electrodes have their advantages and
disadvantages in these stu@}es, ‘but an inspecti:h of béth is
beyond the 1limit of this dissertation.

The prdblem is complicétéd in the case of herbicides and
metal ions which cannot be detected py ion selective electrodes
or any of the"electrochemicai technique available such as anodic
stripping or potentiometric ;tripping analysis. In. these
situationg, éhysical separatioén téchniques are eﬁployed' to
differentiatg'b;tween bound and free specieé. /

. The mdthodologieg emplo&ed so far in the speciation of
paraquat ih humic acid suspensions have ali involved dialygis or
centrifugation combined with a detection technique, ﬁsually

*

ultraviolet spectroscopy.
background <correction in the analysis of supernatants after
centrifugation due' to peptization of humic acid. The fact that

humic substances have a gide absorption spectrum which cover most

§ s

of° the wvisible and the wultraviolet creates problems in the
analysis: of substance? "by spectrophotometric - analysis, Humic
substances must be ;ffectively removed from solution prior to

“

QQi}VBiS without perturbation of the equilibrium conditions. Gﬁy

Khan '(38,55) reported the need for
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et al. (4,4a) wemployed -dialysis as means of speciation in

[
*

paragquat humic acid suspensions. There is a definite advantage

in the )use of dialysis-sééctrophotometrv as coméared to the use

of centrifugation-spectrophotometry. Dialysis allowsq for more

control oﬁ the separation step byﬂ éontroIling the pore size of
~ C ‘

the dialysis material the retention - of -humié_ acid “gén ‘be_

controiled.n Another speéiation (6)‘methodglogy’repofted iq the

literature ( perhaps\ the first one applied to the stuay of

paraquat humic acid suspensions ) 'was the use of centrifugat}on

K

coupled with counting of 14C radioactivity. X * .

One overlooked factor in ’eiuiligrium speciation. techniques,
including dialysis and genbrifugation, iskthat humie¢ substances

change their configuration depfnding on the s8olution conditions.

a

At low PpH values aqd high ionic strength the humic acid molecule

-

is out of solution in the form.of aggregapeé, while atnhigh pH

values (higher than 4) the humic acid molecules are "dissolved™
\ 1

\

£

forming a polyelectrolyte solution or micro-gel suspension. The

size of the humic moieties ’‘at different pH values Qill.then,

produce artifacts in  the detection of substances by -

- ¢

spectrophotometry and the «condditions during .the separation may

s

vary enough to produce compleg changes %n the humic acid samﬁle.

€
.

5

5.1.3.1. Ultrafiltration technique for thg speciation of -

T

paraquat in huaic acid suspensions. ' oy v
The use of ultrafiltration. as a specigtion téchnique has
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) —&..
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beenfwidely reported ('56,57,60). Most applications dealt with
metal ion speciation. : Oﬁe of the first applications of

' . “ ’ C', <
ultrafiltration to the speciation of herbicides in humic material

‘suspensions was repor}éﬁ by Haniff (5). A, batch ultrafiltration

method wads developed for -the speciation of atrazine in fulvio
. <o

acids solutions Ub to ..-now there are no reports in the

‘literatﬁre ‘on the application~of | ultrafiltration to the

_'speciatfon of paraohat in humic acid suépensiops. ) e

s [y

. The methodofogy employed for the case of paraquat and humjc

9

acid has- been already developed by Gamble et. al (58, 59) The

basics behind the method are- described in the Appendix (1)

LI

5.1.3.:2. Ultra{;ytration of paraguat;humic gcid sgspebsions.

v ~

«

he membrape employed in.cHiJ study-;as fbe-Amicoﬁ YM2 iwhich

has a: ‘molecular weight CUt -off of 1000.- The retention of humic

\

acid Yy YM2' membranes was monitored by taking spectrophotometric

readings at 255 nm of the filtrates .from suspensions at’ digferent

[

PH values. Figure 11 shows the absorbance of the filtrates

.

against the  weéight of humic-acid "used éer_sa mls of suspénsion..
K ° . R . Fad

: . . : \ . .
The absorbance readings are constant and "  very close to zero for

goncehtrat}ons up:. to @. 3 grams'per litre for all pH values. For

higher concentrations, the ‘absorbance of the tiibrabes increased

,dramatically. There is ".a clear ' dependence of thé retention of
“humic acid‘by,YMz membranes and~the'concentrationn of humic acid.
T ’ y o .

This is obviouslf'due to the passage of bynic acid through the

Q . v L
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* * membrane as the concentration increases. .

$ . . b [
/, Phe use: of UV spectrophotometry to detect paraquat in the

filtrates will be Biffected by the concentration of humic acid in

" - *
- the §G§pen§ion. This is seen in Figure 12. For concentration of’

L4

. humic acid in'suspénsion greater, th&h,@.s'brams per litre ( about
h ]

2 mg) the ‘apparent concentration of paraéuat in the filtrate is

. grossly overestimated compared with the concentration as detected

- by% HELC-. The . advantage of HPLC over UV spectrophotometry is

4
L

clear.: The HPLC conditions used allow for a clean: separation of s e

“the. interference’ caﬁsed by ' humic acid in the filtrate; Another

'

o @dvantage of HPLC is that it’fequires littlg fiitrate §olume for‘

]

-

\ . : . \

dﬁalysis, filtrate volumes of 1less than 1 ml are enough to
pfoviée enough'splqtion - to cleéﬂ the syringe and inject the
A : Lot .

sample intp the chromatoﬁraph. Typical injection volumes were 25

microlitres. UV required largeT filtrate volumes, be;ween 1 and

“

" 5 mLs depen'ding on the dilution that was to follow. '

- ‘ <

. .The main advantage of UV over HPLC is an improved detection
" '__,;r' . . . . ’ .
limit since tHe cell path length used (1 cm) is much larger-than

if' . ’ "that.in the HPﬁC UV detector. Another ad&antage is the analysis
P \L ‘ 'éiﬁe, éhe retention time fLr péraquaf‘under the chromatographic
\ conditions previously sbecified was appro?imatélx alminuteg once
the columﬁj had heen 'éqﬁilibrated} Another problem ehcounteredn

¢ ' f with HPgC°‘qu that after about twenty samples were analyzed, the

_columi response began to deteriotate. This may be due to column

a

bléckigg by some humic material remaining in

L4
. .
- ' . J ) v
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1

the column.  Extensive washing by flushing through large volunel“
’ " ; " -8
of mobile phase was required to regenerate the column. The use

of a column with ° a . lager particle size did not improve the
situation. - ‘ )

Based on tﬁe results shown 1n‘ Figure 12 there 1is.no

signif@cant differencé in the deteétioﬁ ofngraquat by HPLC or‘ﬁv

;. 1in .saﬁplés éontaininé 10: milligrams of humic- acid per‘ 50

vmillili£ers.’ Dué to a short supply-of humic acid, the ‘amount

used“fof eaéh:batch‘experimeng was apprqxihately‘lz ﬁilliqrap‘pef

50 éilllliters of suspension. UV was the method of chosen tof

analysis becapse it is rapid and gives’a fowér detection limit,

. To show the Feproducibility of both methods a binding curve_:or

paragquat on humic acid is shown in Figure iq. The analysis of

paraqu§t afﬁé;'ultrgfilt}ation‘was:done by. UV and HPLC. It can

be seen that there is no siqniticant'ditterence in the binding

éurv{s obtained byjlhe two method;.4 What difference exiati can
be attributed ‘to the erroés involved in béth p:qceQures: The UVXQ

method required dilution of the filtrate for , the high

ccncentration range tested. This involved pipetiinq of ‘thc

.filtrate and a dilution step.- In contrast, the HPLC method

required only that the filtrate be injected directly into the

t ’
- -

HPLC unit. - ' .
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5.1.3.3. Batch ultrafiltration method for the speciation of
paraquat. s

Figure 14 shows‘a batch titrationm of Laurentide hﬁmic acid
with paraquat at PH 3. The upper curve represents the results
with the control samples, " while the/lower one represents the
concentration of paraquat in the presenée of humic acid. It caﬂ
be seen that the curve for control is linear thropqhout,the
. concentration range expYored. Tﬁe shape of the 1lower curve
depends on the chemistry of the hhmic acid-paraquat system. The
difference between the upper a;d lower curves ré&presents the
amount of paraquat bound to humic acid.
, The utility of this type of plot has ﬁeen extensively
discussed' by Gamble et al.(58,59). The upper cuéve provi?es a
membrane calibration‘curvg. nIn the absence of any membrane
effects such as sorption and or rejectiop of paraquat, the slope
of the\~control curve must be equal to the concentration of the
stock solutién divided by the sample volume and the intercept
equal to zero. Undesirable membrane effects would show up on the
siope and intercept of the control curve,.
| The sérption or rejection of paraquat by the membrane at low
concantrations folléwed by breakthrough of paraquat at high
concentration will show up as a negative intercept. Desorption
of jparaquat previously sorbed will be 1nd1cat:: by a positive

:intercept. Total rejection of paraquat would glve a slope of
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. zero. Partial rejection by the nenb;:Eé will give a slope-of

-less than ;he~predicted value, In experimental gituationa the

1nte;cepts and slopes of the membrane calibration cufves were not
exactly as _predicted above. In the case of paragquat and metal
ions such as calcium, copper aﬁd magnesium, it was found that the

\
intercepts and slopes deviated somewhat from the expected values. .

'Typical ultrafiltration membrane control curve data for paraquat.

A

are shown in Table 6.

kel

. T P
AR
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. 7. .rable 6 -

nUltrafiltraiion Membrane Calibfation Curves for Paraquat

'pﬁfil< I Slope. ‘ . 'f: Intercept Conditions
' . éh;o o exp: . '
' xie+s MW/mls . xiors M T .
S, , - , - .
3.60 1. 636 .. 1.603 v 6. 176' ’-7---—-;--_-
3. qox . 1,589 1.037 \ e, 90~ 0.01M §acl
‘3, o ilses 1.206 . V2,281 - o.1eM Nacl
. 3.00 1 1,032" \& -6:598 ~_ 0.01M KaNO;
3.00 1.382° . .11.5e0 ~0(10u NaNO3
_3.00 " 0.945 20205 '0.10M. NaCl
5.00° 1,347 - 7 -1.256 " 0.10M Nacl -
_ 5:00 1.400 -o.§§4< R
3.00° 1.246 - 1.013 ' 2.827 ':"”""éd
4.00 - 0.53 0,539 co2.920 tu
5.00 | 0. 400 . 0.416 © . =1.290 R ba,ug
3.00 1.636 . 1}559 | Y1043 Mg
‘s.00 - 1:636 . 1.599. o156 ‘ Mg
© . 3.00 - 1.636  1.579 L7288 e " ca
. 5.00 1.483 ' 1.460- ' -0.636 . |  uq
2.00 1.375 1.339 '\\ , -1.418 T emedesaanoo
5.00 1,375 1.340 “\ "1.500 \ S Mg |
5.00. 1.482  1.570 - -1.173. . e=de—eoflol
Standard deviation for interoept- 1.18 xvlo N ’
intercept ;ean value- 7 x 1e-¢. ) ) \',\\ :\Q
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There is a large exper;nental scatter in theXslope and the
intercepts. Cérrelatioh,ot‘@he intercepts and slope with pH and
ionic strength did not g¢give any signiticﬁnt_results. The
deviations of the intercept from zero fall within experimental
error. Similar errors were found for the case of atrazine and
fulvic acid(58,59). The lack of ‘'correlation between the
intercepts and 'param;ters such as pH and ionic strength leads to
the conclusion that the errors involved are randém analytical
errofs inherent to the technique and the sample manipulation
procedures involved. . There was no difference in the errors
observed using HPLC or UV spectrophotometry as ‘ detection
systems. ! ‘

The membrane calibration tests, as described above, allowed
for empirical corrections in determining the amount of herbicide
free in solution. ?he general procedure in thetcalcuEafion of a
batch {itration curve, consisted 1in securing a membrane
calibration curve first, followed by the curve produced by the
sample solutions. In order to minimize errors due to repetitive
calculations the preparation of a standard calibration curve for
paragquat was bypassed. To do this, use was made of solutions of
- accuraiely known concentrations, therefore, tﬂi signal or
| absorbance read for each control solution was related directly to
its concentration. ( The alternative was to calculate each

concentration by means of a calibration curve and then relating

1t to the volume of stock solution used, as ;hown in Figure 14, )

-
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Since the .weight of humic acid was not exactly the same for each
’ sample in a batch titration, the control curve was expressed as
absorbance (co}rected for any dilution) versus millimoies of
titrant, paraquat in this case. From‘this it was possible to
determine millimoles of free paraquat, given the‘;bsbrbancg, for:
each sample to be obtained. In this situation, and in the
gbsence of any membrane effécts, the intercep; of the control
curve should be zero with the slope depending on the instrument
'as well as the concentration range used. Any‘deviation :rdm zero

will indicate the presence of undesirahle membrane .effects.

‘

9

-

5.1.3.4. Speciation Technigques for Metal Ions.
The speciation technique used for copper, calciuﬁ and .

magnesium was the same as that used for paraquat.

Ultrafiltration has been used extensively in the speciation of

s

\Jetal ions in natural water samples, as well as in humic material

suspeﬂsions. Guy and Chakrabarti(690) described the technique as

=

gapplied' to metal ions such as lead, copper ahd cadmium.

’

Buffie(57) has, ;ecently, investigated membrane effectsion the »

oo ultrafiltration of a variety of metal ions.

-~ '
Membrane test curves for copper, calcium, magnesium and

paraquat areléhown in Figures 15 to 18.

.
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Ultrafiltration Membrane Calibration Curve Data for Calcium

. Slope Intercept " Conditions
| theo exp
X10+5 M/mis X10+6¢ M ,
3.00 4.004 3.725 -1.298 = eemmmemeee.
3.00 4.004 3.729 -2.542 . emee-——ee--
5.00 4.004 4.156 -1.450 MV, Mg
5.00 3.929 3.426 -6.243 Mg =
5.00 3.929 3.542 -8.750" MV :
5.00 3.929 3.758 O - A et
5.00 3.929 4.220 -2.547 . = =mme-- m———
oo 3.540 4.046 ' 3.33¢ | eeceme-ce--
- 5.00 3.929 3..795, 2,407 . cemmmec-
v Table 8
~

- Ulﬁrafiltfation Membrane Caiibrat;on Curve Data

pH

theo

Tab%e‘?

sloﬁe

exp

X10+5 M/mls

©

Intercept

X10+¢6 M

‘11.14%

1,124

’

.
[V

‘

for qunesiuq

¥ Conditions

-

”
LR N

MV,Ca

L R N N Y

LR R W
@ ¢ R

.

©,
LI R Y
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) E
¢ .

Ultrafiltration Membrane Calibration Curve Data for. Copper

©

PH + Slope . Intercept Conditions
tﬁeo exp B .
" %x10+4 M/mls . xX10+6 M ,
4.00 1.995 1.900 -0.161 mmmmeiee
3.50 ' 6.000 6.372 2.926 MV
4.00 2.302 '2.283 4.323  eemmmemeee-
3.00 1.346 f7os 2527 " mmeemeee- :
5..00 1.483 1.370 -1.418 ¥ '---1-;-:--—
5.00 1,351 1.423 1,755 . MV
_____________________ S SRS

Examination of Tables 7-9 indicates that the type bf‘errors'

involved are .the same as in the case of paraquat. The

concentration range -covered in these eXpe%&ments was from 10-6 to

about 1043 M. It was found , althoqu‘zjyr shown in the Tables,

i

that for  concentrations below -this range, deviations from

“straight line behaviour became important. This 1limits the .

technique po the concentration range specified above. .This"also
implies that using concentrat;on values below tgis range gives
mdch less reliabie data. Using low conc;ntrations, below the

l10-56 M‘ limMt, interferences due to the mégbrane material itself
become a source of error.’ Membranes must %e washed carefully in

P

order to get rid of any contaminants. Buffle et al.(57) found a

K .
.
v i N - -
)
- °
\ ‘ e
L PRI
9 v, R . .

R | S .101 -




similar problem' in the speciation’
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_of zinc in natural water

samples using the same Amicon nenb;anea.

-

Corrections for membrane effects in the case of conttﬁgf

cation concentration, as was the situation -for most of “the "

experiments, . were made by multiplying the experimental

concentration by the retention coefficient (R) as defined by the

ratio of the concentration in the control cell to the filtrate.

¢

Table 1@ shows éoﬁe typical retention coefficients fqr copper,

calc¢ium, magnesium and paraquat. It »c¥n be =seen that at the

? A

concentration levels used membrane etfects,‘it present, are not

critical.

o

P

Table 10 . . " : .

Retention Coefficients for Cations on YM2 Membranes

" Gn En ek e P B EE T G e e G5 G G e e S L S SR G e R R Y AR A TR R R G A P e e A TR R W S B S0 R R W e L R R N

Iy

“ Cation Molarity ' R ) ‘Conditions
MY+ 2 , 2.966x10- ¢ 0.9898  pH 5.00, Cu ‘
MV+ 2 5.145%13-3  ©0.9879 PH 3.00, Cu
MV+2 3.275x10-* 1.0359  pH 5.00| Mg
MV+2 . s.145x10-> ©.9978  pH 5.00, Ca
. Ca+2: 1.050%10-4 . ©0.9599 pH 5.00, MV
Mg+ 2 ~ 8.eex10-% o.s;/é pH 5.00, Ca
Mge2z . 2.554x10-5 0.9787 pH 5.00, MV .
Mg+ 2 5.108x10-4 ©.9800  pH 3.00, Cu
Cus+ 2 . 4.050x10-4 1.004 pH 3.00, Mg
Cu+2 4.050x10- ¢ 1.120 pH 3.00, MV



¢ . ot

1

¢

speciation-of copper, calcium and magnesium was that all cations,

including paraquat, could be deterhined in the same solution
L - ‘ ) .

volume. Collection of 5.00 ‘hL of filtrate provided enough sample

to analyze for each of the cations simultaneously.
A , o AN
]i . . ’ * . .
-5.1.3.5. Drawbacks of Ultrafiltration as Speciation

?eéhpiqUe: i

i

The main problem with ultrafiifratiqn as. a sgpecilation

. . . ﬁ
levels; that is, below 10-7 M ' ‘in this ' particular case.

ICOntamination " by the membrane raterial . and general

irreproducibility of tﬁe measurements at these low concentrations

[ f

.makes operation difficult. At low concentrations it is possibie

to use any of the electrochemical methods available fB; detection
of metal ions. Ion selective electrodes are the choice for
copper, glthough their detection 1limit is"™ not much lower than

10-71M. If membrane irreproducibility and contamination could be

eliminated, wultrafiltration would be limited only by « the

technique psed to determine the anélyte. ~

!
5.1.4. Determination qf apparent binding é}pacity.
'Tﬁe term "apparent binding capacity”ais defined in this work
as the total number of millimoles of sit;s per gram of humic acid

available to a particular cation. It is.automatically dhsignéd ’

'
\&‘ .
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'The.‘ﬁain advantage . in 'ﬁs;ng ultrafiltration . for the

technique, is &hé retention of metal ions at low concentration



Y

104

::f:;:‘?zﬁﬁppo{nt"'in_a'"pseugo—titration” of humic acid with the

cation in questioﬂ. In practice, the actual valueuobtained for

]

the apparent -binding capacity depends on the sample conditions,

the .methodology employed in its determination as well as on the

mathematical treatment applied to the titration data. This

sugges;s that the "apparent binding capacity” is an operationally

deﬁined term. Despite 1its operational character, it can be -

related_to the chemical properties of the systen. This requires

an 1d€ﬁt;f}catipn of the elements responsible for the interaction
-7 ' .

between humic acid and-the particular cation. Only then does the

correlation of ' Jépparent binding capacities" with chemical

“propertieé'baﬁe any meaninpg.

InRthe study of the iyﬁi:éction of metal ions with humic
of

substanceSf/identificatron he main sites 1involved in metal

g

ion binding 1leads to rationalization of apparent binding

1

‘capacities.  Even in situations 1like this, hé%éver, there is

always the possibility of not being able to accoung for all the

. ‘ )
‘qi;es involved in the intgfactions. ‘Attempts to do the same for

organoéationic herbicide-humic acid interactions are complicated:-

by the nature of the herbicides. Various types of interactions

besides the rather obvious electrostatic attraction must be

‘considered, i.e., charge trSnsﬁer, dipole-dipole, ion-dipole,

hydropirobic and hydrogen nding.
As a first approxinati_n, metal ions can be seen’as spheres

approaching_iondgenic groups .inside the interior of the humic

-

. v
»




-

I3

gel.‘ Althougﬁ the ‘possibility of size exclusiop from the
interior of the gel is a valid one it may not be of great
importance for medium size cations. ‘In the case of an
organocation such as para&ﬁét,~its entrance into the interior of
the gel solution where ion exchange takes plice may,~de§énding on
the -ionic strength, pH , and other ;arameters, be limited by its
size. "Another aspect to consider 1is the need for a particular
geometrical arrangement'of ionogenic groups in order to match theb
spatial <charge .distribution on the organocation.. For these
reasons, prediction of Sinding caégcities for organocations ba;ed
on the accounting for potential binding ;ites may give erroneols
estimates. Another aspect to be considered is the possibility for
the organocation to interact with other parts of the "humic acid’
molécule” not involved in interactions with metal lons.

'

Giyen an acceptable speciation methodology, it 1is important
to select an appropriate data handling routine in order to obtain
meaningful information. The treatment of ,ultrafiltration data“
will be " carried out using two approaches: the Gamble(58,57) ‘and
the Ruzic(61,62,63§ methodolégies.

Gamble’s methodology has been successfully applied to the
Atrazine-Fulvic Acid system(59). The titration curves obtained,
were split into two linear sections, each of which was fitted to

;
a*htraight line. The end point was evident at high additions of

Atrazine, when the slopes of the titration curve and the control
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curves were of the same magnitude. One problem with this method
;s’th;% it canéot‘ be‘applied ’to titration c¢urves which do hot
shoq,shgfp'enq points, sgcﬁ as in the case in'yhich the end point
is asymptot{Eally approached. Binding capacities are obtained
< from the intercept of the second branch'of the titration curve or
"post-complexing” regién. The main advantage of the Ganmble
methodology is that }t provides diagnostic tests for undesirable
memﬁranes effects and empirical corrections factors.
Ruzic methodology seeﬁ to be amenable to titration curves
which ao not show sharp end points and cannot be clearly divided
into two straight 1line éectiQns, such "as some of the ones

encountered in this work. Ruzic proposes a linearization method

4 4

basea on\the assumption of 1:} compléx formation. It tonsists of
'plopting [“]/({M]g—[M]) againsg Iﬁ]; where [M] and (M]: are the
# free and total metal ion concentrations respectively. If the 1-}'
comﬁlex formation assumption 1is fol;owedf. the. resulting plot
should be a éérgight line with slope 1/C; and intercept 1/ (C:K),
where C, is the ligand concentration or binding capacity in moles
per litres, and K is the‘conditional stabiliéy'constant, defined

as 1@

¢ R , - . -

o Ku =  [M]e - [MT\é.

(M) (L)

\

where (L] is the concentration of free ligand. ‘
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One possible pfobiem; is 'fhat‘the _nethodology assﬁmeg that the
means of measuriﬁg the concentration of thé "fgee" specie in .
solution is exact. This may not represent a drawback t§ the K
techniqie, since embir;cal corrections for membrane effects can
be made easily. ‘ ‘ |
Both mgthods were .used to -’ determin; ;ppa;ent binding
capacities for different cations: Cu, MV, Mg and Ca. Comparison
of both results for paraquat and copéer are shogn in Table 11.
The values™sBown in Tahle 11 deserve a few cphments. The
first observation isfthat values‘determined by‘the Ruzic method
tend to be higher than those by the Gamble method. A possible
explanation of this lies in.the way the calcula ion:of the end
point is made. In the Gamble method, the end po§§¥ is strongly ‘
dependent on the slope of the "post-complexing” regioﬁ; this
.creatgd problems in some gﬁ the titrations  done 'in‘this ; Tk,
since the slopes of , the "post-complexing” régions were usually
smaller than the expected values Sased on the slope of the
control curve. The ext;apolation of ‘this line' to obtain the end
point, may/be one cause of errors. This 18 ‘reflected in IQWEr'
. apparent binding capacities, since the end pbint is
underestimated.,.Ruzic method, on the other hand,‘ estimates the
capécitnyrom the slope of the titration diagraﬁ, and considers"
the whole titration curvé, instead of the "posé-céqplexing“

region only. This allows for better estimates of the binding

capacity. One problem with this method is that quasi-lineaf

s
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N = : - )
.: ) L f 1_:l- Table 11 | )
i k ~ i 'App3¥ent Binding Capacities for Cations
- ..~ In prﬁp Acid Suspensions '
g Q | ‘Comparison of Ruzic’s and Gamble’s methods
F ‘ ;" - - .+ "' Ruzic Gamble
. ' ﬁlwimgagion s ;ﬁmélgs/g' ) : mmoles/g o
o s1e) (, %12)
. Cu-Clay pH 3 - 0.186 e.171
e, R &v:c1a§‘pn 3 ‘,'V 0.482 0.488
 My-HA pH 4 - 0.552  0.472
“L ‘ MV-HA,pH 3° | "_b.séz ] . °.372
Cu-HA 5&«31 - Co.649 9.605 :
| ‘cu-HA pH 3 -0.980 ©.860 ,
" cuHABH 5* . . 0.970 °.940
Cu-HA pH s« . % 1.120° 0.720 .
< . Cu-HA PH 5  .~1$§9 . 1.340 . .
) 'j l\ a . MV-HA pH 5 ,,,i‘}: 1.190 . 2.975 °
| " Cu-HA pH 3 o 0.815¢ . ©.238°*" .
MV-HA PH'3 - 0.512 S e.411
X ;

*4+ 0.01M NaCl; *0.1M NaCl; # estimated from asymptote

v ' ?

*** end point not reached.

¥
.8 s ¢ < » )
™ behaviour can be observed ‘- much before the asymptote is L
v approébhed,'an¢fihere is no wiy of knbwing how large the B
[ N - ., : . / ’
¢ i ' . ) " a ' .E
“ - ‘ . ‘ ':g
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deviation from the asynptoge is. Thege is a tendéncy to
underestimate the slope of the titration didgram, ., leading to
larger values for the appagent binding capacit&::‘

Ei%fé}ences between values obtained by both methods can be.
seen in Table 11. For the cage of paraquat at pﬁ 4 the value
determined by the‘Ruzic meéhod is 1larger than that obtained.by
using the Gamble method; similar differences are nbted for copper

at pH 3 at " different ionic strengths. It is,quite d;a@atic fg;

the case of copper at pH 3 ( one .before last entry in f;ble ;1‘),
in which the slope of the post-complexing region for the Gamble
eplot ;as a value of 4.50 x 10-4 M per mLs; which is remarkably
different from the expected value of 6.00 x'10-4 M-per mLs. ‘Thié
represents one advantage df the Gamble method. it pro?idés a

gquick check how far the titration is "from reaching the end

point.
n these examples, the slopes corresponding to the Gaqble
plots were significantl} smaller rthan those of their respective
control curves. Ruzic plots for these cases showed quasi—linear‘
behaviour, giving the "11}usion" that the end point was reached.
The problen cancerniné the estimation &f apparentv bihding
capacities by~“.the Ruzic method has been recently discussed by
Morel et al.(éBa). At best, both methods provide estimatqs for
apparent .binding _capacities, vwhich must be taken with certain

¢

In the analysis of Ruzic diagrams, deviations from straight
S
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;o l1ine behaviour: were noted for copper and paraquat. Figur® 19
shows a typical ’Ruzic's diagram for the titration of Laurentide

L

Hunic éfig“yith copper at pH 3. OQ It can be seen 'clearly that
there is a deviation from straight line behaviour at low copper
. levels. A Bihilaf'praviour is seen for paraquat'at pHKS.Ozl
_Figure ‘20 shows the éuzic's diagram for the titratiqr of LHA with
paraquat at pH»é 0. It can be seén that at low total paraqguat,
the. titration diagram deviates from stfaight line behaviour.The
apgarent binding papacity was depetqined measuring the slope for
thé“asymptotic line {( line A in ?igures 19 and 20). Ruzic(é62)

ps N

.complexes, thét is, each cation interacts with two different

of sites. : . . \\‘

/ Thig *apparently contradicts the previous 'results on the

-

exlstence of one type of carboxyl site in this humic acid, which
predicts the .formation of only’ one type of complex between

- :
cations and carboxyl sites. Deviations from straight line

A

behaviour were not noticed for calcium and maqnesium at ditferent

pH values, indicating that both cations are interacting with one

type of éite, as expected.' In the case of copper the deviations
may be due 'td the formation of two ditferent type of conplexes,

including carboxyl as well as hydroxy sites. :An explanation for
. ) /

.

the case of paraquat may be more difficult to pr?:ent, arﬁﬁgcgh

the possibility of paraquat forming complexes * with other sites

besides .carboxyl groups, may be considered.

interprets such deviations as’ evidence for the formation Qf tWwo .

)

"

3
ok
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Titrations ,in the presence . of background electrolyte

involving copper and paragquat did not-show‘QeviqtiQQsctron Ruzic

1 +

©

behaviour ( see Figure 21 ). .o, : .

'5.1.5. Paraquat Binding to LHA.

5.1.5.1. Ionic Strength and pH Effects. - o //
' W .

Mg gure 22 shows average binhing curves for\paraguat on -LHA

at different pH values, all at~zer6 Loﬁic.qtrqut . The apparent

3

A similar effect has been

binding capacity increases with bHV

reported in the literature(4). Changes in pH after equilibration

-

were not detected. In the caée'of :bﬁ 3; any small release of

hydroéen i6éns would have been obscu;eg bylthe'larqe concentration
, of Eydrogen ions “already present in ”solution: The c&nstént pH,ﬂ
in the case of pH 5 may indicétg'itﬁat piraquat ions pretfer po‘
interact with already ionized .acidic 'gltds. ~ The ‘incréaue in
apparent bind;ng capacity with. pﬁ can _Uq‘,sﬁtributed to ihe‘.

. decrease ,1n_\tﬁe competition for ;on exchange sites*betﬁeen

« *

parqduat and hydrogen ions ‘a1£HOUQh othey ‘eftects such ' as

sﬁrchG;;I changes in humic acid 1leading to exposure of siﬁes

~
Al

_otherd!%e not accessible to paraquat cannot be ruled ouf.
Figures 23 and 24 show the binding of piraquat at difté;entmidnic
R ' . strenqths. Increasing the ionic strénqth of the i&ternil,

solutinn decreases the amount of paraquat bound. . This can'he

explained by a reduction of the Donnan Potential and competition
S ' L . :

with sodium ions for sites. The ionic strength effects are

™

~

’ ) )
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siﬁilan tﬁ those for «cations such as calcifum and magnesium.
Tonic sﬁrengths higher * than Q.OlH ;ffectively excluded caléiun
' and magnesium from the gel solution. Althougﬁ the effect of
sodium was not ;s dramatic for paraquat, the reduction in bindinq
is significant. TEis is ag indication that Donnan potentfgl and
Ielectrostatic forces are keys to &t; binding mechanism of
ﬁa}aquat to ﬂHA. Competition* with soQiuﬁ ions for ionhexchqnqe
sites  is also important, In this situation, one has to consider
that there are three éhtions competing for sites, this includes,’
paraquat, sodium}znd hydrogen ions.

¢ At O;Gfﬁ electrolyte concentration the Donnan potential must

i

be much 1lower than in the absence of electrolyte. This, coupled

with competition between sodium and paraquat for binding sites,

. ©

explqins why, 1in principle, the uptake of paraguat is less when
either NaCl and NaNO3 1is présent. Sodium chloride seems to be
more effective in reducing the amount of paraquat bound. Two

factors can provide clues to an explanation to " this situation.

-

.

It is possible that, at the high concentrations of chloride.

ior, ion pairs aré formedﬂbetween paragquat anq,chloride(31,34).
In this situation paraquat woq;d be énteriné the gel domain as a
monovalent ;ation, which would ndi be as attracted- as a divalent
one by the already weak Donnan potential. PFor this reason, the
use of chlorides was avoided throughout this work. = HNO> was

used, instead of HC1 for pH

-

™
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adjustment. There is no report in the literature of paraquat-
¢

W

nitrate ion pair formation.
5.1.5.2. Paraquat Equilibrium Functions.
Figurg 25 &8hows the average and. differential‘;on exchange

¢

equilibfium functions for paraguat on LHA at pH 3.00 and zero

ionic strength. Tﬁe average equilibrium'function was calculated
by means of Equation(16). on Page (16). The assumption. bf a:
Donnan controlled mechanism calls for. a stoichidmetry ofrlzf
befween paraquat dications and bidenta£e sites. Plots - of KXsu;
against Xgu2 were fitted to polynomials in order to take the
derivative of that‘pagﬁ}pular function fquifed by Equation (16)
on Page (16). It’canwbe seen that the differedtial equiiibfium
function‘is. an sorder of magnitude greater £han the average
equilibrium, function.  The standard deviation of 'the ave;pge
equilibrium funct;on values over the range scanned was of about
the same order as the'experimen€a1 error involved and propagated
throughout the calculations. 'This leads to the idea that _the K
values did not Qhow the variation expectéd with site lo;dingl

One must look at this result carefully. From the data presented

earlier for the redox properties of the humicoacidfinvolved in

. ¢

this investigation, the expected result would H@ a constant
equilibrium function for catio interacting only with carboxyl
groups. The constant va showed by paraquat may be a
confirmation of thI; fact provided that it interacts «with

carboxyl groups only. ) .

. - »
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Table i2

Paragquat Equilibrium Function pH 3.00

!

9

Xeuz2 - . ;E ‘ K Xsuz ’
, “
' '.f «
0.993 1.707 x 10-3 © 1,694 x 10-3
. 0.986 1.630 x 10-3 1.606 x 10-3
e.§79 a 1.557 x 10-3 1.525 x 10-3
0.967 ’ 1.424 x 10-3  1.377 x 10-3
0.950 : ', 1.251 x 10-3 1.}89%x 10-3
- 0.941 ~1.150 x 16-3 . ' 1.081 x 10-3 -
0.926 9.735 x 10-4 . 9.007 x 10-4
Average K = 1.366 x 1@-3'$2.5 x 10-¢ gﬁg
% o ,

*

The assumétion of a 1:1 stoichiogétry, aa:uantionod befores
resulted from a considerationl'ot the Donnq&blech;nisl. The use
of divalent sites is just to silplgty calculations. The sanme
assumption at pH ‘5.66, where‘ the gel structure has suffered
dramatic chanqes( may not.bg a valid onc:' In this case, paraquat
may be forming lni’snd‘laz complexes with monovalent ilt‘l.: The
rest;ictions imposed by the more structured g¢gel at pH 3 are no
longer operating . at pH 5; humic acid molecules hpvc more freedon

)

to change their conformation in solution.

-
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t

5.1.6. Interaction of Cilciun ané Magnesium with LHA.

\

5.1.6.1. Calciubh-Humic Acid at pH 3.00.
* Figure 26 shows the binding of calcium to Laurentide Humic

-

acid at two different pH vglues. It can be seen that as the pH
is increased tﬁe épparent binding capacity increases as well.’
This reflects the competition for binding sité; between calcium
and protons. Changes in pH after equ{}ibration were not detected
atfthe two pH_leve;s studied; probably due to the small gmodnt of

-hydrogen exchanged,,egpecially=so at pH 3. The constant binding

at pH 5 indicates = that in the <range of concentration studied

.cations must be interacting with already ionized acidic groups.

Tﬁe-uptake of calcium at low concentrations is close to

,160 t indicating a stréng affinity of humic acid for calcium

ions.

The average equilibrium function for the calcium-humic acid
interaction‘at pPH 3 has been calculated, assuming a one to one
stoichiometry with bidentate sites in the humic gel wusing
Equation (16) ( see Figure 27). The total number of potential
Bites avaiiable for interaction has been taken considering the
total acidity of the'hgmic acid sample. This 1nc1ud;a, carboxyl
as vwell as phenolic ' protons. The possibility that calcium may
engage in chelate formation with salicylic-like structures in
humic substances has been consid;red by Perdue(64) in explaining

sﬁill increases 1in the total carboxyl content of fulvic acid

titrated in the presence of calcium ions. The inclusion of the
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total acidity in the total punber of potential sites has been B

done with this in mind. Tﬁg average equilibrium function for

calcium at pH 3.00 showed a constant behaviour 1ndicating‘thate

all the sites available 'by calcium are very similar , or, that
any variation has.been obscured by experimental error. This
seems to fit the one-site model presented earlier for the ﬁumic

acid under.inbestiéﬁtion.‘ Table 13 shows that average ion

v

exchange equilibrium function for calcium at pH 3.

. ;. Table 13

dAverage Ion Exchange Equilibrium Function for Calcium

; at pH 3.00 Lo
e e S e e ———— -
Xsn2 Kca - : Kca Xsu2
~ *
(£%7 ) (#3215 ) " (x%20 )
" 0.994 . 5.25 x 10-4' 5.22 % 10-4 ’
u 0.987 1.32 x 10-3 1.30 x 10-3
0.980 . 1.99 x 10-3 1.95'x 10-3°
. 0.975 2.39 x 10-3. 2.34 x 10-3
0.97a 2.54 x 10-2 2.46 x 10-3
'@.960 2.11 x 10-3 2.03 x 10-3

o N ¢

Jd
5.1.6.2. Magnesium Binding to LHA pH 3.00.

- " !
Figure 28 s§23§/”ihe binding of magnesium to LHA at two

different pH values. Increase in pH ipcreased thé apparent

L4
o

(i
i’
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s

binding 'capacity. ihe increase is higher than 1in the case of
‘ !

calcium, previously shown. ‘The apparent binding capacity-+at pH

3.00 is similar to that €for caléium, although the ‘'uptake of'

magnesiuh’at low cancentrations is not as pronounch as }n the
case of célcium. As will be shown later, calcium effectively
blocks ion exchange sites from magnesium when a‘-humic acid
suspension previously quilibrated with calcium is titrated with

magnesium ions indicating thaf: both cations compete for t}\% same

. sltes at pH 3.00. By 1looking at the average equilibrium

x,

functions for both cations iq Figures 27 and 29, it is clear  that

- .
the interaction of yagnesium‘“wtth“the carboxyl groups in humic

aéid is much weaker than that of calcium. It may also provide an

1ndication of the type of 1nte:actfgh between each cation and E%e//

:

. fonogenic‘ groups in: humic acid. The order of magnitude

difference ini;guilibfiup constanté“between calciam a?d magnesium
may bé> due to the formation of ;nner-sphere complexes in the case
of calcium as compared to the formation of outer:sphere complexes
in the case of magnesidm; i.e., magnesih? is reacting as the
hyd:a%ed [Mg(OH.)6}2+ cation- wpilevc§1cium ay the ba;e~cﬂ£30n.

N

binding caéacities and compete for the same 8ites, provié;s clues

The fact that calcifm and magnesium have similar ippa?ént
on the fraction of e%phéngeable protons at pH 3.00.° f It is
expected that magnesium and calcium will ente}t the gel phase
displacing protons paired to carboxyl groups in order to fullfil

L] N . -
the Donnan meghanism of ion exchange. Due to the pH of the

1 . n | ) /:
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external iolution, éqst of the carboxyl qroups‘?ilr be covexed by
protons: Thélfractioﬂ of protons ‘exchangeable'for,'m;gnesium or

. calcium'repfegent the.strongest acidic pqrtion of the colleqtipn

. of prgtons inside the‘gél phése at an external pH of 8.

: The ayerage,;quilibrium function for magneéium at pH 3
turns out to be rather constant as ip the previods caseé, as can
be sgen in Tablé 14 and Figure 29. _i?- there is any variatioﬁ:
with site 1loading, it has been obscu;;d by gxperimental error.

The average value for Kmug is about an order of magnitude sﬁalle;

1

than Kja. The interaction of calcium with the carboxyl groups .in
humic acid is stronger than that of magnesium; this 1is
3 I
cowrobqfated in Figure 30, which shows that magnesium cannot
¢

- displace cdlcium ion from the gel phase - in the concent tion

<gFange showi. The preference of LHA for calcium over magnesiunm
\ ‘ b
’ may be due, among othier factors, to the possible formation of a
. f . g

' 9

specific interaction between calcium and the carboxyl groups.

Kwak et al.(66) have shown é similar'behavioﬁr for magnesium and

[3

calcium on various po{yelectrolftes c%ntaining carboxyl groups.

. i G .
\ o
. -
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5.1.6.3.' Calcium-Humic’' Acid and Magnesium-Humic Acid
Interactions at pH 5.00. ‘ . J

The binding curves of calétu&~and ggéhesium on LHA at pH

‘S.OG'are quite different.fromythe case at pH 3.00. As can' be
;een“ by comparing PFigures 26 and 28, thé apparent binding'
capacity of calcium at pH 5 ;s about half that for magnesium,
which was not the case at pH 3.@@. An important qualitative
observation is that in‘the titration (of humic acid with calcium
ions at pH 5, precipitation of humic species occurred very eafly.
This phenomenon wds not present in titrations involving magnesium

s

iopﬁ under the same conditions. Depending on the concentration
of calcium used, mqst‘ of the humic acid coiuld be removeé from
solution. : ’

The precibitation '0of humic acid by calcium can- be
interpreted ag the result of the formatidn-of coﬁplexes in which"
calcium sérves as a bridde between carboxyl groups located in
different humic acid molecules. It is not an ionic strength or
saltfhg-out effect since the concentration of calcium was ﬁegt_at
the millimolarilevel and this phenomenon 1is not brought‘abéut by
salts. of monovalent cations. "The formation of precipitates
complicates the formulation of the equilibrium function for
calcium-humic acid complexes, since two phases are now involved.
?his is not the case fo; magnes}um, all magﬁésium-humic complexes
formed remained in solution. \'At this point a formulation of

<

equilibrium functions for magnesium and calcium is premature

~
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since'there is little information on the stoichiometry, although
, ,

the differences in apparent binding cdpacities seem to indicate

that calcium interacts in a 1:2 ratio with monovalent sites.

This implies that magnesium interacts in a 1:1 ratio.

Competitive experiments between calciun and magnesium will

ﬁrov{de information needed to formulate the equilibrium for each
individual ion. |

5.1.§.4. Ionic Strength Effects.

Titrations of LHA with calcium and magnesium at pH 3 and §
in the presence of .01 and @.i’M NaCl, totally excluded bgth
catioﬁg,f;om the humic " acid gel phase. It is possible that for
the case of calcium some binding might have occurfed at 0.01 M
NaCl but the total amount of calcium needed to effectively
displace sodium ions ;as very large. This made it difficultnto
detect sorption by difference, since the amount of calcium bound

1y

would be: very small comp3£gn‘tn~th total amount added.
f

5;1.7. Copper Humic Acid interaction.

Copper binding to Laurentide Humic Acid at different pH
values is shown in Figure 31. It can be seen that while the
binding curve at pﬁ 5.00 reaches a plateau‘ at about 1.4
millimoles of copper per gram of humic acid, the curvés for pH

2.00 and pH 3.00 do not.® This 1s a clear evidence, as expected,
‘-

b

——
\
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of competition between copper and prbtons for ion exchange sites.
The effect of ionic strength on copper binding is shown in

Figures 32 and 33. The lowering of the Donnan poten;ial by the

\

presence of neutral electrolyte reduces the amount of copper

bound. Another factor which reduces the amount of copper bound
is competition between.sodium ions and coﬁber for ion exchange
sf&es. Thé. decrease in the apparent binding capacity with
incre;sing ionic strength\reflects these facts.

The effect of neutrgl eieétroly}e seems to.be greater at .
lower pH than at pH value such as 5.00. This may be a reflectionm
of the gel character of humic acid at pﬁ 3.00 resulting in the
sorpfiqn of copper gbns being congrolled'by ghe Donnan potential.
The addition of eledtrofyte reduces this potential and as well as

; .
introdukes anofhe; competing cation. Both factors contribute to

the reduction in the amount of copper bound.
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Donnan effects are usually underestimated at pH values at
which humic acid seems to be "dissolved”. Marinsky(15) has
pointed ogé the ‘bossible existence of microgéels in humic
substances;n In these cases a Donnan behaviour may be noted ;t pH
values when the macro-gel structure has been destroyed. The
*Donnan pofenﬂ!als developed in these systems amay be much smaller
than in macro-gel systems such as is the case of humic acid at
low pH values. In the abéeﬁce of s8pecific interactions, cations

are expecfed to be held in the gel phase by e;ectrostgtic

attraction. In the presence of background electrolyte and a

fixed degree of ionization the concentrétion ofvcopper ions in’

both phaée depends on concentration of backgrbund electrolyte in
the gel phase.k The greater dependence of the binding of copper
to humic acid at pH 3 compared to the binding at pH 5 seems té

reflect the possibility that the interaction between copper and

‘humic acid at low péz;s mainly electrostatic. While at pH 5°

specific interac;an may be contributing to the total binding.
The differences in the copper binding curves at pH 3 and 5,
with no background electrolyte can be explained as follows. At

low pH, there is a large number of ion exchange sites covered by

protons. ‘Copper has the tendency to displace them, despite the -

N .
‘ '

large concehtratioi of protons in the external solution.
Taking pKapp for humic acid as 3.7 and the average equilibrium
ion exchange function for copper as 2 x 10-2 ( see Table" 15 )

will give an estimated association constant for copper-humate of



’ , ) N (4

S -
10+5, compared to the association constant for proton-humate of
10+4, _Th;s can explain why the binding curve for copper at low
pH does not sﬁ;w a definité plateau region; copper ions &re able
to compete with protons .for binding site even at relatiyely high
concentration of prof%ns in solution. At low qoppér loadings, the

&

changes in pH were not detected by the pH electrode.

The situatiop is different at higher pH values. At pH%5,
the copper binding curve approaches a plateau, réflecting the
existence of a constant numﬁer of bindtgg sites at that pH.
Competition with protons is much leés evideﬁtl

The behaviour of copper at pﬂ‘ 3 is 1in contrast to that of
alkaline earth metal 1on§ such as Ca“and Mg. Bé6th tz?giyggpiohs

t " show definite saturation regions.

14

5.1.7.1. Copper Equilibrium Function.

.Copper ion exchange equilibrium function valhes, as,

=

15. low copper loadings, pH changes . in the suspensions were

calcqigted by~ Equation(16) ongwPage (16), are presented in Table §
. nof‘detected, especially at pH 3.QQ. "A plot of the equilibrium
function at pH 3.00 is shown in Figure 34. It can be seen that
the range of sites cove}ed by copper is larger than that for. any
of the other cations investigated. Vaiugs for the equilibrium

function for coppegr are not very different from those for

paraquat and calcium,

-
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Table 15 v o ,
- ) . -~ . N
Copper Ion Exchange Equilibrium Functions -

. *  pH 3.00 . H/f‘ﬁ\

“ ¢ -,

Xsu2 - : Cu ¢ ) Kcu .
- (rs7) (Bs10) -+ (*%12) N
’ @.981 : 3.32 x 10-3 6 3.10 x 10-7
©.965 2.84 x 10-3 ' 2 2.77 x 10-2
¢ v -
0.950 2.47 x 10-3 . 2.47 x 10-2
@,937 2.18 x 10-3 2.90 x 10-2
0.923 . 1.94 x 10-3 1781 x 10-2
0.914 " 1.75 x 10-3 1.65 x 10-2 )
4 , \ - '
®.905 ; - 1.57 x 10-3 1.45 x 10-2
. - ©.896 . . 1.44 x 10-3 1.37 % 10-2° -
. ‘ : (3
B 0.888 1.34 x 10-3 "1.26 x-10-2
. ¢ - N pd

s A

~

The one-éite model presented for this particular humic acid

. ’ -

‘implies that the interaction of cationd with carbpxyl groups

' should be reflected . in® constant values for - the equilibrium’ "

function, as was the case for calciPm dnd ° magnesium where the

v ‘

Aﬁénge 6f,sites scanned is small. sted on thi§ and assuming thad

*)

the méin groups to which coppg;,Binds thvolve caz;oxyl groaups in

R one way or another, i.e. as dicarboxylfor .salicylic sites,..-the
K Qegéndence of , Kcu “on.  Xsu: represents the effect ‘of" the

3

l polyelectrolytic character of humix: acid. The reduction \of the
electrostatic field near the site of ‘the reaction, i.e., inside:

)

\ f ” . ©

.
h LT /", s s ' ]
. .
' .
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‘alw(la), found thé same effect: in the ‘interaction of a soil

N SR I T G Mo s N RS
\ s .
.
<
. ’

142,

>

the géiuzfgiution, as copper ioné\arg gfund, producesﬁa reduction

on the attractive forces with concomitant decrease of ;ﬁe'@yerage

rd

equilibrium function.
o

The plot of the average,. and differential equilibrius

’

functions for «copper at pH* 3.00 1is shown in Figure 34. As the
site coverage'increasesz the average and difkerential functions
converge tq a commop vaiue.' : Ché\ges ion, the differeﬂtial .
function with mespect to total copper added are much smaller that/
those fb; qthe average equilibfyum function; this indicates that
the sites to which copper binds are rather homogeneous, in

corroboratfon of tRE one-site quel proposed earlier.

. * .
" 5.1.7.2. Copper Binding to LHA at pH 5.00: J
| ‘\The binding of cop’pers to LHA Aat pH §.00'wbs studied at
.différent .ionic. strengths. ( Figure 33 ). One impqrtant

”quglitagive observation , is that in' ‘all’ cases humic acig

. L}

‘pregipitated very early in. the titration. 1In .most\cases,.the 

supernatant solution was perfectly clear to the naked eye. The
- “’ o

“formation of aggregates 1éfge enough to produce precipita}ionaof

humic ﬁoieties must be'gue to the linkiné of moleéhles via copper
bridges. A similar situation was fougg.by éaar and Weber(65)
fqr fulvic 'aEidé interagtinén with - lead ions. Underdown et
. . P
fulvic acid and copper ions, although in the latter casg,
preéipitation, as Qetgcteénby ihe's!f%ling of visible : : *
| .. | - N .

i
"

1

o . !

B - N ¥
- X s B
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‘precipitates, was not seen. Calcium showed the same effect as
p . v
copper for LHA at pH 5.0Q. The formation of bridges between \

"molecules in fulvdic acid has bqgn' postulﬁted to exp}ain copper.’ .
complexation by carboxyl g:jjfs in two different molecules(13).

It is quite poiigble'that similar mechanism would be wvalid for

.LHA copper complexa}ﬁon.

Fhe togal number of potential sites in hdmic_acfdé is

smaller that in fulvic acids. This, in conjunction Qitﬁ,a ltarger

average molecular weight, may en

i

e coagulation and

precipitation effects in humic acid sygtems.

.

The fact that precipitation occur rather early 1in the

titration ( afier the addition of betweeN ¢.5 and 1 millimoles of

Voo

copper per gram éf humic acid ), indicates at the complexation

proces%ﬁ inducing it, takes priority over any other process.

¢ °

'Extendin§ this line of thought further 1leads to the hypothesis
that dicarboxlylic-copper interaction ( with carboxyl groups in
different molecul?s)'is the main binding mechanism at pH 5.00 for

LHA. The concentration of salicylic sites, may be much less than

w

that of dicarboxyl sites, ~probably--due to structural reasons,

i.e, ‘few hydroxyl groups adjacent to benzoic acid moieties.

\

Pigure 34a shows a possible structure for the copper-
¥ \

dicarboxylic complexes in LHA.

"n;
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e , Figure 34a

As in the case of copper-fulvic acid, the interaction of
copper and humic acid deserves an in detailed study, includipg'
some light Bscattering measurements to follow the titration
procedure. The fo}mation of;bridging complexes in fulvic acid
reéuired relatively higﬁ concentrations of fuibizﬁécid, about 1
g/L; even at this concentration, precipitation did not occur. 1In
~the experiments with LHA, conéentrations of 2.1 to 0.2 g/L were
enough for é%gﬁpgation/precipitation to occur at rethivgiy low
loadings of copper. This can be explained by the fact that humic
acid Rhas, a larger . average molecular"weight "and ;oweﬁ oxygeﬁ
céntent than does fulvic acid. ‘ ’

The formation of pfecipitates’ complicates the equilibria
that ;ake place'at‘pH 5.00, due to the existence of solution

phase, as well as, sqlfd phase copper-humate complexes.g The
N

fiq.a'morm of the equilibr;G:.expression should reflect all se

[

components. N

. { ' . '
5.1.8. Paraquat-Copper-Laurentide Humic Acid System.

~5.1.8.1, Experiients with excess Paraqugt.
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The .main ainm ;f 'these experiments is to see to what extent
paraquat and copper compete for the same sites in humic acid. The
amount of paraquat per gram néeded to saturate humic acid was
apreviously determined from paraquat titrations of humic aci? at
pH 3.00. ' By ‘equilibrating the appropriate amount of paraquat
)iytk_a\known -amount of humic acid the VMVTLHA “comple*“ was
formed. The humic acid paraquat samples were initially
equilibfated for 12 hours in order to ensure the formation of the
paraquat-humic complex. All the ;sites available to paraquat in
the humic acid sample at that particular pH gnd ionic strength
were covered. . .

Figure, 35h showsu the: b4nding curve of copper ion the
presencl of paraquat. The actual release of paraquat from
humic acid by addition'of copper is seen in Figure 36.

Experiments in which humic acid saturated with paraquat was
titrated with copper, showed that although cop;er displaced most
of thé paraquat inftially bound, the Eétal amount of coppér bound
cannypt be directly correlated‘to the amount of paragquat released.
The .actual amount of copper bound is‘in fact higher than thé '
amount éf paraquat released.> ' Copper, therefore, must be

interacting with other sites as well. The amount of paraquat

released after each additiop of copper corresponds to a fraction

.0f paraguat Boun§ to sites shared by both catfons. Under the

cdnditions of these experiments, it is valid to assume that the

release of paraquat,is due only to ion exchange by copper ions,
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that is the fraction of paraquat "bound via ion g;éhapée; thus -

the'étp;chiomefty is of 1:1: The fraction of Eoppef not engaged

~ in displacing paraquat must be binding to sites. initially covered’

.

by protons. . . . -§§' )
. : - ‘ _* ?

5.1.8.2. Mole Fraction Pldts

The slopeé of the mole fraction plots are given in™Table 16.

Actual mole fraction are given in Table 17. As can be Béen in
) the last qolumn in Table. 16, the. summations - of the slopesq
, cofrespbnding to copper and ;araquat‘ are very close to unity,
indicating éelf congistency in the data analysis.
3
s j
»/ | S . i
] g Table 16
a Péraquat-Copper Mole Fraction Relgtionshipé
/Experiment' Cation’ XgH2 ‘ dXc/dXsu2 ch/_dXst
| constant’ . cu' 0.71@ . 5.67 x 1022 y
O Copper MY 0.710  -1.06 C . -1.00 /
Constant . CU 0.850  -1.525 : S
‘Paraquat MV 0.850 '0.521 J;.oe &
\ .
: Cu - 1 0.775 -0.447 LT \
_ MV . 0.775 -e:431.“ -0.878
8 Cu 0.740 . -1.445 .
My 0.740 ©.446 |\ -0.999
o : ; ,\‘ o
' ’ " -' S
iﬁ’ ! . . \ A ¥
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, ’ . _ LT Table 17 . ° . e
R R <. . TIon ‘Exéh‘ange f::ciuili'brium Functions’
) Paraquat-Coppér-LHA at pH_3.00 ] jV '
s Xyv e “Xgu . , Xsu2 . . Kuv. { Kcu l\
t‘ - \ T . o - - 1 '
(¥s5) ATY5)- T (E87) T (t310) " (£%10) ‘
©.097  ©.017 _ 0.886 7.31 x 10-4 - 1.08 x 10-3
. e.@sg/; 0.054 .  0.8854 9.17 x 10-3 3.52 x 10-3
,0.066 0.057 = ©.877 ' 6.61 x 10-3 12,29 x 10-3
©.067.  0.116 '2.817° - 6.68 x 10-3  4.19 x 1l@-3  ~
©.062 ‘0.122  6.814 6.32 x 10-3 3,03 x 10-3
' . o . A}
2.063 0.141 2.797 6.29 x 10-3 2.33 x 10-3
©.062 . 0.138 .0.799 6.20 x 10-3 1,35 x 10-3 .
‘ . @0.049°7 0.168- 0.784 4.85 x 10-3 1.22 x 10-3
@.952 = 0.178 e.770 5.20 x 10-3 1.04 x 10-3
ﬁ . 0.037 0.192 0.770 3.73 x 10-2 8.73 x 10-3
2.032 ° 0.226 2.742 3.26 x i@-3 7.72 x 10-3
‘s Faam N .
M ' ‘ L] - ‘ [ \-
\\ . >  fTotal Paragquat .added 1 10-3M per 0.1 grams of LHA in 50.00 -
| mLs. . , . . o
: ' k.'b‘ \ . " - L. ' N s
N ' N
// -~
/ v N
:
\ L
» ; L4 .
} ' . o ' o
| ‘. \
e " » \\\\ ' - t * ,’
B :. e A\ | :"
\ . ‘/ g B
\ '\a.'\‘.’-l\~ PO 3
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- Table 18
Ton Exch’ang‘e Equilibrium Functions ‘ ‘ N
Paraquat-Copper-LHA at pH 3.00 . )
‘ Xuv Xcu Xsu2 ~- Kuv _ Kcu B
(+35) (£35) *27) (tt10) (£110)
f:‘o.121 0.003 0.876 1.13 x 10-3 ' 1.85'x 10-4
0.126 0.022 - 0.853 1.29 x 10-3 5.21 x 10-3
. °.110 ¢.043 0.846 1.09 x 10-3 7.78 x 10-3
 e.111 0.042 .0.848 . 1.14 x 10-3 7.43 x 10-3
0.105 0.081 0.814 1.63 x 10-3  5.34 x 10-3
R 2.106 . 0.078 0.816 1.06 x 10-> 4.70 x 10-3
@.10@1 ©.099 ©.801 ' 9.42 x 10-4  4.26 x 10-°
" ¢.092 ' @.090 0.918 8.64 x 10-4 4.40 x 10-3
) 0:096 0.113 0.790 = 8.69 x 10-4 3.23 x 10-3
0.093 0.104 0.803 ~ 8.52 x 10-4 3.04 x 10-3
0.086 @.127 = 0.788 7.61 x 10-4 2.29 x 10-3
« 0992 0.127 0.781 8.21 x 10-4 2.12 x 10-3
) 0.082 0.150 0.767 - 7.00 x 16-4 °1.82 x 10-2
0.082 0.150 0.767  7.08 x 10-4 1.74 x 10-3
. 0.057 0.203 ©.740 - 4:46 x‘;0-4 9.61 x 10-4
0.057 ©.192 q 0.751 ' 4.48 x ie- 8.89 x 10-4
.Todtﬂal Paraquat 4 x 10-3M per 0.~1 grams LHA in 55.0@ mlLs a
| T ) | , -. ‘ \( s ~ ",'n
} - P . * K g
= T " B f
|48 ' A ’ L i
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Figures 37-4@ show various mole fnéétion‘ plots for copper

and paraquat at pH 3.@@. These plots have been interpreted by
Gamble et al.(9) as elution plots. They indicate that as the
mole fraction of protons incrgases in the exchanger, cations are
released; this 1is manifested as a nega;ive sfope. A positive
slope, on the other hand, indicates that the binding of that
;articular cation 1increases as the mole fraction of protons

increases, which implies that particular cation can only compete

for sites *with protons. The situation in paragquat-saturated
2 A p

- humic acid experiments involving copper is different. Since

paraquat has reached its sﬁturation value it can be released only
by copper ions or protons. As copﬁer ions are bound paraqua£ and
proton mole fractions decrease, leading to a positive slope for
the paraquat mole fraction plot. The coefficients for paraquat,
in the cqnstant copper runs, réveal that it is interacting with
humic. acid, with minimum copper )exchange. This verifies the
qualitative picture coming out of u%e binding curves.

The removal of paraquat by copper ions, under the specifibd
conditions, was not complete. Saturation of available sites for
copper is reached without total displacement of paraquat. This
implies that in the:concentration range scanned there 1is a ’
fesidual binding of paraquat which cannot be accounted for on the

basis of ion exchange with copper ions and by mass balance., Also

there is still a number of protons which cannot be displaced by

. . . a
copper. . , . .
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The’iqteréctieng‘ betwéen the herbicide paraguat with a well
'cgéra;terized.hu@iérﬁécid were -“studied under 1low ionic strength
tonéitions anh various pH values, in the presence of cations sgch
as calcium, fmagnésium qu copper. Thg - humic aéid under

ihygstigatipn was standardized by titration using Gran’'s

equivalent point determination. The carbdxyl éon;eqt was.

determined to be 2.45:&1% ( mmoles/g ). An intrinsic pKa value

of. 3.7 was resolved for Lauréentide Humic Acid. Variations in the

¥

dissociation function are attributed to polyelectrolyte effects,

4

) not-to site heterogeneity. ' The apparéng binding capacities for
.each caiions’ at pi\ﬁ\gﬁd 5 a & at ;erd»ionié's%rength were found
to be: Cu (0.82), MV(p:?Equ£Z) (6145)’ Ca (0.26), Mg(e.és) and
du(1.3Q), MV(0.9Q), Mg(9.92), Ca(0.45) (mmoles/g) respectively.

At low ionic strength and pH"3 when~. Donnan potenfials control

*

cation uptake, "50% pf the total number of sites available to

- péfaquat are éhareg with calcium and, magnesiuh.. Cdpper shares

about 75% of all the sitQS‘available to paraquat. Approximaﬁely
. /

- 4 -

25% of these sites do not interact with calcium', magnesium or

"
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" coppet. "Thé typé of sites . shared by paraquat with /édiéiuﬁ.or‘g'

/
lhgnesiﬁm are identified as: carboxyl groups, while those Shared

p'with‘copper.nay incaudg carboxyl as. well asfjbrodps involvinq -

.

phenolic moieiiesa' such as: salidylfc or ,Ob—hydroxy site&f* The

intexactiqn between paraquat and °‘the hites ‘not - -shared by the

-other cations is likely to be charge Cransfer complexation.
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Glossary of Term
Meaning

Fully protonated Humic Acid

"monovalent

aH+

Hydrogen ion activity

"Sodium ion

aNa+’

cs.

l&Ge

HA

KM

activity

Tota]l number of bidentate sites

per gram of Hh@ic Acid
: EY
Activity Coeffivient

_Average Electrostatic Kjgules/molé
. . o .

Free Energy: of binding

Fully protonated HUmic Acid

monovalent sites

Weighted Average Ion Exchang

Function Eor Cation M

. "Differential Ion E§change

Function for Cation M
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: /| Symbol . Meaning Co Units'.- -
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§
Molar

Ion Exchange "Constant for

t ¥ . onstant
. . ' cation M and site i ‘

. /”
Co . ¥SMAn Weighted Everage éaruQiii:y o P
~ Function for M-Humate . : ‘
' . KSHA Weighted Average Solubility. . P
' Function for humid Acid _ i
’ 4 o ,’ ' \
' : LHA Laurentide Humic Fcid = e

.
[l

. o L MV+2 Paraquat Cation
‘ ’ * E 2N ; "_‘__.
Paréquét Duchloride

Pressure inside Humic Acid

, gel particles .
N - Po , Pressure outisg Humic Acid ‘
A ] N -
' | - \ gel particles . !
T " .. Pi ' Osmotic Pressure n .
a - D . .
| \
| _ . !
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gH

gM

o

SH-

SH2

Millimoles of pretons inside Moles/gram
Hunmic Acid—gel , .
: ,'/ .
‘Millimoles of cation M inside . Moles/gram
- // -
Humic Acid gel ,
. - //O »
. /
Millimoles of sites ﬁfee of Moles/gram

cations inside Humic/ gel
‘ /

/
/

. / ‘ . . yé
YM2 Membrene re?ﬁntion .

/

coefficient

-

"Fully deprotonated bidentate
9
site

©

Partially protonated bidnetate
site |

L4
/

Fully protonated bidentate

p . site .
/' * ] ' \

g - [
¢

/ o S &
/ [§
/ Cation-HUmic Acid conglex

Chemical Potential - Kjoules/mole

o LR . ,

Total sample Volume

%

[

»
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Sodium chloride Partial' -

B ’ VNacCl
' Molar zolume
- \ Vi ;
VHC1 Hydrogen Chloride Part¥al
. Molar Volume
- f M
Vg Internal Gel Solution Volume
’ XM Mole Fraction of sites
covered by cation M
) o
XMi Mole Fraction of sites i ..
covered by cation M
' XS’ " Mole Fraction of sites.
v » free of' cations o
P XSH2 Mole Fraction of sites
covered by protons

¢

XsH21i

‘ Mole Fraction‘of sites i

[

’
3

covered by protons

‘Litre/mols'

t

»

g

Litre/mole

.

A

‘Litres

w
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.1.1, Introduction o R

.,

Sinse the introduction of paraquat as & herbicide iA the mid

1950’'s,.its use has been extended to- almost all parts of ‘the

western world.; Paraquat is widely used in North America( 1), as
, 2 .

well as” Burope, England being the couUntry in where it is most

ertensively'used( .2 ). Thé massive explosion in the development

oﬁ agrochemicals which took place after the second world war and

our ' times has, provided enough suﬁplus herbicides, that

'“industrialized sountries export them to third world countries.

o

Paraquat is one of those herbicides, which haslfound its way intbo

the third world : ' 7 n . : .

>

. \ X : ,
The extensive use:- of 8Buch chemicals in agriculture, has

produced the need for scientifically sound methods for monitoring

their persistance in_ the environment.. This depends on their

-~

interactione with the different components_making up the whole.

» 1

compartments ‘is  of vital importance in order to have a clear

»

picture of the fate of these chemicals in the environment. This
4

partition will depend on the _physical chemistry between the

¢
<

herbicide and the soil -or agueous compartment. Different

compartments. will | have different affinities for a given

4 %

herbicide The interaction 6t all factora will provide an

average behaviour of the herbicide in a particular environment.

[

N
/

environment, The partition: of .herbicides among ‘the different °




The transport of herbicides from their, place of application'

er regions by ground waters, rain, etc, depends on their

mobilit 4n the 011, solution. The mobility is linked to the
: t

physico-chenical forn in yhioﬁ the'herbicide is present. Soluble

species ar¢ likely to be transportéd By run-off waters, more

readily,than solid-bounhd species. pn‘#he other hand solid-bound

. . species nay’not be as dangerous to life as solublg ones.‘ A case

] ,‘ ] in point is . paraquat which 1is inaci}vated by the presence of
» , . .

.1 ' montmorillonite. . The solid bound species ( paraguat-

(nontmorillonite complex ) is not toxic ( 3 ). All these aspects

L4 -~

must be considered when monitoring herbicides. This all leads to

5, . the important consideration speciation. No monitoﬁing protocol,

will be effective if thesspeciation of the herbicide in question

is not sorted out. C ‘
The only study done‘taking into consideration speciation of

paraquat in natural water environments is the one by Guy et al.

S

o e o AT SE ST
-

( 4 ). They bsuggested an.operational speciation scheme Based on

the interaction = of paraquat with humic acids and clay minerals
. A
. . and the effect of parameters such as pH and ionic strength. The

diﬂferent species of paraquat present in a° natural _water

' environment were then categorized as,shown in Figure ( 1 ). The

L]

salt labile paraqui; fraction is that portion of the total

©

paraguat removable by simple salts such as sodium "cnloride; free

x4
4.,::;‘:‘5‘2

R N A R SR R
S P ". r,;pfwzu PR
dPur Tun .

- .

.
2 g g T

- o

paraquat represents the fraction dialysgible through a 4.8 nm pofz

size membrane; particulate paraquat represents the 'fraction

0 N - »
[ - N oA s




L] . vf

°
°

\ & :
removed from the humic aéid and clay particles by H2804
digestion; and the ‘pH labile paraquaﬁ represents the fraction
removed, by acidification.

&

' Salt labile paraquat
[

Free Paraquat4F Sample - Particulate paraquat

Y
pH labile paraquat s

. " Figure 1
Sﬁggested speciagion scheme for paraquat iﬁ natural wateri®

!l The speciétion scheme presented ‘aboye is oper;tionally
defined, but nevertheles; it retiects, only partially, the nature
of the interaction between paraquat and huric acidi. Tpo salt
1abii§ and ‘the pH labile, portions are consrquences of the
electrostatic character of the binding of paraquai to humic
acids. This may be an over-simplification of the facts. The
opérationally,éetined species respond to a “"bulk stimulus”, such

t

. as changes in. ionic strength or pH.- This allows assumptions about

the mechanism involved, but’ does not define the microscopic

interéctions and their intrinsic mechanisms. Changes in the
amount bounq 1ntrodﬁced by changes in ionic strength -.y bg phi

result of a much more complex situation._than simple gicctrontatic

4
-~
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" effects. A case in . point is the reduction of the apparent
binding capacity of atrazine on fulvic acid with increasing ionic
- strength ( 5 ). In this situation,.the reduction of the apparent

bindihg capacity is due to the displacemﬁpf by potassium ions, of

protons from carboxyl groups which otherwise would be available

to form hydrogen bonds wifh agrazina. -

The effect of different cations on ‘paraquat’speéiation in
humic suspension maf differ. ~Different cations will interact
with different sites in humic acids. Some of them will interact
~with the same sites as paraquat does. Other will not,
p;rticularly at low ionic strengths. Other fac;or not taken
intdé account 1in the speciatig;\SCheme is possible changes in the
structure of humic acid with chapges in iqnic strength and pH.
Chaﬁges in the humiq acid structure may lead to exclusion of

sites which would be available otherwise.

Nevertheless, the speciation scheme presented by Guy et al,

‘represents a _ practical approach to the problem,vespecially when

considering,thé release of paraguat from particulate matter into

es;ﬁaries.. The conditions in estuaries are subh‘égat high ionic

strength prevails@ In s0il Eoiution where thiwhi;pic strength is

much lower ( 1 x 10-3 M ), Donnan potentials control the sorption
. | ) , ,

of electrolytes' on humic acids. 1In "~ this situation it 1is

worthwhile looking at the competition among metal ions and

paraguat for ion exchange sites on organicsas well as on

inorgan;c ﬁatter.‘ A detailed study of the range of sites
N 4
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interacting with metal ions and paraquat is needed. °

The ratio o£ paraquat to humic acid used in desorption
studiés by Guy et al(4), did not permit a total scan of all the
sites available to paraquat. This resulted in an incomplete
characterization of the ;nterac;ions.

In order to bg able to c¢come up with a' sound speciation
scheme which 'feflects the chemistry of the system 1in soil
solutions, there is Plso the need to understand the nature of the
main adsorbing species, namely humic acid. In most of the
studies to date (4,6,7), -little information is. given 05 the
nature of the humic acid involved. Importantlggiametera such as
degree of ionization, physical state and number of potential
sites available have been over looked. Structural considerations
" have also been underrated when interpreting the binding of

paraguat to humic acids(4,6,7).

1.2: Objective,

In order to be able to predict the fate of herbicides in the:

soils,knowledgé of the interactions between the herbicide in
question and the s0il components and the effects of various other
agents Eresent in the s0il solution must be acquired. This

- involves the' physico-ghemical éateqorization of the 1ﬁtoracqionl

as wel’ as a detailed study of ihg factors influencing lorp;ion«

and descrption from soil colloids. A large number of studies
have been done on the interactions of paraguat and soil

conpdnents (4{%,7). Most of these studies did not pay enough




I3

P sr e ITRREIWEAe IO ¢ T
o o . P - EETREY 2O .-‘:d\{!;rr‘;.fﬂ b TR
. . B . . . L. R EAL e

o

attention to the effects of mqialgions on the interaction of

pafaqugt with-humic acids. - Gombefitibn for ion exchange sites’

between paraquat and metal ions has not been stﬁgied'in détail.

’ A 2 .

JIt ig the aim of this work to study the effect of major ions,

"namely magnesium and calcium, present 1in soil solutions and

-

with an organic soil componenﬁz Humic acid.

\ -

\

e

trace metal ipns such as copper on the interactibns of paraquat.
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2.1. Theory: \

2.1.1. General -equations for ion gxchanqe 1n°huuic'qela at
low pH and low ionic strength.

At low pH values,' most of tﬁe ionogenic groups p}esent in
humic acids are covered by protons. The main agents responsible
for their ion éxphange'propérties are the carboxyl groups. The
existence of‘ amine and’ other nitrogen bearing moieties, as well

"as sﬁlfur contaiﬂing groups, does not provide a significant
contribution to ion exchange, mainly due to their low
concentration. .These groups are present in trace quantities in

most humic acids of terrestrial origin.

The bulk average dissociation "constant"” for the carboxyl
' N /
groups present in hqydq acids is 1n'éhg pKa range of 4 ¢to 5.

This explains why at pH Alower than 4, the majority of the

carboxyl groups are unionized. It 1is theorized that the true

nature of ion exchange expressions are functions, not constants,

\
for two main reasons: first, the heterogeneity of the humic.

polymer makés eéch carboxyl groups nonidentical ‘to its nearest
neighbor. The\ditference_in pKa would be small. but nevertheless
sigﬁifiuant and would be felt when a scan across the mixture of
sites is done. Second (the more obvfousy gglhctai ions are

- "bound” to the exchanger, they aktect the electrostatic potential

.
e
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at the site of tﬁe feaciion. The next ions to enter thg exchanger
would " feel” a smaller electrostatic attraction. This is a well
documented situ@tion occurring in polyelectrolytes (8).

The ion exchange reactions between cations and protons in
hunmic ac;ds can be described byf

n HA -+ M+n MAn + 'nH+ , (1)

-~

where the symbols represents species in the gel domain. The

hY

establishment: of this equation allows for the expression of the
equilibrium by means of - the law of mass acfion as proposed by

Gamble et al. (9).

Ku = _ Xu [H+]n ' - (2)

. Ksuz [Men] - :

-

where Xy and Xsuz are the mole fractions of‘the species in the

gel domain and the symbols ip brackets represent the mola;ities

of specdes in the external solution The law of mass action 1n~

these systems -is controlled by the Donnan potential developed

between the {nside and the. outside of the humic gel for humic

acid suspensions at low ionic strength. . o
An important feature of ion exchange in humic acids is tﬁéir

solubility dependence on pH. Upon titration with standard base

humic acidﬁ dissolve as the pH of the external sdlution’ goes up.

AR
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This solubility dependence on pH is linked to the solubiiity of

4

the alkali-huméte formed during:' titration. The replacement of

protons'by alkali metal, ions { usually Na’).gisrupts the torcep

holding together the tridimensional nétwork making up the humic_ -

ge. . The nature, of these forces is.ifkely to be hydrogen bonds
between electron donor groups ( mé;nly"oxygen') and protons. It
is quite possible that at low pH ion exchange may cause
dissolution of humic gels, especially 'when exchange occurs
_between protons and some weakly "bound" cations such as
ﬁagnesium. Visual examination of humic acid suspené&oqs at low

PH in the presence of magnesium revealed that some of the humic

Il

L4

acid goes into solution.
' 1

Accounting for the Possible dissolution of the products

of don éxchaﬁge at low pH 1leads to the establishment of the

(o]
following equilibrium reactiqns: ' . /
~ 5 . 5‘
F ‘H+ A- — H+ A- . (3)
L 4
e N v '
M*n R- T H:n A- ’ (4)

The law of mass Action descri&izé these equilibria takes ihe

form:. <

*

Kewa . = [H*] [A-] ~A(5)
{H*} {A-} . :

e .
AL
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~ TKauan = M) A | (6)

{M+n} {A-} .7

< v

The ion exchange law of mass action expression can then be

written as:

Ku = ’ (Kena) " o ' . \. (7)
: \ , | Ksuan

=M. . w(
i

Free cations in the gel phase are ion Qaiped to ionized
~ carboxyl groups making.up the ion exchanger. Direct measurement

of the molafity‘ot cations inside the gel 'solution cannot be done

because the gel volume is unknown. This is complicated by the

fact that its volume éhanges in the course of an acid base

‘ti}ration due to dissolution of humi¢ acid. . “’
N ! R | B
Ku =  (M+n} [H+]n (8)
{H*}n [M+] ‘ .

‘Expressing the molarity of species inside the gel solution

—

as the ratio of the rumber ,of moles of cations divided by the gel

:solution volume leads to:

»

;\;w __Ku = Vg(n-1) Qu [H+]n (9)

N qun [M+n]
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In the case of ion exchange between protons and univalent cations
the gel vo;ume‘tefhs is unity. , The ™Molarity of free protons
inside the gel solution must be equal to the molarity of ionized
carboxyl groups to which they are paired, The above expression
is not very useful since the gel volume term is unknownz

The ion éxchange law of mass action can be rewritten in

order to exclude the volume term:

<

K o= {SM] [H0)2 (10)

{SH2} [M*+2) |

I
-

whe}e thevsh and SH: represent 5identate ion exchhhqe sites

covered by cations and protons respectively in order to simplify

rd

. the expression when dealing with divalent cations. The

] *
assignment of a cation to a particular binding site is rather

convenient for mathematical manipulations, although it may not
reflect the truth; .especially when territofialy bound cations are
involved. This ma§ also be‘true for ’tﬂer.cations, since at low
PH the structure of the sites inside the gel solution may not be

v

clearly defined due to the confinement of a charge to compact

H]

tridimensional network.

The molarity terms in the gel solution can be ttaniforned'

into their réspective moles per volume expressions:
L'}
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; {sM} =  au | (11)
vq b - 1
- ‘ ’
. ' -~ {SH2} = gsu2 (12)
Vg ® '
. In this way the volume terms cancel and:
Ka = aw [H+]2” (13)
) " gsnz [M*2] )
.o ' ’
= ’ The-term qsuz2 represents the number of moles ~of bidentate
sixes: occupied by protons. ~Mole fraction can be introduced .

easily at this point:

MY

;o

KM = Xn [H+ ]2 ) (14) "

Xeuz *[M*2] - - .

ST Kk o= Xw [He]ZT (15
s ‘ . _ T (1-Xu) - [M*2]
The ion eXchange equilibriuﬁ expressions afe‘ﬁathematical
devices that allow us to interpret the chemical events taking
. . '+ -place. A few comments are impoftant at this poidt._ First, the

- law of mass action has been employed psinb‘ﬁolarities insﬁead of




+

site coverage.

. 13
‘ k)

activities. Activity coefficients in soil solutions are rather
difficult if not impossible to obtain. Sposito (10) very

recently has tacklgd the possibility of measuring activity
coefficients in soil solutions, including single ion activities.
Until activity coefficient data. become readily available,
molarity units are the only accessfsle pieces of information the
soil gci%ntist can obtain without extensive mathematical
manipulations involving approximations. -Second, a considegétion
rather crucial to tﬁe forthcoming dﬂscussi&n is the fact that the’

law of mass action as described for humic substances 1s not a

. ~
. constant, .but" rather, a function that depends on the

heterogeneity of the system as well as 1its polyelectrolytic
nature. . Law of mass action ratios are then functions of the
loading of metal ion as well as the electrostatic field develépedﬁ

s

at the site of the reaction. The latter is also a tunction\gt

)

It has been proposed by Gamble et al. (10) that .in order tgq

be able to describe 1ion exéhange equilibrium in humic gels in a

.-guasi-thermodynamic .fashion it is necessary first to clarify the

. ‘ )
heterogeneity factor. This can be achieved by a series of
mathematical manipulations which 1lead to the detinipion of

differential equilibrium functions. The bulk average equilibrium

-values'experimentallj detern{ned are the weighted average of an

infinite number of ion exchange constants due to reactions

between metal ions gnd\an infinite number of chemically similar

. \‘ <

1
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. ' ion exchange sites. As these 'sites are covered by metaleions}
each cation entering into the gel solution will "spe“pd slightly

cheﬁically different environmént. It 1is théorétipallj to write,

therefore, that; "o

Kui = XM; [H+]2 ‘(16) - .
. ~

Xsuz [M*]. .

! R .

A

This represents thé law of mass action applied to a small "1"'

[l -

portion of the total humber of ion exchange ‘sites. This

expressioq can be expanded to include an "intrinsic" ion exchange

»
¢

constant and its electrostatic. term:

Kui = Kui® .exp(-A Gei/ RT ) - (17)

' . v ' ' ,
- . A

Kuio 'represents thé‘. heterogeneity factor .and the

'exponential term represents the polyelectrolytic natute of humic
N 2 . \ . 3

~acid. o ) . S
The link between the experimentally deternined.equiiibrfﬁm —~
value and-the intrinsic equilibrium constant leads to: R .

’

g = Kui  (Xsuz2)1 [M+2] - (18)

“ o ) ‘ ~ [H+]2

Mass balance for the total amount Sf metal "bound” and the _

" total number of ion exchange sjites leads to:




k8

' , : : , 15
. i ' ‘ n . ) . .
Xu - E Xumi . - {19) .
; R ' :
.. ‘ A o
. ‘. -
Xenz = .. E -(Xsu2)1 1 (20)

’ , . 1=l ! o
=,substituting equations (19)’ and (20) into equation (18):. .
. “ . - .
a. . n' -
Xu - , Kni (Xsuz2)s [M*2) o (-21)
s \ A ‘ H+ ]2 . '
L ;A._i (' ] .. . /

.-

.
f A

» Substitufingcequation (1) into equation (14).

.o ’ | '

n »
Ky o= ) Kwi(Xanuz)1 [M+2]/[He]2 ([H+]2) (22)
Xsuaz [M142]

) i=1 .

- -~ .-

Ku\’ - Kni (Xsuz2)i . . +(23)

+ Xgua ‘
In the light ‘of the recent interpretations of the ~ * /

s L

. - \
. s " . = M . 7 ' :
. [4 . ’ ’ . Y
-3 . -
i ‘ . . > v 4
- . & K] . . a , A
. ‘ . . f . . - ¥
- . ‘ ¢ i . - o
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heterogeneity of humic substances .(11,;2)} it is 1m§ortént to

o

point out that the previous expressién f?‘ perfectly valid for
! »
both the case of continuous and discrete ~site distribution

models. In the case of discrete site distributioﬂs,‘some authors
(11,i2) suggest the use of two or three sites at the most. This
: L3

assumption has little chemical meaning. It is only the result of

*

the best number of sites to ‘f£it a particular set of data. For a

three sites model, equation (23) will‘takeothebform: .

]

A

Ky = Kui(Xsuz)1 + Ku2(Xsuz)2 + Kua(Xsuz)s = (24)

- ——

XsH2

K »

The use of a cofitinuous distribution of binding_ sites model

2

requires  the mathematical device of infinitesimal sites, which

can be ¢ described as the infinitely small portion of the total

-

number of sites with a udistinct or "intrinsic"” equilibrium

o

constant; this lead to: , ¢
s \/, . \‘ «
W ~ - ’r
Xsuz, *
, Ky - = 1 . . " Ku dx’anz X (25) .- -~
Xgu2 \

.

'-: s. .
[EH §
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The importance of equation (25) l;iiriﬂ_zii\::zy that by
determining the average equilibrium function qﬁn get an
inéight iato the "intrinsic” or differential equilibrium tuncti?n

Kum. Rearranging and takiﬂg derivatives of equation (25):

[

€ KM~ = d (Ku Xsnuz) (2//)

/ d Xsu2 | - '
Equation (26) implies that Ku 1is a func:ion of the\mole

fraction of :i:es covered 7by_ proibns . Sca‘mning the mixture of
sites will provide information on how Ku changes with site
coverage: This chénge reflects - changes in the electrostatic
field at the site of pherreaction, as well a;‘éhaﬂges due to the
heterogeneity of the ioq'exchangé sites.

At constant 19w pH ( < 3.), the:electrostatic contriﬁution‘

-
to the differential equil%brium ‘functioq is not as large as in

v

the éasé of .a scan across a wide r;nge Bt PH values., More

péecisely,:due‘t; the fact that only a very small fractﬁbn’of the
¢ ion iighange sitgs is actually dissociaied inside - the gel
solution, the electrostatic field developed would be more or less
c:,erst:anj'. at low getal logdings. Any deviation from a constant °
average equiliﬁrium function would then be due'mainly to the
het’efogeneo'u's «*nponent; contribution o the average equilibrium

function.

i 2.1.1.1. Cation competition for ion exch@fye sites in huamic

#

gels;

. . [
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The effect of other cations on the ion exchange equilibrium

function of any one cation can be described using the proton as a

reference cation (10): This means that independent law of mass

N

.~ action’'expréssions can be’ written for each cation in the,sﬁstem

~

which will include the protdn as one of the exchangihq species.
. The total number of bidentate sites is composed of the summation

J ¥ ]
5? all the metal covered sites .plus the sites covered by protons:

’

%

Xsn2 - 1 - ( X1 +'%u2 + Eua + ... + Xun ) (27)
N . | -

£ . 5 ) ~ Fro
Xgua = , 1 - » Xui : (28)
[ A b 3 M .

= (=21
a n .
Xenz = 1 - Xy - ) Xu3 . (29)
N .
L=2 "
where Xy3: represents the cation of interest.

A'. . . ' ‘ . N - - | ;v : s )
dXsgu2 = -dXu1 - E —_ dXu; ) (30)
“ ‘ 3z=2 o

¢
-

/ . ~ .
. . . . . e
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v n i
dKmui XsH2 = ~Knui dXu:1 - E " dXn3 Kuj (31)
‘ . J=2 (

The bﬁlk average equilibrium function égr this particular

4
case is: © . : *

»
I

- P

P

XM, k Xuy .
v ' . . ., . Y ’ v
4
Kug = -1 . Kui dXsu2 - Z KudXuy (32)

o j=2 o \

Expression (32) ¢eseives a few comments. The -effect of

otherngatioﬁs on the equilibrijum function of M,, fo: example,
depénds on the extent oﬁ loading on the_ sites as well as the kind
of "‘site to which binding occurs. A total loSding of cation M,
for example, may'not give the same equilibrium bopitign for M!® as
the same loading of Mia. This depends on ihe nature of the sites
"to which M: and M, bind and the interaction itself. Structural
differences in ion ekchange sites may lead to selective binding

of ‘one cation over another. This will have an eftect on theee,,

binding behaviour of M!, Expression (32) pro&ides a way of.

Probing the spectrum of sites to which M; binds. The use ogla
cation known to bind preferentially to a given'type oE'aite: liy
help in assessing the type of site to which M! binds. This is
particuiarly of interest ;n the case of thflinteraction bdtween

organocations and humic acids. Organocations such -as paraquat

present more-stringent requirements for ion exchange to be

"
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possible, than do metal ions which can be considered, as a first
approximation, as positively ' charged spheres for ion exchange
purposes.

Mass balance relatidnships between the totgl number of
cations in the gel ' phase provide an internal experimental check
on the data. Gamble et al.(9) described the use of mole fractién

relationshfps as follows:

dXm s - -1 (33)

‘dXgH2 . T

i=1

-

Competition betweern cations and protons is manifested by a
negative value in the summation terms. It 1is expeeted that the
absolute ‘values of these coefficients will be less than unity.
These are considered to be first order‘interactions; Bositive
values were identified by Gamble et al. (9) as an indication of
second or higher order interactions, i.e. cations beiné releésed
by protons allowing for £he interaction .f other cations with
previﬁuély proton covered sipes. The ruse of mole fraction
_‘rélationshiéé implies a prior knowledge bf rf.he stoichiometry of
' \

the ion exchange reaction. A 1:1 stoichiometry is usually

{
assumed when considering divalent cation and bidentate sites.

-y t
x

=
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2.1.2. ;ntera&tion of cations Qith humiz acid at high pH
values. |
| The pH depgndent solubility of humic acid intrsduces a
variable. which must be accounted for in order to describe cation-
humic interactions. At pH 'values‘ higher that 4.5 hunic_acid
dissolves providing a polyelectrolyte "pseudo-solution”. The
consequence bf this is that a large electrostatic field develops
on the surface of the hgmic acid molecules due to the ionization

B . , " rd
of .carboxylic sites. Theé macro-gel structure ha%*ﬁeen totally wor -

paitially disrupted. Under these conditions humic acid béhaves
like a fulvic acid in solution, which can be described as

¢

pointed out by Marinsky et al.(15,16) as a micro-gel system

[

impermeablﬁ to electrolytes. Any equilibrium description must
take this into account. ‘
t £
Catioqs such as magnesium and calcium will interact with

already ionized carboxyl groups, which will presumably hold the

‘cations in the polyelectrolyte domain. Metal ions such as copper

will also irteract with phenolic protons, presumably those next

to already ionized carboxyl groups. This is a consequence of

.

copper being able to form .inner spiére conplexes., The forces

involved in the binding of calcium and magnesium &re’presunably

electrostatic, while thosq involved in the binding of copper will
exhibit szome covalent ¢ acter. Results reported by Underdown

et al. (i3) considering the energy of binding show that this is

true in the case of fulvic acid and copper interactions

wl ’ ',
. .
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at low copper loadings. Salicylic type sites 'are rather

<

sélectivg towardé copper ions.

At pﬁ 5.0, when visual inspection indicated that humic acid
has.gone into solution, a large fraétfbn of the carbox}l groups
are ionized ( 50% ) .based on acid-base titrations results.\
Under these conditiohs five generic groups‘of bidentate sites can

-

be postulated:

1.- Type A ‘x fully protonated dicarboxylic sites
2.~ Type Al 2 partially 1onized dicarboxylic sites
3.- Type B 3 partially ionized salicylic sites

4.- Type Bl .x fully deprotonated‘dicarboxylic sites

Experimental results based on the monitoring of hydrogen ion

release at ldw loadings of calcium and magnesium indicate that
k ‘ : 1

.these cations will likely interact with type A sites while copper

will interact with all of them. This permits writing of possible

reaction stoichiometries between carboxyl sites and divalent

cations:
Mg+ 2 + S-2 —  SMg (34)
ca+z 4+ S-2 —— scCa (35)
MV+2 + 52 ——— sMV fY - (36)
. ) ¢

Cu.2 - + S—} — SCu (37)
Cu+2 + SH- ‘———__—A SCu + H+ (38)

) T ] _ )
Cu+2 + SH: — SCu + 2H+ (39) /

The stoichiometric expressions written above'allow forwthe

description of the equilibria under specified conditions.

4

c bk
Y
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In general, at low magnesiunm, calciuﬁ or’ﬁaraquat loadings:

[

v
M+2 + - §-2 ;i:;:f SM - (40)
i Kn = R Xsm ' ‘ (41)
N . XS [H+2] — | ,
&y . .
’ Xs = moles of ionized carboxyl sites -{(42) -

—

ﬂ numﬁér of total sites ionized

"Xsu =  moles of cation M in gel , (43)

number o; total sites jionized ‘\

A

Under 1low 1loading conditions, the average 'quiLibridi )

function is éiven by:

Xa ' : J
?n - 1 Ku Xs dX. oo (44) F

%
s

M
ac

A similar function. can be defined tor'an 1ntinitoliuq1

fraction of the mixture of sites:

Kn = dXs o ' " (ae9)
¢ dXs  [M+2) ' - ' o
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Xs

1

Ku = 1 Kn exp(-LMGe/RT)dXe (46)

Xs 0 . L. ‘

The differential equilibrium function has the same properties as
described befofe. Contributions from the electfostatic teré ar;
expected to be more significant than in the case at low pH. The
glectrostaticwterm has been identified by Marinsky(14,1§;16) as a
contribution to the deviatipn from constancy in plots of apparent
pKa versus the degrée ‘;f ionization of the polyelectrolyte.
"Large deviations are found at high pH values indicating a
significani contribution fro;Jthe electrostatic term. “In the
Ease of cations such as magnesium} Ku values may be very small
compared to the electrostatic contribution. An important
consequence of this fact is that by studying the interaction
between humic acid and magnesium one canlobtain an est%mate.of
the electrostatic term.
In thé_ above de;ivations, a l:1 stoichio&étr; was assumed.
This takes for granted certain stereochemical constraints. For
the binding of cations by bidentate sites as postulated above,
the carboxyl groups participating in’ the( interaction must be
‘lpcated in such a way-'that the distance between the two groups is
close enough for binding as a bidentate site. This implies that

carboxyl groups closely spaced in the same molecule will

provide the optimum conditions for binding. This has been
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considered in Figure 2. This simple'sieric onsideration implies
that not all 'the gites wili‘be'available as- id;ntate gites. The
possibility ' of bridging two molecules via cation interacétion
with carbéxyl groﬁbs ln’ éeparate molecules nust also be
considered. It is expected that in this situation the binding"

will be sensitive to the ligand concentration.

L
Pigure 2. - 4 ¢

-

Postulatéd Cation Binding Sites.-in Humic Acids
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2.1.3. Mole fraction‘rélapiénsﬁips.o

The description of the equilibrium between cations and\ﬁumic
substances requires the estab;ishment qf-the stoichiometry of the

) ion ;xchange reactions taking placde. 'The key 1s the recognition
of whlép functional groups are responsible for the ion exchange
feactions. It is one of the aims of this work to confirm this
requirement. ‘

Ion exchange reactions tiking place in-humic substances can
be corre;ated to the operationally :defined nuﬁbér of acidic
groups pres;nt in the sampile.. Ca;poxyl and phenolic protons are

. prime cand{dates’for ion exchange sites as. hgs been shown in
numerous studies(14,15,16,). As a first approximatioﬂ, tﬂe iotal
number of millim&&és of acidic hydrogen can provide an estimate
of the apparemt binding capacity for métal ions. Based 6n the
‘total number of sites potential;y ravailable, ;gle fraction
relationships can be written to describe the system.

The total nuﬂber of potential ion exchange sites for
givalent cations can be estimated to equal half of the total
acidity. This represents an upper.limit and does not provide an

absolute value. The actual number of sites avgilaﬁle will depend

on the solution conditigns, the cation involved, etc. Phenolic

protons have been included with a purpose since there 1is the
possibility of <certain cations interacting with sites containingf
phenolic hydrogen. A case in point is copper which prefers to

B interact with salicylic type of sites in fulvic acids. The

. B
- o
.

At
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contribution of siteg involving only phgpolic protons to cation
binding 4is. expected to be negligible -at low pH values. An

’

important consequence of this 1is that the total number of

3

carboxyl groups will limgt the maximum dmount of cation binding.

L

The totallnumber of sites is given by:
CS - mS "". ’ nl li + nz m"z +ocl+ (47) f

where Cg 18 the total number of moles of bidentate Bites per gram
in a particular sample, mun equals the moles of bidentate sites
occupied by . cations and ms the moles of sites free of

cétions. The coefficients, hn, are the stoichiometric parameters

"for the ion exchange reactions. Introéducing mole fractions:

v

1 = Xs + niXu: + n2Xuz- +...4 '('48)

1

~In thg case of a multfple n-cation systen, whe}q alﬁ cétions
cogﬁete " for binding s8ites, the previous equation becomes a
multivariable eépression, depending dn the extent of the binding
of each individual cation. A n-space coordinate system would be\ .
requiged to repteéeht such a system.

One way of obtaining information concerning stoichiometric

parameters is to Eontrol the number of cations 4interacting with

Lthe hunIc'acid sample. The simplest syst;n
Q : t

3
RS
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would consist of one cation, M., and the prbton. This systen
. ) .

would not providi/ enough information on . stoichiometry unless

&

there was info}mat;on from ancillary pH data as to the number of:

sites free of cations. Tﬁis may not be a problem for relatively"

?

large samples in which pH can be easily monitored.
A practical and interesting way of gimplifying the system

and obtaining enough information to formulate the stoighiometry

)

of the 'reaction is to use 'a "probe cation". In this case the

system consists of two cations, Mi and M2, and the proton. The
‘“{N .
moéle fraction expression is then reduced to:

-

1 o= Xs 4+ ny Xmi + n2 Xuz (49) -

~

" Two extreme possibilities exist: first, that both cations
\ B

interact with the same sites;/and second, both cations interact

~with different sites. -Any combination of t&gse two sc¢enarios is

possible. The careful choice of tﬁe probe _cation can help in

/

simplifying the scheme. The probe cation is added to the system

- 80 as to saturate the sites in the humic acid sample. This

saturation of sites represents the appareﬁt binding capacity_for
b

the probe cation under the specified conaitions. - It may be

’

different for the other cation, Equation (49) can be rearranged
to give: ; ‘ P -
Xur1, = - 1 - Xs -, na Xn2 (50)

ny ni

. :;
o :5&%
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In the most general case Xu; would be a function of ¥Xs and
Au2. The differential of Xm3 provides information on the
coefficients 1/n, and nz/ni: -

. -
v &
S
- f v
B i” «
————————e

. dXmi = 1 # Xg dXs -  nz Xwz2 dXu2 (51)%

ni na
. LY

- <

Equation (51) can be simplified further. The case in which

a

both caiions‘compete for the same sites is of practical N

importance. Assuming that M, has saturated the sitesa, it is
. . e

expected that Xy: will dec¢crease as Xn2 increases. M2 will

displace Ml ‘from the exchanger sites. This will'kébﬁ Xs constant

»

or equal to zero 1h the case where all the“sités'were initially

occupied.by M) It is important to remember that ‘the apparent
, . r4

binding capacity for M, and M, may not - be ‘the same and . that it
M . & ) " ’ ’
may be very well less than the total number of sites. available.
In the éitua;ion described above, the mole fraction tunjyﬁeh

wii}Ktake a linear form: The slope of tfy/iine representing“the

©

» Rad ,
Wratio of the stoichiometric coefficients.and the intercept, the &

mole fraction of M; at the saturation level. It is quite common
to find deviations from straight line. In most auch’ggses,
however, the plot can be divided in two linear sections. A alope? L
of z;fo will simply neaﬂ‘that M2 must be bindinq"other.sites not

including those already occupied by M;. fﬁw kY
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2.1.4. Humic acid-base equilibrium.

Contrary to . fglvic acid‘ which 1is soluble in ~acidic
so}uti,ns, humic acid .rehains ,out of ‘solution as a second
- physicai gpése. The ‘physical chemis;ry.of the! system under .these
*}conditions is quite similar to that of a weakly cation exchange
gel. . The majority of the acidic functional groubs will Dbe
jocated inside the gel solution. Addition of‘elebtrolyte lower&
the pH ;f the external solutibn due to ion exchange taking place )

between protons in‘the gel solutign and cations from the exteénal

-

solution. .

-

| . Aéaition of " sodium chloride to humic acid suspensions. Y
followedrby sodium hydroxide promotes, ion #xchange. Protons being
released by sodium exchange ‘are neYftralized by Base in the
external soluiion. This simple on exchange Jmechénism ‘1g~
complicated by two factoys. "First,' humié¢? acid ion exchange
sltes, presuﬁabiy -~ carboxyl ' groups, 'are not all - chemically
identical, due to the,heterogenéity of the §§mé1e, ‘but they are
similar. This results in a- continuum of sites with ver;“cldsé

pKa values. Also contributing '¢o, this variation 1is the

polfelectrolyte effect, Second, humic acid dissolves as the pH

? , of %he external solution goes up past 4 or 5 pH units. .This

s Ny A ) b ) /o 4 N
latter phenomenon creafies a rather_complicated situatiqpv since \
' ‘ (
in the pH rghge mentioned, the humic acid sample is consisting ff

of a dissolved pplyelectrolyte and a cation exchange gel in

‘ 1" . contact with an agueous phase. ‘ l

¢

N . ,

e
-

i

&

N,

“
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Treatment of titration daté must be done keeping these’ facts

in mind. Previous researchegs (4,6,7) diq not pay much attention

to these .phenomena when dealing with hdﬁTE acids. The physical

chemistry of the system must be sorted out, before a valid

}
interpretation of titration data can be rendered..

Marinsky et alf(14,15,16[. has prSposgd a unif;ed physico-
chemical -description of ;pe éotentiometric ?roperties of gels and
polyglectrolytgs. His description’ takes into.consideration tﬁe
ioniexcﬁange prbpefties of these mategials, including humic and
éu%wic acids. An analysis made by Merle et al.(17) of the -
éotentioﬁetric proéerties of sg?agnum: peat,,coﬂsiégred the fact
that there are volume changes inside the getl phafe as titration
proceeds. H;é calculation of the volume of the gei solutioﬁ at
each step in the titration is not explicit. ‘In this analysis,
the main assumption seemed to be that any vo{ugé changes weré due
to swelling and not gel di%soiutfon. ; This approach_qhas geen
applied to fulvic acid, which is  soluble in- all pH ranges and

doeg not present the problem of the existence of a two phase

system at low pH values. . !

. t

- * 2.1.4.1. Interpretation of H mig Acid Titration Data. :

The pH dependgntrsélubility of humic acia—cah be linked to
.the‘Qissolution of the -metdl-hum;te formed. during titration.
bDissolution of humic acid in ﬁhe protonated form.ié,exéecféd to

be véry small, but neveqtheless,‘it’_may contribute to the total

change in the volume of the gel.
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- ¢-He + A=) . ——— ( H* + A- )  (52) ,
i ' (Nav 4 A~ ) ——— ('Ne+ + A- ) (53)
. Keun = ¢ [H*] [A-] (54)
z C ur) ()
: Kswan =  [Na*] [A-] “ . (585) _
1
{Na+}’ {A-} '

/Equations (54) and (55) represent the av'erage solubility

f‘unct:llons for humic acid and sodium humate respectively. The ion

“ %
R |
: exchange taﬁing place between sodium and hydrogen ions is
. . ¢
L‘ 7 described By: > ' ; A . o
o ' . ‘ .
{H* + A-Y} +  Na " { Na* + A- } + H+* (56)
v ( d - ’
* The seﬂctivity function ‘1s-given by: ‘ .
4 / ’ g ¢
- . ) <
N — : c
, ) & ' . Ku,na = {Na+*+} [H#] - (57)
| S [Ra+] (H+}
' . S \ ° ) o "y ‘ -
. . which can be expressed as the ratio of uth,e solubility functions:
K - = L — %o P .
., Ku,na = Kasua/ Ksnaa P <.(58)
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The volunme inside the gel solut}on, Vg, is not"qccessibie to

measurements, but it cancels out in the solubilit? functions:

L)

Ku,na - QN; [H+] .

" Qu | [Na+]

(59)

"

1 4

where Q reprebents‘ﬁhb number of millimoles of each cation in the

gel phase.whi this point, it 1s important to look at the -
1 4 ’ -

physical chemistry of the system. At equilibrium, the chemical

potential of - the diffusing species aust Dbe the same in both

phases. That is:
P o= g (60) "1 '
'}TNQ," = BNa+ (61)
“ ﬁ%zq - BHz20 (62)

Notice, that the use of single ion activities' is imp;ied in

equations (60) and . (61). Although- thermodynamically

unacceptable, 1t will be adopted here to simplify the

exbres%ions, The 'Ehemical potential of each component can be

described by a function of its molarity ‘and its osmotic pressure:

<

1

. .+ Pu® = uu* + 'RT ln aut + (P-Po) Vu*  (63)
Lo Wut. = pu* + RT 1n au* + (P-Po) Vu*  (64)
\ﬁ’ua? = Mwas + RT 1n ana+ +(P-Po) VNa+ (65)

Pna* = Jwas + RT 1n ana* +(P-Po) VNa* (66)

. #3
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where Po and P are the pressures ‘outside and inside the gel
solution, V terms are the partial molé} volumes of the solutes

o outside and inside the gel solution. The equilibrium expression

t

for the exchange reaction according to Marinsky (16) is then:

I3 ) ‘ l ///
BT In [auty [anat*3 .+ Pi( Vne*+ - Vut ) (67)

’

{an*) [ana*;

] - ~ \ Co
Equation (67) is the result of choosing the same standard

state in the gel as well as the extprnai solution phases.

- \
According to Marinsky et al,(14) in most gel phases the term

+ involving the osmotic pressure is very small when compared with

the 1ogarithmic term in eqhati}pf/}67), i Tpis allows the

expression of equation (57) as

In.(H*] =  1ln {H*} _ L (68)

[Na+} ‘ {Na*} _

In equation (68) a fuither assumnption is made involving the
Cactivity coefficienté\/fgﬂ;he gel and solution phases; i e. the
ratio of activity coefficients is assumed to be equal to unity:

e * . ' .
) on o~ A B :
N /
‘ W[H+ qua+ = 1 ©(69)
V&P‘ {ha+ o '

The selectivity function is now defined as:

ot
] - . - .

s
)
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since the activity in both phases-must he the same.
The number of millimoles of any cation. inside the gel

solution is given then:

t

- \
| Quat = .[Na*] Qu+ _ ©(71)
: : [H+] -
. ' T " - ]
y . . As humic acig dissolves, carboxyl groups go into solution.

" The more general situation is one in whigh’.carboxyl groups, both
ioﬂfked and unionized, are released into the exterrnal solution by
the'dissokutiog_of éhe gell' Using mass balance relationships,
the totql amount of carquyl'grougs making up the system‘caﬁ be‘ )

written as: v . . e

Qa - .dHa + . da + . [A-]1V (72)

L]

PR ' ’
\ °

wherel qQA~ and da represeﬂt the millimoles per gfém éf
unﬂiésociated énd dissociated '§roups, [A-l the moiarity. of.
carboxyl groups in solution and V the saﬁple volume.

The ambunﬁ of carboxyl groups inside the gel solution can be
i further split into groups paired to protons and groups paired tq

!

hd \
sodium ions; . . e

(iA - gy + . Idna (73)

i
[ -
20

*
:
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" Mass balance considerations applied to the amount of base

added at each point during the titration leads to:

Qe - gqva + - [Na] V - [C1l] V (74)

A

° ’ where [Naf and [Cl] are the molarities of sodium and chloride

ions in lhe external solution and Qe is the number of millimoles
. of base added. The term irvolving chloride concentration will
not be present in the case of titrations not involving NaCl as
backgrouhd electrolyte.
At each point during the,tbtrafion, the £ota1 number of acid
remaining ;n the sample will be' equal to the total c;rboxyl

v

content minus the amount of carboxyl groups neutralized.

Qu =  Oa - Qs _ (75)
Tﬁis quantity can be further broken down into:
Qu =  Qu* + [HIV - [OH] v (76)

Qu* = dH + qHaA. . ‘ (77)

where bn' is the amount of acid remaining in the gel. "For ion
) ) _

exchange purposes it will be useful to have information on the

amount of ionized carboxyl groups as well.

. v-z
e P
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o

The amount of jonized carboxyl groups 1in the gel is given

by:
arn = agu +  (INal/[H]) au (78)
¢ L= ,
qu = - Qa .+ v ( [HI-[OH] ) - [A}V  (79) ,
' [Na]/[H] "

The‘term containing the molQEity of‘ carboxyl groupé in
solution is an unknown, since it is not. possible to determine
their conceﬁtration. Equgtion (75) can be useful, nevertheless,
at low pH if i%dis assumed that the concentration of carboxyl
groups in the -exterpé solution is negligible. This
approximation is valid only "at.pH values were né dissolution of
humic agid takes place. -

Equation (79) tékes an interesting form when no base has

been added to the systen, and only background elecirolyte is

present. If ([A] V term is taken as zero: J

aw =V ([H] - [OH) ) IH] (80)

a ! [Nal 3

-~

In this situation, the amount of ionized ¢arboxyl groups can be

estimated. The amount of acid remaining in the gel can be i

~ ?

monitored as it decreases with titration progress by means pf ’

equation (76). ‘ 8



o AT T I ETART T
1 * . e - ~-

-3 L5 %, A%
R Av.‘?“‘g)‘}g: :V'n,z,,?‘ LN

e
Saai®,

El

38

Chapter 3
3.1. Chemistry of Paraquat.
_Paraquat belongs to a family of 'chemicals called‘viologens.
It- is a 1,1'disubstituted-4,4’ bipyridinium ion commonly
available as chloride and bromide salts. Paraquat or methyl
viologen ( MV ), w?s originally investigated as a redox indicator

in the studie’s of biologiéal systems by Michaelis(1). Igﬂyas not

until’ the late 1950°’s that its herbicidal properties were

discovered. ’ .

Earlier studies have demonstrated a correlation between the

4

herbicidal properties of viologens and their redox potenéials.
Paraquat itself, has one of the lowest redox potentials of any
known orgaﬁic compound ( -456 millivolts vs SCE ). This makes it

easily reduced to the radical mono-cation as shown below:

—_—

MV+2 + e~ MV+.

——

MV*+ - /' + e- — MVo

« The first reaction is totallyh rege}sible on the scale of
most electrochemical processes. " The Ysecond ~reduction is
considered to be irreversible. The mono-cation formed’ in the
first re@uction step has a deep blue colour in aqueous solutiqns.
The paraquat dication is very 5£;£1é in aqueous solutions under a
wide range of pH, from very acidic ( pH k 1 ) .to mild alkaline
conditions ( ;ﬁ = 10 ): Ledwith and“Stam(IB) have reported the

dealkylation of paraquat .under alkaline conditions.
' \

]
Q
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3.1.1. Herbicidal properties.

" As was previously mentioned, the héqpicidal properties of
pardquat are assoclated with .its redox thential. In the
vidlogén family, only those members with a‘redox potential less
negative that -800 millivolts ( vs SCE )‘display herﬁicidalk
acti?ity. Paraquat, with a redox potential of -446 millivolts vs
SCE makes:a suitable hérbicide. !

" Paraquat’and the Elosely related diquat are widely used as
general contact weéd controlling agents. Paraguat is directly
applied to the foliage. It is easily translocated to different
parts in plants. The contact action of paraquat is rapid énd its
‘ ‘ )

It ;s believed that the key mechanism of action of paraquat
and related compounds is their ability to form and induce the
formation of free radicals befause'of their low redox potentiéls.
They act as catalysts in the formation  of free radicals and

superoxides in living organisms(19).

Photosynthetic

. reducing power

2X- 2Ho2 > 202

/ . ' 7 '
. . -— — & —

02 2H2
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This reaction forms OH and 10, radicals. The fact that

paraquat is reduced in the ephotosynthetic' reaction ’was

- ‘ Q
demonstrated by Horowitz in 1952(19).

3.1.2. Metabolism.

It has been demonstrated(20) that 'paraquat is not broken ‘
down'by‘ organismsﬂsuch as tomatoes, potatoes, etc, which extepdf“;
its persistance. in these organisms as well as in the soil

—

environment. It -is' broken down to: a significgnt extent'by,ﬁ ,

5 v A

sunlightx ' e .y

3.1.3. Toxicological Propertigs. , l

Acute toxicity or oral LDse in rats is 120; mg of paraquat
catioﬂ per Kg. Paraquat presents sub;cuke toxicity ( dermal ) in
;;bbiﬁs at LDso greater than 24 mg per ,Kg. While the acute oral
toxicity‘ of paraquat is well documented (21), the hazard to
‘humans through other routes ~of low level -exposures such a;
-inhalation have not been.systeﬁatically studied(22). Recently, a
stgdy among Quebee‘farmers(zﬁ) suggested a possible link between

prolonged paraquat exposure and early onset of symptoms similar

to Parkinson's disease. Paraquat affects 1levels of glucose,

insulin, cathecolamines and ehzyme activity. Regardless of the
. ’ v ~
- route of exposure, paraquat toxicity is wusually centred at the

lungs resulting in the development of pulmonary fibrosis.
v " Recently(24), public organisms in the U.S.A. have gueétioned
the exposure of agricultural wobkgré to paraquat. In third world

{

1

i ]

féz:. R L ™ -
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countries, the 1lack of any supervision. of the spraying of
paraéuat has made it one of the most dangerous agrochemicals

available to farmers.

3.1.4. Analytical Chemistry. y

*  The .spectrophotometric and electrochemical properties of

paraguat have beenvuexploited as detection and determination

techniques(24)." One of the oldest methods of analysis, frequently

- used, fs-the detection o? the formation of the blue radical mono-

s . cation upon "the re&uction of paraquat with sodium dithionate.
‘The main prqbiem with this ‘hethod is that 'reoxidation to;thea

¢clear divalent cation is' easily achieved by traces of oxygen or

any oxi@izing agent present in solution. This makes deaerat;on

H
of the sample a must for precise analysis.

Another method, recommended by the Weed Science Society of
Ame}ica (24a), consists in the UV detection of paraquat as 254 nm )
in acetate buffer at pH 4.5. '

Both methods require sg le clean up prior to analysis.
This is particularly critical in the case of soil extracts; since

traces of organic materials interfere in the detection.=

Eleétrochemical methods, . such as DC polarography and
Voltamnetry(26), surprisingly enough, are not as common as qhe
two mentioned spectrophotometric techniques. Direct application

- ¢
of electrochemici4l methods to the analysis of paraquat in soil

solutions has not yet been frportéd(zs). !

Ly
<
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Other methods for the analysis of paraquat in soil
solutions and body fluids: such as urine and serum includ;,‘HPLC
and UV. HPLC allows the detection of paraquat in the presence of
small amounts of chromatographically resolv;ble interferences but
still requires clean up, procedures. Fairly recently(27), an
enzyme-linked 'immunosorbent ,assay ( ELISA ) for paraquat was

developed.

3.1.5. Paraquat interactions.
3.1.5.1. Interactions with phenolic cpmpounds.‘ 4
enolic materials are presen? in a- variety qf ‘forms in-
natu environments. Hﬁmic substances and tanniﬁ‘acidt are just
two egamples of the many forﬁs in which phenol Eontaining
substances occur(zail . Polyphenolic substances aré also present
in.plants. The wide distribution of phenolic materials in soil
and - aquétic environments makes it‘' worthwhile to study the
_inte;éctiohs between paraquaé and these substances. o
Ledwith et al. (29) éarried out an investigation of the‘
formation of stePle crystalline complexeévbetween paraquat and a
Qariéty of phe s. The mixing of ;ﬂgraquat‘ and phehols in
appropriate soritnts gave colored soldtions, which provided an
indication ;f the formation of chérge transfer complexes.' The
composition of ﬁhe cohplexes formed depended' on the phenol,
involved and ‘the‘conditions of the reactions. The isolation of

_chloride salts of these compléxes gave information: on the .

4




" Coe B 'lém
stoichiometry of the reactions. : Phenol, o;creéol, p-cresol,
phloroglucinol and pyrogallol reacted Qith paraquat in a 4:f
stoichiometry. 4,4'—Dihydroxy-bipheny1 reacted 'in a 2:1 ratio at -
pH values higher than 9 and in a 1:1 ratio under acidic

&

conditions. Phenolate ioans, which have lower ionization

potentials that the parent:compounds gave. rise tg a lower,energgjfﬂdﬁ\

charge transfer transitions. There s an approximatel& 1inea;

relationship between the charge tramSfer 1lmax ang the oxidation -
- L , ¢ [

poiential at pH 5 for the .phenols investigated. ,. An interesting
results of <he apparent stoichiometry is- tﬁét each cationic”™
. .charge in the paraqﬁat-cation éeems to interaét with two phenolic
- groups, not necéssarily preseﬂt in the same molecule. ‘Therefore,

2 3

monohydric phenols such as cresol, reacted in a 4:1 ratio. The

‘ -

stoichiometry ratio %as invariant wiﬁh pH; . result® at low pH and

v

igh pH values gave the same ratios. The only difference was -the
' { 1 .

counter ion composing the salt. At low pH, :chloride 'salts were

isolated, while at pPH higher than 5, phenolates ' were isolated.

Acidification of alkaline solutions

3

compounds allowed Jcompfbte recovery of.the neutrgl pheﬁbl_from

paraguat complexes.

I
’

.
b

‘The interaction of paraq?a; and‘4,4“-Dihydrcxy-bipheny1 is Q
speéial case since it dges doﬁlfollow tgq pqtt}r%§of tyo aromatic
Jhydroxy groups per cationic charge. Salts'o( Eompléxes between
paraquat and :%is compéunds'all vae lxi prodﬁcgs. At iow pH the’

counter ions were chloride while at :pH highgr than 9 they were |

. . R .

’

-of paraquat,énd_phenblic -

A}

s

N

L
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pheholates.' This h@havioﬁr may be due to the special geometry of
‘{$ this particular tcompound. The ﬂistance’,between the positively
-~ - - '
charged centxes in the paraquat cation and the aisfance between
R ¢ * .

th henolic oxygens are apéroximatél the same. This ma
cgp ‘ yu 2 : : Y Y//\h

enharice chafge transfer interlactions, making -it the most stable

L

. configurat;on{‘ Althougﬂ formation z:E;tants for -the complexes

o ¥ i .
. were not - reported, they are expecte to be larger than for the

‘?:;leeyes of baraquat and hydréquinone, which has a formation N
™ . . l .

‘constant of 5.2-M—f(3o) : T
[ ' ¢
‘ < e type of %orces involved in theseé .interactions depend on

pH:. fhus under acidic conditions all" phenolic compounds are

o 3 , > .
f&l;y ‘uﬁdisSoéiateo. This results in dipole-dipale forces
: - Newoog
4 ‘holding the complex together, wmhich, depending on incidental
. o . ) '

- < B ‘
,‘, orbital overlapglgﬂoébg§:1ead to charge traosfef.!%mplexes. In 3
’. alkaline solutions £ﬁ} )iopization' of ‘ﬁheQOIS provides anions
'.;"‘c;gablef of ﬁtronga coﬁlombic interaction with parsduét cations. “
fg Againi Lf, th§ fgeometry ‘;f ‘tpep codplex is favorable, cﬁargeﬂ
.ﬁ;én;fer: will .ocphr.r The apility of .paraguat to dieplace '
7phenolie%pfoton§\is eV’ident= espeéiélly at low pH ;aloevf where N
¢ . | B
comolexes were isolqtéd as chloriae salts. ' o . 4 ’
’ 3 . -
) 'j?he:type of phenolic'moieties present in humic aqids are
n LR . ,/\ ) .

Iikely‘atq have various geomeﬁrioél conf(gurqtions. and¢ show

‘f different chemical environments. ﬂSince ‘the1 etoibhiometry of ‘
. ara 7pheno1 complexes variés ;ith the phenol involved, it
,£° o, would be quite difficult to assign a given‘stoichiometry. to h
~ Fy : v . b
AN ;, o d " , . ‘ ' - ‘ . \




possible paraquat-phenqﬁic humic complexes.

&

3.1.5.2. Inieractions with ~ -donor nolécules.

K

b White(30) i:iiigﬁ the formation of charge transfer complexbb

. % between paraquat and a series of -donor molacules. Tablékl;
& . v -
. taken from White(30) gives a list of some of the donor moleculds .
© studied as well as properties of the complexes formed between thea
donors|and paraquat. .
N “ . . “
¢ . ' © .Table 1 \ .
. . . Complexes of pafaquat and various donor molecules
Adduct ' ratio d colour \\~m.§ Co X
' Urea 102 - white - 140
Thiourea 1:4 ' vellow 160
. -/ Phenol 1:4 . yéellow °
| . g ‘ o
¥ e Hydroquinone . 1:1 . red 241
. 'n... ~ ) N « . . * ) ,
A Cathecol 1:1 1 - red : 208 . :/
3 . . ¢ .
. R X {nplg;oglucinol 1:3 | ‘Brahge 3 }65‘
T 3,4-Dihydroxy - ‘ T ) ) t
benzoic acid 1s1 - ¢ orange = 194 § )
. . ‘ v ' .. ; , -]
M - . 1 - . ‘ N N . ) . .
.. 2z o : ) ’ ‘ ’
’ ' E . ' /_ : - '
3.1.5.3. Ion Pairs Complexes. ' .. -, 1
N - © Paraquat is knowq/to form .ion pair complexes with a Q:riety J
t N - . . b .
. ) . L . AN
R of anions: Aque&us /solug}ons -0of paraquat show a groupd state
A ‘,' . 4 ’, ‘\x. . P N . X . ” |
f\cspEptrum which.can be/ identified as a. charge trahsier band, due '
) . * - T [ ‘// . ' ' A
., to the interagtion_oJlthe divalent cation with chloride ions ‘
) LA . f\\, :.A‘) L <~ -'" . ‘ \. '
I J‘ - / ’ - . " , . : ‘e )
| - ‘A L) ’;"’. PO
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(31). Tﬁ% formation of the charge fransfer complex MV.CL+ in

dilute aqueous solution occurs to as very small extent. The

)

predominant species in aqueous solution is the divalept ion(zZ).
Much less then 8% of the_total paraquat is in the form o( MV.Cl+.
Cpmplexes involving two halide anions have also been reported

(31). The formation constants are very small. MV+2,2C1-

I ¢

complexes_have‘ a formation ¢éonstant in water of about 1.4 M-1,
N .

Paraquat alzsoI forms ion J&ir 'complexes with anions ®°solutes such

v

as EDTA, hexametaphosphate# acetate, <citrate and sulfide jons
(33,34). The complex¢ formed between' ﬁaraguat and acetate ions

forms the basis for its analysis.

L3
®

3.1.5.4. Intefgétidn of paraquat with‘polyélectrolybes.

, iT“S ability of polyeiectrol&tes to separate differently
charge& ions, has ”made them useful in‘ the study of waler
splitting reactions.7 One of the elements invé;ved in such
system§ 1s paraquat. Due fo its suitablé redox potential for
redUCiné water go 'ﬁydrogen, it 1is widely used as an electron
relay in photochemically stimulated electron transfer reactions.

. The interaction; of paraquat and polyelectrolytes such as
éodiuﬁ poly(styrene sulféhateL ) (PSS) and sddium poly(vinyl-
sulfdhate) (PVS) - have been studiéd using “fluorescence quenching
techniques (35), as' well as electrochemical - methods’ (36).
Paraquat i's territorialy‘bound to égs and \PVS. The binding

1
constants as determined from the slopes of binding curves were

w
PN

5
‘.

- J\‘
- »~
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about an order of ﬁagnitude different, being ‘800 M-! and 8 x
10+3, for PSS and PVS, respectively. The binding constanf for
polymetacrylic acid (PMA) was about the same magnitude as that

’ S

for PVS(35). The big difference in binding constants for PSS and

i *

PVS was explained on thé‘basis oﬁagifferendbs in chargé deﬁsity,{}ﬁ
‘being higher in PVS-and‘PMA."Sodiga ions présent in large excess
wefe found [ to ex¢lude paraquat‘frgm the Qolymer dqmain. The mﬁin~
mecﬁanisﬁ of b Ling’was identified as electrostatic b}nding for
both polyelectrolytes. The poséibility of ‘specific binding in
the case of PSS "was interpreted’ to suggeét charge tfansfer or
electron donor-acceptor complex :fofmation as a result of the
electrostatic interaction leading to overlap of electron
deficient zones in pafaquat with_phenyl rings of PSS. \\J’”\
3.1.5.5. Interaction of paraquat with humic substénces.

The type of cﬁemical moietieé present 'in humic materials
provide a wide range of structures and potential sites Eor inter- ““&
action with herbicides. The chemical nature of both participants
in the reactidn must be known in order to be able to formulate

models that could help in- predicting herbicide behaviour in

soils. A first approacﬁ to the problemn nust be the description
of the chemical characﬁefistics of the he*biéide involved. A -
full descriptiqn of the nature and ;hemistry éf hymic substances
will not @gttempted since it is a rather extensive and

controversial matter. Instead, an operatidonal outline of the

/ | ~ o
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chemically relevant points in humic acid che;::Ehy will “be

[

addressed. .
Paraquat is known to become ina¢tive in highly oréanic,soils
}37). The adsorption of paragquat by organic matter was
demonstrated by the reduction of its phytotoxicity - to pl;nts
) grown in media containing'highly organic soils (37). The degree
of adsorptién of paraquat to humic acids has been found to depeng
of the ;atipn‘initially present on the humic material. Khan (38)
has found that adsorption of paraquat followed the order : Al+3 <
fe+3 < Cu+? < Nit+2 < Zn+2, < Co+2 <« Mn;; < H+* < Ca+2 < Mg+2
» This order seems to correlate with the sequence for the étability
or strength of cation binding to thic acid' as detérmined‘by Van
Dijk (35). This sequence is based on the determination of
conditional stability constants which may not reflect the real
chemistry of the int;réction. Nevqrtpeless, the sequence
suggests a dependency on the saturating cation. ' The pH drop
) after the addition of paraquat to suspensions madélof humic
N ..
| acid saturateg with various cétions was explained'by Kahp (37,38)
as due to ﬁhe hydrolysis of po;yvaleht catioﬂs released from
humic acid by paraquat. The reiease of cations from humic acid
J by paraquat fmpli;s éhat some s;rt of ion exchange mechanism is
involved in the interactibn;
Metal ions, depending on their ability to form outer or

inner spheres complexes, will interact with a different

qategorieé of sites in humic acid. Straight comparison of this
- 7//

»

»
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interactian with that of anjo;ganocation such as paraquat has to
be doné with certain restrictions. The mechanism suggested by
Khan (38) invblved';on egch;nge between chelated mefal ions and
paraquat. This considered the displacement of cations froq
sa}icylic like-sites by pdraquat. fhis mechanism, although
aft;active, is not likely to represent tﬁe reality well, since a
simble consideration of ghe size of the paraquat catieM suggests
;hag the charge separation in a salicylic-like site is much too
small to fit the charge seéaration in » paraquat. The paragquat
cation presents more severe steric requi;ementshto a "chelating"
sité thanjgyes a divalent metal ion. The configuration of the ion
excgéngeféites is definitely more .important to paragquat shan to a
metél ion. "This suggest that paraguat may not be ;ble to
interact in‘é specific way with al; the potentially availab;; ion
exchange sites in humic acid, particularly at low pH, since the
structuré of humic acid is expected to be rather fixed(éa). This
means that if the geometry of the siées is not the apprépriate,
.specific interactioens, may not begpossible. i

¥ The existence of ion exchange as the main mechanism for the
interaction of paragquat and humic acid has been extenéivelyu
documeﬁteq in a qualitative forml Best et al. 04015;erformed
studies involving paragquat, humic acid. and calcium. Célqium was,
able ﬁo compete for ion .exchange 'sites in humic acid w}th

pafaquat. Burn et al. (6,7) and Khan (38) also detected the

release of hydrogen ions upon equilibration of humic¢ acid

-

-

~
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suspensions with . paraquat. Th;s was att}ibuted to the
disblacement of proténs from carboxyl ( and even phenolic groups)
in’ humic acid. More recently, Narine et al.(41) presented
évidence ﬁhgt no hydrogen ion was released by paraquat up;%
binding. . This may . be due to‘the relative amounts of humic acid

and paraquat present in the experiments. The binding of paragquat

was, nevertheless affected by cations such as calcium and

.magnesium present in the éuspgnsions. Effects due to 1onip

strength on the binding of péraquat were réported by Guy et
al.(4). All this evidence points to an _1on exchange and or" an
electrostatic interaction mechanism. 0£her gqualitative evidence
for ion exchange is obtained by IR monit%ring of the carboxyl and

carbonyl band in humic qﬁdid before and after treatment w%&?

" paraquat (38). The intensity of the carboxyl band was shown to.

increase in .the p:esenqé of paraquat while that correponding to~

‘the carbonyl of the acid diminished. This suggested the

»

conversion of COOH groups in¥o CO0O-. These gqualitative results
also point to the' fact mentioned earlier concerning the
inaccessibility of all the ion exchapgé sites to paraquat.. The

diminution pf ‘the acid carbonyl band .was not total even after

-saturatidn of the sites with paraquat, indicating that a large

portion of the COOH was inaccessiblé to paragquat. ; =

Besides ion exchange, other secondary forces are likefy to

act in the binding of paraquat to humic acid. Best et al. (46)~

v

suggested the possibility of weak attractive forces such as van

1
- s -
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der Waals’'s forces. A non 1ion exchange . contribution has been
proposed by Burns (6) and Sojo et al.(42). McCall -et al.(43)
provided evidence concerning paraquat binding to non-ionic

resins. Gharge transfer complexation between paraquat and humic

acid has been shown to occur (37,38), possibly inyolving donor

‘sites in humic acid and the -electron deficient paraquat ring

system. At this point it is impomiant to mention‘thai paraqé%&
forms charge transfer complexes with oxygen donor molecules.

3.1.5.6. Interaction with clay minerals. ™
The inactiva;ion of paraguat in the presenceé of clay

suspensions has been reqognizeh for quite some time (44). In the

. early periods in the manufacture of paraquat, clay suspenseions,

‘mainly montmorillonite, were used as antidotes in the case of

paragquat ingestion. The _b;;ding of paraquat to clay minerals
suchvds ébntmorillonite is irreversible. Although the mechanisnm
involvks exchange of cations ”}nitially held near the negatively
chérged gites in the clay's interlayer surfaces, it cannot be
strictly considered to .Bé ion exchange, due to its
irreversibility. Web;r'et al.(44,45) studied \the'adsorption of
pafaquat on montmorillonite and kaoiinite and concluded that the
adsorption fakes place up to the ¥Yation exch;nge capacity of the
clay mineral. It is believed thit thé herbicide'occupies the

interlayer spaces in mqntmorillonité. Its flat geometry allows

for maximum interaction_w}th the negatively charged surface.

:‘l.
B
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Weber et al.(44) found fhat the removal of paraquat from
montmori;lonife by 1 M BaCla, was far from ?ompletﬁ. Only about
5%. 0f the total amount of paraquat bound was released. This is
in contrast to the case of kaolinite, in which 80% of the total
herbicide was disglaced'by BaCl..

The adsorption of paraguat by montmorillonite is. not
affected by the cation initially bound to the clay surfdﬁes
according to Weber(45), the small release of paraquat from
montimorillonite by inorganic salts only represents the fraction
externally bound. X-ray diffraction evidence (47) supports the
notion that the adsorption of paréquat“produces a collapse of the
interlayer spaces in montmorillonite, making it difficult for
other cations to displace paraquat. It has been shown(47) that
the forces involved in holding fogether the montmorillpnite—
paraquat complexgs are charge ﬁransfer forces between the

negatively charges in the clay surface and thé electron deficient

ring system in the paraquat cation.

Chapter 4
4.1. Experimental.

4.1,1.'Extraction of Laurentide Humic Aéid.

['4

Humic acid was extracted from a soil sample donated by
N .
Professor S. Visser from Universite Laval, Ste Foy, Quebec. The

r

extraction procedure was similar to the one employed by Schnitzer

et al. (48). .
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Two kilograms.of s0il were air dried and sieved through a
medium size sieve in order to remové large s8ize materialé. The
soil sample was placed in a 25 litre plastic container to which

20 liters of O.S'M NaOH solution . were ‘carefully added. The

contents were swirled 'and pre-purif;gd nitrogen gas was iniiially

bubbled into the resulting'msuspension containing the 8o0il

extract. The extraction was allowed to take place for 24 hours. -

To avoid qxidation of :the humic material a blanket of pre-

- purified nitrogeﬂ was kept above the extract surface. The

container was shaken by a mechanical shaker while the extraction

took place. ?

The collected soil extract was centrifuged at 3500 rpm in

‘order to remove any solid material, and the dark brown and thick

supernatant liquid was then passed through an jion exchange column
containing Dowex-5@ ion exchange resin in the H-form. The column

was 124 c¢m long and 12 cm in internal diameter. The effluent of

iy :

this column was directed to a smaller column made of the same ion
exchanger. The aim of the second column was to remove further
trace metals that escaped retention by the first cdlumn. Humic
acid precipitated in the first column.

The recovery of humic acid was carried out: by elufing the
precipitatg&in the first column with @.1 M NaOH. Approximately

eleven liters of effluent were colleé;ed. This eluent contained

mainly sodium humate. This preparation was acidified with 6 M

"HC1l to a pH of 1.5.. At this point most of the humic acid'was



e ISR GO T T T o e

precipitated. IThis precipitate was allowed to age overnight ) ,

and then. separated from the sﬁpernétant by decantation. The
resulting humic slurry. was called LHA. It was suspended in
deionized water and dialyzéd using dialysis ﬂuﬁﬁng,'of 1000
molecular weight cut-off in order to get r%d of remaining Hcf and
excess salts. The disappearaﬁce of HC1l was monitored by testing
the external solution for chlorides with silver nitrate.' The
external solution was replaced every 54 hours until go more
‘chloride was detected.

The diaiyzed humic acid samﬁle was then freeze-dried. A
dark‘bréwn powder was obtained. It was ground to fiqe particles.

Humic acid 'samples weré stored in dark brown containers kept in
. hd ' ‘
a desiccator in order to avoid moisture.

An alternative extraction procedure was also carried out

“

which involved omission of the ion exchange columns. The cleaned

s0i1l extract, after centrifugakion, vas acidified with 6 M HCl in '

order to precipitate the humic acid. From this point on, the
procedure was exactly as Dbefore. Infrared spectra for both

preparations failed to indicate any differences between the two.

. , ' 7

4.1.2. Humiclhc{d Titrations with Standard Base.

Appfoxiﬁately 0.1000 érams of freeie-driéﬁ humic ééid were
accgrately weighted and traﬂsfefred quantitatively into a 156 mL
titration vessel. One hundred milliliters of prev{ously boiled

deionized water were added to the. titration vessel containing the

:"

’

[

¢

’

2



O e o R L R S0 4

ww.‘;_

-

+ humic acid §amplé. The resulting suspensian was stirred by means
- of a magnetic stirrer. The titratiqn vpssel was kept‘ at 250 (¢
* using a water jacket. The humic arid suspension was carefully
degassed by gently bubbling throigh pre-purified nitrogen for 15
miﬁutes. After %:is period, a blanket of nitrogén.gas was keét
over the puspension. . The titration vessel was closed witq a,
rubber stopper containing ‘pprtst for the burette, the pH
electrode, and nitrogen inlet aﬁd outlet. |
Addition of titrant was done from a ten mL bur;tte. 0.050

mL aliguots of 0.1 M NaOH were added at a time. Millivolt
readings were taken every ten 'minutes after addition of base,"
with a previously calibrated pH ef;ct;qde with a built-in

reference electrode. Abqut 160 titratioﬁ points were collected

for - qéch run. At least five

.

titrations were secured for each

ggperiment.
. ~ . P \
Similar titrations were caggyégz out 1in the presence

background electrolyte ©.1 M NaCl.

4.1.3. Determination of total acidity.
The determinatiqn of the operétionally defined fotal

=4

"and described by Stevensoq(ze)t ©0.100 grams of humic acifi were

vith gently bubbling nitrogen for ten minuteg. The flask was

t%ghtly closed with a glass stoppér surrounded with Par

* : | \
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paper. A simiiar solution waslprep§red but wifhout'humic acid
for use as a control. g;?ﬁ\samgle‘3pd/contr01 §lasks were shaken
for ‘24 ﬁoursl After~ thys‘ period, sample and control, ;ere
titrated with.o.es M HCl1l to pH 8.00 as\ determined with a pH
electrode. Triplicate results were.secured.

+Total Carboxyl Content:

The total carboxyl content was determined f}om pH titrations

-

with Standard ¢.1 M NaOH. The eﬁd point was determined by
finding .the intercept in the abscissa.qf the Gran’s function
plot, Y = [H*] V against V.

Phenolic Content: : .

Phenolic¢ content was determined by subtracting the total
carboxyl content from the tot acidity as determined by the
Baryta adsorption method. w ’ ¥

4.1.4. Humic Acid Copper Titrations.

.

A .series of 12 to 15 -humic acid samples weigﬂing

aéproximately ©.0100 L grams-weré equilibrated with 50.00 mls of

copper sdiﬁfﬁéBEMMSE increasing concéntration. ‘Initially,. 25.00

mL of double deionized water were added to each of 'the samples.:

The pH of the resulting suspension was'adjusted to the desired
value ( usually‘a or 4 ) by the' addition of dilute HkOa or NaOH.

This was \fqllowed by addition of an aliquot of. copper stock

solution whoée‘pH was previouslyladjusted‘ to the dgsiyed’value.

"The volume of the resulting suspension‘wés Increased,to 50.00 mLs

by'adgihg qOﬁble deionized water which'was previously‘
“,“ ‘ AW "_ .

L o §
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.- adjusted tonthe desired pH vaiues( Table é ). Cont;ol samples'
were prepared 1in the sama way as descf}bed above, but without”
-humic acid. Botn, controls and samples, were shaken fdr/a “geriod
of three days.to ensure equilibrium. ° ' . "
After the equilibration pRriod, the‘pH of the suspensions
was measured. This was followed byyultrafiltrati%n on a YH2'10@6'
‘molecular weight cut-off nembrane purchased from Amicon. 5.00 oL’
fiitratesarere collected for each sample and control ‘at 60 psi.

- Filtrates were diluted when reqnired with 15% HNOa and analyzed
“

for copper’ by_flame atomic¢ absorption spectrometry on a Perkin

‘Elmer Spe;trophotometer Model 3@5.7 ‘The waveiength used for the

t N ) B \ - ) s

3

analysis was 324.8.nm.

! b Tablé 2 ] . ’

*

9 Copper-Humicg Acid Titration _ ° .

Weight mLs H20* mLs Cut2-* '-’, ﬂ; ’
0.00998 T 49.90 - 0.10 ’ ‘
0.01077 © 49,80 ?.20 3
' _ e.01048  49.70 @.30 .
/ . e F N i D
©.01019 49.60 ' 0.40 , Al
©.01036 49.50 .50 5
0.01000 43.40 . o. 60 _ ‘
0.61020 | 49.30 | °. 7o . "‘W' :
. e.01379 49.20 . 0. ae%
-"Previously adjustéd to' the appr priate pH. SRS j\ :

Copper stock solution 1.60 x I M N

-
. . .
?

Fm O I I SN -
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- . The poésibility'that these sites are involved in the binding of

1

paraqugt"in thq presence of excess copper c§223t be rdied out.
.' , .
.5.1.8.3. Qxcess COpper Expériments. : . :
Humic acid saturated with copper at pH 3.00 was equilibrated
with increqsrng amount of paraquat. The paraquat-;gturated humic
. ] acid results demonstrated that both cations, copper and‘paraquat}
;share some binding sites inﬁcommon Figure 41 shows the binding
curve of paraquat in the presence‘.of a constant loadin§~5? '
copper. The experiment was done at different- levels of added
constant cop%er concentrations. The most important fact’ in thige
experiments, is that paraquat ‘binds to humic acid witﬁ 5 minimum
disturbance of the copper-humic acid equilibrium. This is
exactly the opposite to what was found in the reverse situation.
At lot cdpp;r loadings ( sée Figure 42 ), paragquat binding
is very similar to thft in the absence of copper 1ions.
Inc}easing total copper concentration in soluti%n ( Figure a1 ),
. 'fgcreases paraguat binding. This decreage indicates, as
| expected, that there is some éompetition between both cations.
The displacement.of copper, if any, does not account” for the
binding of paraguat., fhig indicate that paraquat interacts with-

*»
other sites as well. Th?(nature of which is such that they are

v

N

> " not available for copper binding at pH 3. This is particularly

true for the case ( Figure 41 ) in which all -
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. nthe sites available ‘to copper ’héveﬂ been qovered.' U;Bqnéd on

.ot 'literature reports ( ng.),’

it may be hypothesized that paraquat
féa . binds to phenolic groups at:

low pH ,vhlueé wfihodt~aisplacinq

protons. These groups, ‘which’ could be . present in humic acidt nay

‘be responsible for the- obserqu residual bindinq ot pargquat
which is not acdountedkfor by ion exchange. o

. L]
t .

" Mqle fraction ~plots

at constant copper concentrations aré

shown in Plgu;es 37-40. The actual data 4s in Tables 19 and 20.“

. | ' ) : {

L

Table 19

+ - . .

=" ‘ Ion Exchange Bquiliﬁrium Function

Copper-Paraquat-LHA pH,3.00

‘e Xuv Xcuw OXaHz " Kuv
(%5 ) LS ) £x7 5 (£310)
‘Q . TeSsTsTETT S e e —: ------------------- === ‘
- '0.041 0.147 ‘ 0.812 8.32 x 10-3 -
o 0.044 0.146 2.809 3.58 % 10-3
T 0.045 0.128 . |0.827 2.60 ‘x 10-3
) ‘9. 052 0.144 0.805 1.94 x 10-3 :
0.061 0.159 .780 1,45 % 10-3 .
. 0.059 0.148 ' 0.793 '9.93 x 10-3
7« e.062 . 0.138 0.800 8.84 x 10-3 )
o 0.070 0.140 0.790 8.13 x 10-3
'. ' W.Total copper aahed 2 X 10-3M per 0.01 gram of LHA ih 50 .mLs

@

*
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‘ o X Table 20 o ‘ R
Ion Bichgnge Bﬁdilihrihd Function
. - Copper-Paraquat-LHA pH 3.00
I ' iCu . Xsuz - Kuw
(£85 ) s ) ¢37 ) (310
;--_;_-__-_-;--,-;_--l--_---___;_-,__-- ___________ Moo e emm
b o.oée . 0.268 0.752 e
0.002 " e.256 0.742 3.70 k 10-5
0.014 , 0.257 $ 0.729. - 2.07 x 10-4
0.034 ‘ 0.255 _ 0.711"° 4.53_x 16;4
©.036 . 0.272 °  0.693 | 4.01 x 10-4
2.054 : 0.220 0.727 4;24 x 10-4
0.066 o 0.228 .0.706 4.40 x 10-4
e.088 " e.210 . . e.702 5.12 x 10-4
0.108 b.;ae . 0.652 4.95 x 10-4

\]

k]

Total copper 5 x 10-5H per'OQGI grams of LHA in 50.90 mLs
. - ° l _. ‘ hd , ‘ : N
5.1.8.3. Equilibrium runct}pno. '
Plots of ﬁhe equilibriﬁm ‘functions.f%orﬁ coppgr-constant
paraquat and paraquat-constant éopéér systems at pH 3 a;e shéwn
in Figures 43 and 44 respectively. it can be seen that bofh
curves show two main regions: a rela;ively flat portion from

about 0.650 to @.70 Xgu2 ‘and a sieep region from about 9.80 to'l

Xena. . . . R
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@

and paraguat corresponding to ‘Figures 45 and 46. Tﬁe shapes of - .

. 2

¥

The “region near @.70 Xgu2 for paraquat is stegpen than for
§ . .

lcopper. There seems to be . a maximum between .0.840 and 0.850

»
Xsuz2, for the case of copper and at about 9.81 for paraquat.

Gamble (9) notiqed the existence of such ;axima Ar discoﬁtinuitiea
for copper at higher Xguz2 .for -a difkerent humic acia. Following
phe ‘sa?e trend as found by Gamble et 51.79),' the gopper
equilibrium function determine¢. here is aboﬁt an o:dgr of
magnitude greater in the steeper region. . - Kcua valqes, are
siightly higher. thén‘Kuv values in the flaﬁ region of the plois,:
while the reQerse is irﬁe for the steeper region. '

Binding curves for paraquat and’gopper ih,which both. cations
were added in sihilaf amounts show a rather interesting feature
( Fiqures 45 and 46 ). Both cations bihd as if the‘other°ca£10n
is hb} present particularly at low loading 1levels. This
indiéates that each Eation interébtg indeéendently‘with diitgrent
sites. Under these conditions, the binding capacitf for paraquat
does not seem to be much affected. - - - :

Figure 47 and 48 ého& th; Ky Xsu2 function plots for copper

.
-

these curves are v?zflsimilar to those in the pfesence ‘of excess

copper Or excess paraquat.

Mole fraction ©plots corresponding _to Figure 45 and 46 are

t

shown 1n Figure 49. Table 2i contains, _the equilibrium-

differential func;}ons as calculatedd from equation 16 for the .

copper-paraquat-LHA systems at pH 3.00.
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. ‘// R X l
. o | , _ ! X
DRI 2 ;] ‘ ot B ] o lea
o : “ . /f - 3 { ’
S A . Table 2i . / o :
y ' f ' Copperaperaquat -LAH systen p ' |
: ‘ LT T v :
‘ ‘/. Ditferential Equilibrium Functions
" "ﬁumTC Gel - ‘Cation. Kc ‘; u ‘A xnuz
’ ’ - ‘. . i ~ ~a ) "~
; ISTILIE -(";I'L (£37 )
y : Tl N
- e - - v ] - o o = o= S o e mem e ——————- ———m——nee
. A . . | :
MV~HA Cu . 3.27 x 10-2° 8.48 ©.730
I A U 9.2¢ x 10-2 - 5.90 0.850
‘Cu-HA - . MV . 1.64 x 1l0-2 . 10,20 - 2.700
- ! .’ o 4 . o oot ' *
. - "MV . . 4.39 x 10-2 2.00 " 0.820
HA \ . Cu - -.5,93 x 10-3° 13.00 .  ©.800
| Cu ' 8.93 x 10-2 6.00 0.860 .
© MV 3.23 x 10-3 ' 12.00 - 0.800
MV 1.03 x.10-1 " '5.60 0.860

At similar Xgu2, parequet and copper show similar values for
their respective differﬁhtial equilibrium functions. This is'
‘elso reflected\in the values of the free energy of binding.. The
similarities 15 free energy may provide some clues with respect
to the nature of the sites involved in the interaction, provided
that both cetions interact with the sanme ranée of sites. For the
peraquet-satﬂreted-hunic acid system the early displacement of)
pereQuat‘by copper indicetes that both cations interact with the

f-\‘ ' same sites at low loading of copper. “"This is not.the case for

- the copper-saturated humic acid runs. In the 1ignt‘of this it
I ' - o .
: » R - g




.

at
)

is ver§ difficult to compare free energies and lﬁke appropriate

assessments concerning the binding process. -.’ tékian this into

consideration it is clear that paraguat displacqﬁent‘by copper is
. . / ’
not'a reversible process even though both cations show 'sinilar

-binding free energies

Ve

Gamble(S) has reported similar values fér the free enerqy of
binding for copper ions: interacting wiéh humic acid in the,
presence.of ten differenf’gnorganic cations. -Tpe free Jﬁorqy of
binding as calculated here and in Gamble‘a“work incluoes-the term
containing the ratio of _the activity coefficients in the gel-
phace for .the cations involved. Assuming that the onicsion of
this term does not introQuce a significant error in the free

energy estimates, one can say that \the enerqy involved in the

_-é‘*fginding process is mainly electrostatic.
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5.1.9. Calcium-Paraquat and Haqnesigan?thQat systems.
A comparison of the plots for the b;nding of " paraquat in -

a . the' presence and assence“‘of calcium indicates that paraquat
competes with calciuﬁ for some of the sites '( Figure 50 ). In
addition it must interact with other sites not available to‘~
'calpium ions. No Qigplacemeni of calcium from the gel was
evid@nt in the concentration Trange studied. It is anticipated v
that at highe? concentrations paraquat, will start displacing

. calcium. A srhfn;r beﬁaviour is noted in ‘Figure 51 whe;; the.
concentration of Ealciuh was fncreased four fold.

Maénesium was not as éffective ags calcium in blocking ion

'ekchange nbites ( Figure 52 '). Thls is a consequence o;.the

vﬁmallef average equiiibigﬁm function for magnedium as compared to

paraqhai; as paraquat 1; add;d, a partial release of magnesiunm

oécurs: ' .

‘These results corroborated those in Figure 3@, which showed—

that, calcium effectively blocks the ion /exchanqe sites from

naghesium.f An important conclusion from thi; is that both

cations; caicium’ and magnesium, interact with the same sites on

t

~trumic acid.
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//gole fraction plots for paraquat in the presence of calcium

£

/ ' .

ang magnesium are shown in Figure¥® 53 to 55. Mole fractions were
' I

cdalculated assuming that the number of potential bindgnq sitps

totgled" 3.80 millimqleé per éram ({ Table 22 ). Figures 56 and

Y
3

57 shows a plot to the \KMQ Xsh2 function against the mole

fraction of protéﬁ covered.sites ( Figure 57 includes calcium, and
magﬁesium effects ). Although there is a lot of scatter a trend
can be seen to be emergidb., There is an appargnt mﬁximum b‘tween
©.89 and .90 xsng. The binding intensity decreases on both

sides . of this maximum to relatively'cbnstant values which are

about one order of magnitude smaller than the values ai the

maximum. The values at the maxima are very close to the average
equilibrium function value at that particular ioading. The
A

gﬂ;-f‘)—f—"“f‘*. o

similarity of this behaviour with the case of the copper-péraquat
systém is obvious. Differential ‘equilibrium function values were
obtained from Figure 56 for the magnesium saturated LHA case.

It 1is expected that the effectg;ot coéper, which bipds
prefere?xiélly to salicylic\liké sites, would be different from
that of calciur and magnesium. Figure 44 shoﬁs.that even‘thouqh
the amount of'copper bound is Qreater than the amoungs of calcium
or magnesium bound .( Figures 51 and 52 ), the effect on the
péraquat differential functioﬁ is 1ess.pronounced. Values are
almost one' order of *magnitude iafger in the presénce gt copper

!
ions. This clearly shows that calcium




.

-

: - . 176
‘ .

and_naqnesiuﬁ are more effective:than copper in competing with

paraquat, despite the larger aberage equilibrium function for

copper. The range of sites covered by - cbppef/inqludes some of
- &

the sites available to paraquat, calcium and magnesium, as well"

as other sites.

3

Cat*qns such as magnesiuﬁ and c¢alciun, will interact
N ' .
TP . . 2
preferentially with carboxyl. groups. Their pronounced effect,

comp;red to qoppér, on paraquat binding implies that there are

- 4

more similaiities between the sites covered by calcium, magnesium

and paraquatp-thén between those covered by paraquat andsbopperﬂ

N

s a

Lo
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- SRS Table 22 L

.\\". o . Paraquat—H.umic Acid pH 3.00

s S ‘ Eﬂf’fect ,‘of dalcium en Rgv values

“Xca Keu ' . Kuv

(*%10) (i%l/S)

’ 0.006 0.068 © @.926 -, 2.17 x 10-4
< ’ -t ) A ] ~
v o, 0.008 ' 0.068 @.925 1.43 x 10-4.
) ¢.090 ° ¢.068 0.923 | 1.28 x 10-4

S T e.e14 6.068 . 8.919 1.70 x 10-4

S .. e.e21 _0.068 ©.910 . :2.43 x 10-4

i 8 .
MY '-’. " 0-026 \‘/) 03668 . ' 0.9_@9 2-32 X 1@:‘

A 'tuoga‘H~‘ 0.067 — © 0.904  2.27 x'10-4
: - 0.063 ,  ,‘ S 0.067 -iS?BG? . 2.61x 10-4
% 3 . H\Jxmflc acid’ co:;centrat'ion'ofzgil.rt. ‘Tota} Ca added

ST . "4 x 10-3 M. N . ' .
“ S w ¢ K :
:f- , ¢« :

0 .
Ca - N | \\‘;<'
. e . : ~

5 > B S : ‘

.
“»;"m;x '
Armd v\ e
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Effect of Magnesium on Kuv values

0.009

0.020

L4

0.022
0:023
0.027
©.027
©.042
©.067

Humic acid

Table 23

0.063
9.063

0.063

0.063

0.063
Q.063

0.063

. 8-x 10-3 M in 50 mLs.

. 3
- - ——— - - - — " Y S S R mm e e Gn S R D G SO S G s ey T D R a oE G e

-Paraquat-Humic Acid pH 3.00

Xana

(X¥10)

0.982

0.920,
' 9.915 -

2.914

0.910

0.910

0.896

0.870

concentration @.2 g/ Lt. Total Mg

- e L e W D = S S WP S G e G WS MR W G G R ED s TP WD R A A m Gmh S G AT G S G TR G MR TS AL TR Gm e O B em

Kuv

(i\l?)

x 10-4
X 10-¢

added

o - - I Y L L L L
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) & ’ i‘able 24l
‘ » éafaquat-ﬂuqié Acid pﬁ 3.00
- BEffect of Magnesium on Kmuv values :
....................... Q,.-..’f:;’_--__.--_-_L----_--_-____-
Xuv Xug XgHz Kiv
(t%4) (*35) (tx10) +415)
©.009 0.063 " 0.928 4.02 x 10-4
0.014 0.063 0.924 k.87 x 10-4.
0.032 0.063 ©.906 9.02 x 10-4
-  0.040 0.063 ®.898 6.56 x 10-4
0.052 0.063 - 0.886 6.63 x 10-4
o 0.052 * . 0.063 7 " 0.886 4.90 x 10-4
0.053- - 0.063  0.884 6.72 x 10-4
. 0.054 0.063 ©.883 1.10 x 10-4
.058 *0.963 2.880 5.72 x.10-4
0.075 a.géa ©.963  3.41 x 10-4
0.081 elosal 0.857 3.65 x 10-4-
Humic Acid concentration 9.2 g/L. Total Mg added
1 x 10-3 Molar in 5¢ mLs.
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Table 25 .
oo -‘Paraquat—H’u;\ic Acid pH 3.00 .
\ E;ffq"t of Calcfum on Kuv values .
Xuv Xca Xanz‘ "Kuv
‘ (t34) (£45) (*%10) +1i5)
cmmmmmmcm———- S SO fmccelecmrm—eceehi————-
~ 0.003 0.068 . 0.930 8.60 x 10-5
¢ "0.014 0.068 2.919  3.79 x'10-¢.
0.017 0.068 0.915 3.71 x“10-4
. 2.019 2.068 ©.913 3.14 x 10-4
0.026 0.068 “o.sqs 3.88 x 10-4
. 0.033 0.068 ©.899" 4.08 x 10-4
0.034 0.068 0.898  .3.69 x 10-4,
0.040 0.068 " e.893 3.40 x 10-4
T 0.067 ‘ 0.068 ©.865 2.88 x 10-4
Humic Acid concentration 0.2 g/L. Total Ca ;dhed LR
1.10-3 Molar in 50 mLs Qall;le; ' .
‘ 2 ~\
o ! o .
o ‘ ]
Q s ©
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5.1.10. Calcium-Magnesium system at pH 5.00.

-

In order to identify the type of sites with which catist

quch as magnesium and calcium interact, humic acid previously

saturated with one of the two cations ( calcium or magnesium )
was\titrated with the other cation. The amount of magnesium or

calcium needed to saturate the sites available to it estimated on

previous experiments  involving magnesium or calcium alone was

added. -
. Figure 58 shows the binding curve for calcium on a magnesium
saturated humic, acid at pH 5.00. ‘'The sample ﬁas initially

equilibrated with a magnesium solytion at a concentration level

sufficient to saturate all the sites available to magnesium. It

can'be seen that as calcium binds to humi¢ acid ﬁagnesium cations

H

are released. Calcium is able to displace all of the magnesium

initially bound. This .indicates that calcium competes

effectively with magnesium for Lthe same sites. Approximately 2‘

no{gp of magnesium are released per mole of calcium bound as can

be seen in Figure 59. The slope of the "release" bl&t is 1.98,

the iﬁtercept vas {lmost zero.' This is §hther unusual result
since electroneutrality does not seem to be maintained if one
calcium ion displaces two magnesium ions from humic acid. Under
the conditions of these -expé}iments, the fraction of magnesium

ilotts forming positively charged ion p'rs T

] .

—
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-

with inorganic anions 1is ingsignificant. - Electroneutrality
\calculatioﬁs based on fie concentration of cations in the
filtrates indicated that there is a fraction of positive charge

which cannoﬁfbe balanced by inorganic anions such as OH-, cl- and

CO3-2, Small organic anions released from humic acid and able to
pass through the YM2 membrane may account for ihis. Even if tﬁe
above assumptions are éogrect the fraction of unbalanced charée
does not ~ account for the total amount.of magnesium released. At

this point there is no explanaiion for this behaviour.

The reberse experiment consisting of a calcium saturated
« - hod N
humic acid being titrated with magnesium gave results which imply

that magnesium is nof able to displace calcium from hygic acid

(%

within the range of concentration scanned.
. ¢

The coagulation of humic acid in the presence of calcium

QQPS indicates that calcium must be apindinq carboxyl groups in

adjacent molecules aé weli as ‘adjacent groups withﬁn the same
N
molecule. The formation of bridge complexes such as shown below

has been postulated by Underdown et al.(13) in order to explain
the effects of copper on the ?gleigh scatteriﬁg behaviour of

l

fulvic acid. | : -

’ "_"'C—O' LI Ca:"z «es” o'_' c—"’



v

&

' ¢

The behaviour of magnesium can only be explained by the
tornation of charged conplexes between one carboxyl group and one

‘divalent lagnesiun ion as shown below:

-—-c-—-o- ... Mg+#2 ... -0-R T

where -0-R represents a monomeric anion in solution.

The p%saib}litym of‘organie monomeri¢ anions §eing attracted
to Fhe charged coﬁplex:eannot be ruled out. This eust'be taken
;nto account when considering a diyaient calcium ion approaching
a ieqﬁesium covered ion exchange site. ’

The proposed stoichiometry is compa}ible with the observed
eppareét“bipdinq capacities for magnesium and calcium. The

establishment of the stoichiometry allows for the description.of

the equilibria involved as beiﬂg:

Mg+z + A- we=ed  MgA+ l
| i — PN
. Cca*2 o« 2A- ——ad CaA: .
——

-;f

where A- stands for a single negatively charged binding site.
‘Average equilibrium functions calculated',usiig Equation 41
for magnesium and calcium_are shown in Figure 60. The‘binding

function for calcium is several orders of nagnitﬁde larger than

that for ieqnesiun based on results from the magnesium-saturated-

Ed
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humic ab;d éxperiﬁent. . The .variatio; of the equilibrium
functionsbwitp increasing calgium on the exchanger is expected
for mainly two reasons: thé ponelectfolyta.ettect and the
redeal‘of humic acid £rom solution as‘the Bindinq of calcium
proceeds. ' The ion exchange selectivicy Aquotient *is choﬁn'in
Figure 61 for the magnesium saturated humic acid experiment. - It
decreases with decreasing calcium éonéent in the exchanger. —

The definition of the ion exchange selectivity quotient as:

-

Kca,ug = _{Ca*2} [ROMg+]2

{ORMg+}2 [Ca+2]

.

N il ; M ’
can also be expressed as-the ratio of the formation constants for

‘ ¢
each individual complex:

Kca,ig. = Kca

*

;auz

5.1.11. Magnesium Paraquat System at pH §.
The interaction of paraguat with magnesium sa;urathd humic

- acid and the interaction of magnesium with paraquat saturated

"

humic acid were studied at pH 5.

The apparent binding capacity of _paraquat at pH 5.00 is

quite similar to that of magnesium. Binding curves for paraquat

r -

e



in the pre;;hce of different levels of magnesium vin solution are

¢ .

shown in Figures 62,63~éndqé4. The most evident feature is that

-

magnesium is able to reduce the apparent binding capacity of

paraquat. Unlike the-‘displacement‘of nadnesium,by célzium the
displacement of magnesium by paraéuat was not complete. Results
for experiments with high magnesium ievels showed that the
displacement of magnesium is similar to that for the low
maqnesium levelg. In both,siéuatipns paraquat hisplgced oqu
about 0.6 miliimoles of the initially boﬁ;d magnesi;m.
Bxamination' ofﬂ éhe‘ ginding curve for paraquaf ’in  the

presence of magnesium ( Figure 64 )'indicates that the- apparent

binding capacity for paraquat is less than when no iagnesium is

present in solution. At both magnesium concentration levels the
paraquat saturation values have been reduced " to about 0.7
millim&les per gram, compared to approximately @.9 mnillimoles in

*

the absence of magnesium. Sites equivalent to approximately 0.3

millimoles of paraquat per gram are beihg effectively blocked by -
. ’ ) P .

magnesium or, do not interact with paraquat.

°

In order to establish the stoidﬁiometry of the ion"exchange

reaction between magnesium-saturated humic acid and paraquat a

» \ N
molar fraction plot has bheen prepared. Figure 65 shows Xug

versus Xuv at high and low magnesium levelsl The low magnesium
level results can be fitted to’'a straight line, the slope of .
-2.8232 indicates that the ratio of the stoichiometric

3

- coefficients (nuv/nng) fs close to unity. c¢his snbstantiaﬂes the
¥ 4 ]

J
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hypothesis that paragquat is ac;uélly displacing magnesium ions
. Y » .

and that interaction with other aiges not occuﬁied by magnesium

is small. At both magnesiﬁm levels the mole fraction plot can be -

fitted to be a single function of the paraquat loidinq. As can

.be seen in Figure 65, the mole fraction of magnesium in huamic

acid decreases with increasing mole fraction of paraquat. This

(]

happens from the beginning of the titration. The slope of the

-plot indicates,- again, 'a '1:1 stoichiometry for the paraquat-

e

magnesium exchange.

This'result ik conffrmed » by a release plot téirézqnesium,
the s8lope of which 18'0.85 ( Figure‘sg ). .

The ethange reactiqn ‘between' paraquaﬁ and maqnbs;um
saturated humic acid In the presence of low freeé magnesium in

solution can be expressed as:

v

o MgS+ + MV+2 ::t MVS+ + Mg+2
A conséquence of the 1:1 stoichiometry is that'paraquat nuaﬁ
form charged complgxes in the same way as magnesium.
The slopes of the mole fraction plots ,although glose to
unity, weée not~ the results. of>excellent linear f£its. 1In an
ideal situation, the value of X8 shouid remain constant for a 11

stoichiometry. This is a coﬁsequence of the fact that the

s
-

N é C s
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exchange reaction occurs between cations already in the
exchangef and ‘the incoming ones. A.good e;ample is the case of
the exchange reaction Setween calcium and magnesiUQ; Variations
in X®* were very small. The relative deviation was 1less than 2%.
The X& values for the paraquat—magnes;uﬁ system varied widely as
ié shown in Table 26 on Page 222. This is reflected in the
linear fit imposed on the mole fraction relationship. The non
congtancy of X8 implies that paraguat interacts with sites
.acceésible to maénesium as well as with sites that do not
interact with pagnesium.

The total binding site for magnesium can be s8plit into two
fractions,’one ‘which .is exchangeable by paraquat and the other
which 1is not. Approximapely 0.65 mmoles/ g of the total apparent
binding capacity of magnesium is8 exchangeable with paraquat.

. '/
This corresponds to 67 % of‘all the sites available to magnesium.

The fraction of the magnesium ;ites nét available to paraguwt may
be sites from which paraquat is excluded by size considerations.
&# . The release 6f paréquat from humic acid by magnesium at pH
5.00 is minimal. ‘ *
A further analysis of ‘the binding>curve for paraquat and
.mégnesium giveé information concerning the speciation of paraquat
in humic acid:suspension. Figure 67 spows the paraquat binding

curve in the presence of magnesjium. Curve A répredents the total

amount of phraquat bound, curve B, the amount of magnesium
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-

‘released magnesium-exchangeable {raction of paragquat bound )
and C the diffe;ence between A and B. This difference can be
assigped to a non-exchangeable fraction of the total paragquat
bound. It appears to increase to a peak value of approximately
0.1 millim&les per gram. This value 1is quite close to thi

fraction of mnon-exchangeable paraquat bound in the copper-

‘paraquat system at pH 3.00.

¢

5.1.12. COppei - Paraquat -Humic acid BYlt;l at pH 5.00.

Figure 68 shows.the binding curve for copper at pH 5 in ghe
presence of a constant amount of paraquat. Prior to the addition
of paraquat, the physical appedrance of the samples indicated the
presence of two physical phéses.p As in the copper humic acid
experiments, addition of copper producéd coagulation :ind
precipitetioﬁ of humic actd.- The amount of paraquat 1n1ti;11y
boﬁnd to hd:ic acid decreased as copper vas bound, se/in
apﬁroximate}y‘constant“value of 2.2 millimoles per gram. A plot

of the .release of paraquat by copper suggests that the copper

displaces paraquat in a one to one ratio ( Figure 68a ). A mole

Q

fraction plot of Xyv against Xcu gives an almost linear
relationship ( Figure 69 ). The mole fraction of sitgs occupied_
by paraquat was calculated basedion a total of’1.02 millimoles of
carboxyl groups ionized. Thé same total number of‘ sites wvas

A

assumed for the copper mole fraction calculation.

\

/o : I
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If the structure of humic acid is such that the
concentration of d;carboxyl sites is small, most of the copper
will bind to salicy}ic sites. This does not seem to be the case
in the sample studiedﬁ3 Addition of ‘copper to humic acid
suspension; at pH 5.00 produced an almost instantaneous
aggregation of humic acid molecﬁles, which suggests a large
’;oncenyra%ion of dicarboxyl sites with carboxyl groups located in
different humic acid mole;ules. '

The expected binding capacity for a divalent é;tion
interacting only with already ionized carboxy} groups only should
. be about 0.51 millimole per gram, at pH 5.00. Experimental
estimates of the binding capacity for copper at ‘bH 5 are much
higher than this value. They range between 1.3 and 1.4
millimoles of copper per gram of humic acid. These values
coincide with half the total amount of carboxy1¢group per gram of
humic -acid. ,

Comparison of the release of magnesium by coppér with tha;
of paraquat by copper shows that the removal of magnesium is
complete, \indicating a total competition for binding sites
between copper and'magnesium ( Fiqure 70 ). This is cortoborated
by the reverse experiment as sﬁown in Figure 71. The sites
covered by'copper include those with . which magnesium interacts,

which 4in turn are the same as those with which - paraquat

interacts. s

Y0 1 L
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" "but correlation with copper bound was not attempted because of

\“

The picture emerging from the above results is gthat copper

Q

is able to remove most but not all of the paraguat initially
bound to humic acid. fhere is still an amount bound ﬁo\humic

Eod

acid which cannot be displaced by éopper. The binding of copper
may be taking place via both salicylic and dicarbolxylic ’sites,
although baééé ‘on the ,experimenzzl, results, the formation of

dicafbo?ylic complexes’ between ' copper and carboxyl groups in

. different humic acid molecules seems to predominate. The

$

f
)

-

';\;fsh

formatioﬁ of salicylic and dicarboxylic complexes must be

accompanied by the release 6f protons ffomothg hydroxyl part of
L]
the sites and from the remaining protonated carboxyl groups

leading to a decrease in pH. In experiments with copper at an

»

- .

. initial pH of 5 the pH at equilibrium was abput i1 pH unit lower,

5

lgrqe scatter of experimental data. A —detailed séydy of this
situation fs needed, uéing greater humic acid Eoncentratipns in
qrder‘to detect changes i; pH with.mgrb confidence. '(;

The reverse experimeqt,‘in which humic acid saturated wiéh

copper is titrated with paraquat, is shown in Figures 72 and 73.:

e most noticeable feature is that little copper 1is released

"~ from humic acid by paraquat. . Thislsituation is similar to the

one at pH 3.00. Pa;aquat'cannot displace copper once it is bound
o . , -

to humic ‘actd. If copper 1is blocking the carboxyl groups
available to paraquat, as suggested before, there: shoubd be a

gotal reduction of paraquat binding this was not the .case,

s i
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- Second, the binding of'paraquat is not affected bﬁ/copper as much

. g orer , 213

What is implied here 1is tﬁat paraguat may be binding to sites
which are not 1nvo1ved in ion exchange reactions. TQ}; behaviour
must be compared to the case of copper saf&rated humic acid
titrated wich magnesium as shown in Figure 71. The binding of

O

' . fid
magnesium is zero 1in the presence of copper; e,., copper

_effectively blocks the carboxyl ,group sites to which magnesium

binds.
The reduction in the apparent binding capacity of paraquat
in the presence of copper is about .45 millimoles per gram which

is quite \similar to _the reduction in the presence of magnesium

ions. The main difference is that copper is not displaced. This

result is not an experimental artifact. At the paraquat’

saturation'level, ©.7 mmoles of copper per gram would have been

released if paragquat had displaced copper, and this uoukg‘have

been detected by the atomic absorption technique used for the '

ahalysis of copper. In fact none was detected.

Two main conclusions can be drawn from the p;eoent results,.
First, the exchange reaction between copper and paragquat on humic
acid is not reversible within the concentration ranges considered
in the ‘sense that removal of coppcr by paraqﬁat does not take
ploce to the same extent as the removal of paraéuat'by copper.

d
as might be expected based on the blocking of ion exchange sites

. by copper ions. Therefore, the reduction in the binding capacity

— o .~

-

-



of paraéuat in the presence of°copper as in the case of magnesium

cannot b attributed totally to'diréct gite blocking the metal
ions slnce the amount of metal ion bound does not correspond to
the decrease in the apparent binding capacity.i '

- At copstant.%yaraqudt concentration and increasing copper
;dded to humi;'acid, the reduction 4in the‘ binding of copper
correronds to s8ite blocking by paraquat, although it could also-
be the }esult’of confgfmational changes.” Similar etfects result
with calcium and. maénesium. .The apparent binding capacity of
calcium‘in the presence 6f magnesium is below its value in the
absence of maqnesium; This cannot however be attributed to
cation site blocking sinbe-no magnesium remains }n the humic acid

A

exchanger.

5.1.12.1. Equilibrium functions. £

The information obtained'in the experiments discussed above
allows formulation of the equilibria taking plac? betweeg'eacb
metal ion and humic acid at pH 5.00. “

Equilibrium functions ags defined by Equation 47 were
calchlated for the various experiments.
Ditfe;enﬁial equilibrium functions are shown in Figure 74.  The
important feature. in ﬁﬁis Figure is that, while the differential
functions for calcium and magnesium show 1little variation with
Bite loddinq, the djfferential function for paraquat increases

A

greatly with‘incréase in free sites.
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In thé experiments involving two cations s{hultaneously, the
gquilibrium functions tgke a different meaning. For example, in
tée case of magnesium-satu;ated humic acid .titrated with calcium,
one 1is }ooking at an ion exchange reﬁction between naqhesium‘and

calcium;

-

F;gure 75 shows the average equilibrium functions for

~magnesium and paraquat' for magnesium-saturated humic acid

titrated with. paraquat at pH 5.'. fhe calculations ere done
assuming.a'total;gf 2 mmoles/g of poteﬁ;ia; sites. Thi&jincludes
most of the carboxyl g;oup; already deprotonated. The

equilibriuT ‘functions are almost constant, the small d;zrease
with increased s8ite loading berhaps being due to electrostatic
effects. This rgsult permits better identification of the ion
exchange ’path followed. As was shown earlier, paraquat
effectivel§ repla;es magnesium in a 1:1 ratio and both cations
competé for the same sites. Therefore, thé equilibrium can be
defined in terms of a Mg-LHA ‘exchanger. The selectivity function
as definéd,by Helf%erich‘(67) is plotted in Figure 76. It can be
seen that it is almost constant and shows a slight preference for .

B4

paraquat throughout.

&
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Using arguments similar +to those above, the selectivity
function for-the case of magﬁesium-aaturated humic acid titrated
with. calcium+ was plotted in Figure 61. There is a dramatic

change in the pfeferepce for calcium compared to magnesium.

5.1.13. The calcium-magnesium-paraquat systéi at pH §5.

Experiments in which humic acid at pH 5 was titrated

U

simultaﬁeously with calcium, magnesium and paraquat were carried

out. The total level of cations was kept well below saturation

J

levels.- The calcium level was such that little prec%pitation vas

J

visible. Results for some of these experiments are shown in

Figures 77,78 and 79, for calcium, magnesium and paraquat
“\a )

respectively. The'calculated average equilibrium functions tqr
paraquat, calcium and magnesium are shown in Figure 80. It can
be seen thai tﬁere is little change with fespect to the single
cation experiments.

Calculated values for the-average.differential eqgquilibrium

‘

functions and mole fractions are shown in Tables 26 and 27 on

Pages 224 and 225.
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<

, L . <" Table 26 ,
N o § } Average Equilibrium Functions
- S Ca, Mg, MV at pH 5.00
’ ‘ ’ ' v * "
, a . Xg Xca ™ )f’n/(g Xuv ” -l?ug Kca Knuv
(+s8) (ts6) ’ (t%2) (t33) . . (+%12) (t%10)° {$10)
’ y . .
xlo+v3 xX10+4 x10+3
A "!.—-----—-—-—--—-_—-—--———--——--L ——————————— -t ey e W - - - oy = e s e e
\ . \ . ’ i a )
0.978 0.002 ©.018 0.002 4.35 7(.:56 © 0.168
i ©.920 ° 0.004 - - ©.056 = 0.017 1.33 16.61 5.69 -
P . ; ' \.;_ ’
@.861 0.006 ‘0.094 0.033 23.24 26.89 11.96
s . ’ .
@.807 . 0.008 @.128 0.049 _ ' 27.75 38.46 19.04
. , ) S ¥ ‘ “y
0.762 0.010 ' @.153 0.065 . 23.22 51.@7' 26_.81
. @.7¢9  0.012 ' - ©.187 0.080 -27.06 66.06 35.84
- s / . . . . . . 40\
/ o Q.666 0.014 - 0.212 0.@?4 ) 25.08 g2.e8 37.46
‘ . 9.622 0.016 ©.242 0.104 26.84 100.62 33.82
' g’ .582 0:018 ©.263  ©0.118 2¢4.92 ' 121.07 38187
‘ Iy . Humic acid concentration 0.1 -gr/Lt. - Concentration _ranges for
" ¢ . each setal ion: Ca from 2.1 umole/gr to 21 umole/gr; Mg froKye
'. . umole/gr to 358 umble‘/qr; MV from 16.3 umof'e/gr to 150 umole/gr."
ac ¥ : ! r
“' ’ i ‘ ’
<L . .
: 3 M s
L] ‘ R \’. . , -
» -y , .“ \
" X, . N ' N
Lot : | . . ‘
.:_"I .\‘ - -
b S |
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N » , Table 27 ' ’
' A;erage Equilibrium Functions '32’ ’
— gy
, .4 ’ ' . Ca, Mg, MV at pH 5.00
( ‘»xs S . Xca Xug ' Xuv . Kug  Kca R‘uf
(2%8) - (£36)  (£32)  (rud) (£%12)  (£¥10) (v10)
' * ‘x10f3 x16+4 %10+ 3
_________________________ e e e e e e
°.924 e’.o1‘5 . 0.037 0.009" 4.87  0.120 2.14
~ ‘ ©.776 * ©.061 2.077 ©.026 ¥1.87 0.670 7.30
‘ '@.635 0.105 Q.116 2.039 21.91 1.53 © 12,17
) " 0.517 0.136 0.155 el.957 35.97. 2.07 23.06
-0.420 0.164 '0.1‘89 - @.063 48,90 2.59 * 22,21
A ' 0.35a . 0.176, . 0.205 ©.090°  41.40  2.40 56.65
' 0.203 ©.231  ©0.232 ' .102 - 69.65 ° 65.60 96.67
v mmmmememm—————————— ceemm—c————— e mmmedmmm——————— mmmm————— ————
H§ﬂic Acid concentration O.I,qr/Lt.‘COn§‘ntratlon’ranqes for e‘éh
‘m ion: Ca -from 40 umole/gr to 4@' umole/gr, Mg from 39
' hnoleigr t; 398 umole/gr and va«trom /16.3 unole{qr to 163 h
" umole/gr. - . ' i
” \ * q . Y
* / : . ‘ ‘ ”
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5;1.1@. Interaction of Paraquat with Montmorillonite.
Tiirat{Qns of Montomorillonite wfth paraquat gt pH 5.00 1is
shown as a.binding curve iﬂ'Figureg 81. A plateau at about"0.9
milliequivalents per gram indicates that parqquat cations were
bound up to approximately the exchange cgpacity of the élay
thch,‘ as measured by sodium andt magnesium uptake is 0.950
milliequivalents per gram. The difference in the exchange
capa;}ty and the amount of paraquat bound at saturation falls
. withié experidental error. It has been recognized that the
adsorption of paraguat on montmorillonite is an irreversible
process, that is the Bemgval of paraguat from tﬁe clay by pther
®cations does not take pfﬁce-readily. Experiments wiﬁﬁ,a variety
of cations, including copper confirm this resulf. . The

w
t y .
displacement of cations from the negatively charged sites in the

ihter-layer:spaces‘of montmorillonite can bé seen in Figures 82
to 84.t That the‘brelease of so0odiuym by paraquat, from a sodium-
‘aturate; clay sample takes place corroborates the @op exchange
mechanism proposed by Weber et al (45). Substitution of sodium by
other cations produced similar resuﬁt%.

The reverse experiment, in w&ich clay particles are °

saturated with  paraquat and titrated with increasing amounts of

copper ions , showed that the paraquat-clay interaction is in

LN

fact irreversible ( Figure 85 ). . e
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5.1.15. Paraquat interactiénlwithjLHA at pH 3.00.

It haé been recognized ( .4,617,57,32,41 ) that paraquat
onqageé in ién exchange reactions with humic substances. At low
pH values the exchange rea?tion taking place must involved the
protonlas the exchanging species. The binding of paraquat occurs
Qia displacement of the strongest facidig protohis, ie. uthe

D -

carsoxylic acid sites in humic acid inside the -internal gel

solution. This implies that paraquat is mainly interacting with

only one type of site since all the carboxyl groups in LHA can be
considereh chemically ‘identical for” this humic acid sample. Ion

exchange of paraquat in LHA can de illustrated as follows;

. Lo . 0
Il : ' | g
/fy—C——0- H+ y | so—
“ | MV+2 wed 2 H+ by Mye2 -

! N [ S~ :

ﬁ———-o— He | | —o-—-—-ﬁ
- . 1
0 I Paragquat Ion Exchange 0
Figure 86 . . .
. ‘ ) _

The carboxyl groups in humic acid make up the main anionic sites.
The penetfation¥ of pa;gquat in?o phE<S§3 solgtion is controlled
by the Donnan potential. The two groups making up the bidentate
site ;ust have the necessary geometrical dizgsidéion in order tb

match the charge distribution in paraquat, This requirement will

" certainly reduce the number of sites accessible



to paraquat compared to those available to other cations.

The use of the .term "bidentate site"” is not an appropriate
one since is has the connotation of cheiation which is]not
believed to be the case here. It also sugqesti the existence otl
specific interactions. The use of terms like ;anionic divalent
sifeﬁ and "bidenta£e site” merely provides a convenient vay of
defining the ion exchange reaction. )

The ion exchange equilibrium can be expressed as.

Kuv = Xuv ([H+]2

Xsua2 [MV+2]

kY

The possibility of paraquat binding to humic acid by means

-

of forces othe} than electrostatic interactions capnot be ruledﬂ
out. Neutral salts such as NaNO3 and NaCl reduce the amount of
paraguat bound as the concentration or 1oﬁic strength is
increased. This 1s an indication of the 1importance of the
electrostatic interaction since sodium ions can compete with
paraguat for ion exchange sites. If another type of interaction

is8 taking place it must also be sensitive to changes in ionic

strength. Herbicides such as atrazine, which do not participate

in ion ethange reactions with humic substances also show binding
which is sensitive to changes _in 19nic strength(5). Charge

traﬂsfer complexation. and hydrogen bond sorption are examples of

possible interactions sensitive to ionic strength. Based on tho'
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survey - 0f the literature of p;raquat interaction with a variety
of compoﬁnds (29,30,38)“ charge tfhésfer seems to be a common
océufrence. Fp; examﬁle Ledwith (2§) suspected charge transfer
complexation between paraguat and phenolic materials. One
requirementkfor charge transgfer complexatibn is tha£ the paraquat
cation and the charge transfer "complexing agent” must have
tavorablq overlap of electron deficient ‘and electron rich
regions, respectively. For this to happen, therexnnniube a
favorable distance between the two members; of the complex. 1In
this contex@ the éﬁectrdstatic attraction between paraquat and
the deprotonated carboxyl groups 1is a favorable situation. If
charge transfer were to take place betweeﬁbparaquét and carboxyl
groups, then this mechanism would be \iﬁtimately linked to the
main mechanism of ion exchange. This hypothesmis does not exciude»

the formation of ' charge <transfer complexes involving "Sites”,

particularly phenolic moieties, not engaged in ion exchange.

<

5.1.15.1. Effect of other Cations. ;
’ "

There is amplé evidence in the @iteratuge thch poiﬁfs at
ion exchange involving carboxyl groups in humic acids as the main
mechanism in paraquat binding (4,6,7,38). Best et al(49) and

Kahn (37) conhsidered this in a rather simplistic way. Factors

-

such as "site definition", "site 1loading"”, and the like were

vaguely discugsed. It is in(;act important to compare the
H . -

- LR

~

ave
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behaviour of other cations interacting with humic acid, taking
into consideration the sterochemical and electrostatic
differences bhetween garaquat and other B%Pple metal ions.

At pH 3.00 the values for the average ‘equilibrium functions
for cations ‘follow the ordefl Cu > Ca> MV>"'Mg. The values. for
calcium are rather uncertain since larger errors were involved,
With the exception of paraquat tHis sequence can beﬁexplained by

simple electrostatic effects. The hydration radii of calcium and

copper being smaller than that of .magnesium implies that thense

cations shall be preferred over magnesium by humic acid. With )

respect to calcium and copper it i8 the possible that part ot
the hydration shell for both cations is lostﬁ when interacting
with humic acid, implying an even stronger interaction. The
preference of calcium over magnesium by carboxyl ion exchangers
has been documented recently by Kwak et al.(66).

" Humic acid’s total acidiq cap ity as determined by
titration with barium hydroxide is 7.60 mmoles per gram, copper
covers about 2.4 millimoles per gram or about 32 % at pH 5/

whereas other cAtions cover about 12 %. The total acidity

- includes 2.4 mmoles per gram of carboxyl groups, the .rest has

been assumed to be phenolic protons. The possibility of even
weaker acidic sites cannot be ruled out, but it is bel;eved that

these will not interact siqnificantlQ\with metal ions under the

. ]
o

v/
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pH range in this study. }Each cation will interact with a
collection of sites. Howevér, similar cations are expected to
interact with the same or sinili} sites. This is the case for
calcium and magnesiunm. ‘Both catioﬁs, compete for the sanme
collection of. sites, as has been shown egrlief. ,

The effect of each cation on the equilibrium of paraquat aqd

humic acid is shown in Table 28.

Table 28 .
t. VA " Effect of similar loadings of various

cations on the paraquat-humic acid interaction

S odl

Average Equilibrium Function at pH 3

Xnv Xe Xgu2z : K
‘ -~ ©.074 --- -——- 9.72 x 10-3
Cu '~ Q0.066°  0.057 0.877 +, 6.61 x 10-3
\ Mg 0.052 0.063 ©.886 4.90 x 10-¢ .
- . Ca 0.063 0.068  0.869 2.61 x 10-4
¢ Cu 0.062 ©.128 ©.800 . 8.84 x 10-4
' e e e S - i
2

N

X E I D ey T, e S
s
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It can be seen that both'calciu; and nggne;iul d?Er;ase_the
paraguat equilibripm function to the same extentl Copper
does not affect it to as great ;n extent. This is a clear
indication that sites with which calcium nd .laqnesiuh can)
interact alsq interact with paradﬁht to a a)rqer extent ;han

those sites interacting’with copper. A larger copper loadiflg is

. L}
needed in order for copper to reduce the average pqui%ibfium‘

funqtion for paraguat to the same degree ;a did calcium or
mégnesium: The 1last entry in Table 28 corroborates this
observation. fhis‘may be a consequence of’ pﬁe order in which
tations, particularly cbpper PQnd to diffgrent gites, If cz?per

prefers salicylic-like sites and calcium and magnésium bind to

“

carboxyli;‘sites, then copper w;li interact with the salicylic-P

like sites available then with carboxyl sites, The compression
of humic ‘acid molecules into a macro-yel structure at low pH

means that the flexibility of theﬁrolegules is much less than at

-

pH values higher than 5. This means thatlcétiona such as calcium

hd 4

and magnesium are at;racte& to the charge develdped in the gel

internal solution regardless of the géométry of the, "sites".
These cations are expected to be tenritorialf bound. Copper ions

’

" will show the same eﬁfect, put may also 1ntera9§ specifically
with salicylic and dic;rb;xylic sites. S j 9 '
. Despite thg similarities between theﬂsitesq interactiﬁg-with
lnagnesium and calcium and tﬂbse in¥eracting yiih paraguat, ;bout

50 t of the paraquat bindin§ sites,are“not shéred"with these .

h » /o o

3
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R L “Jpiagram for siteg shared by paraquat copper, calcium and
3 ; oo o . .f~}f gnesium on LHA -
- o od . . «}-_\:':E'i ?‘;‘?ﬁ( Y . - .
1 S TR T o U R "
e e Sites A‘are common to all cations It is very likely that
TNL g A O } ., {
. "ﬂ? Lo thesexhre carboxyl groupS*which are ioaagaire¢ to relatively free
ST «protons in,tﬁn interior of the  gel sélutﬂbn. 'sites B could be °
7 A3
' < either weiker* carboxyl acids or saliz?lic like thes or both, to
] o ) - st
<’ f‘ Which paraquat 1nteract but not necessariﬂ& ia ion'exchange

W Copper nteracta with sites B. Sites C, sites with which‘bnly

. e paraqhat ter are proSably phqnolic"noieties inside and
| ‘outcide ;tructure.\ D rebrésehts tﬁe'gota} number of
‘j sites 1nteracting with paraqﬂat ) Satur;t;on of - \
Y 2
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v

-

carboxyl groups in humic acid wfth copper 1lons at pH 3.00 does

«
o

not exclude paraquat from binding to humic acid. As has been

shown earlier paraquat bigg#ﬂg occurs without displacement of
%

. . ] 4

copper. The leyel of copper ‘loadings used ensured that all

carbox§1 group sites were covered by copper. This lead; to the ~

s

idea that this situation is a particular one in which paraquat is

sorbed by a non-ion exchange mechanism. "
¢ ’

) ‘5.1¢16.'Interaction§ of cafions with humic gcid at pﬂh§.00.
The interactions of ‘catiqps "with humic acid under pH

conditions’ éreater'4than 4.5  will be gquite similar éo the

interaction; with a "dissolved" fulvic acia. The métroscopic gel

structure of humic acid which prevailed at 16w pH 18 almost non

e Fur g L | . y

, % :
existené‘at pH ¢5.00. The destruction o; the gel ggtructure

carries an, important consequence. The mechanism controlling the
ﬁihdingwof cations is no longer dependent on a bonnan potential
at the macroscopic level, since the internal gel solution has

been reduced to a minimum. In fact the _results obtained by

2 S
L)

Marinsky et. ;1. (15,13,17) for vafious fulvic acids showed that
the molécules are impermeab{e to electrolytes, yhich Reans thatD
biqding' reactions - take - place at the surface of the
pélyeiectroly£e. This, on the other hand, does not exclude the A
p;ssibflity that a nibroscopic-qel nystem is operating.

Neverthelsss, macroscopic Donnanigffécts are minimunm,

Although no sikilar %tq@y has been done for soil humic
) \ I A .

¢ . v -



acids, it is reasonable to expect that a similas. !

Atw\pH 5.00, the character of the 1interactions between

cations and hdmic acid will be mainly electrostatic between the

i

already ionized carboxyl groups‘present in humic acid and cations
in solution. This electrostatic interaction may result,
depending on the cation involved,'in a épggific binding, such as

may be the case of copper whicéiform compliexes wi}h dicarboxyl

and salicylic sites. B

In studying the complexatign of manganese bfia .801il1l fulvic

-~

acid, Gamble et al (68a) made the distinction between inner
}sphere and oufér—sphere complexes. NMR measurements (68)

provided evidence for the conclusion that  jcations such as

v

manganese are held electrostaticaly in- the vicinity of the

anionic groups in fulvic acid molecules and that the cation

¢

retained its hydration shell.' This is clear evidence that no

* ‘
ligand eﬁ%hange occurred ;p the binding mechanism. The energy
‘involved is purely electrostatic. - In fact, the binding energy

for manganese to fulvic acid is almostltwice that for potassiunm
ions., Manning (69,7@) have Qsed ;he term "territorialy bound
cations" %o Qefine cations bound as described above. In this
context the term outer-sphere complex 1is synoﬂ}ﬁous with

“territorialy bound cation”". On the other hand, cations such as

f‘

copper are able to form very strong complexes, with carboxyl and
Al . ’

salicyliec groups, requiring the displacement of relatively

tightly bound protons from the phenolic portion of salicylic

"

“

e .
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.:&tes. The energy involved is larger than in the case of purely
electrostaﬁic . binding. In the case of copper the complexing

’

nechanié; also involves the loss of water making up the hydration

shell and can be visualized as a ligqng substitution reaction.
These types of complexes are typicgh “inner-quere complexes”.
At pﬁ 5.00 and =zero ionic strength,’sogf of the carboxyl
groups in humic aid are iogizedf- Acid base titration results
éhow that about339.3 $ of the original carboxyl acid content has
been neutralized. The amount of carbéxyl groups ionized per gram
at pH. 5.00 can then be estimated to be about 1.02 millimoles per
gram. In the cése of cations interacting with 1ionized carboxyl
groups onky, the apparent binding capacity should be about'0.51
millimoles' per granm. This represents an upper limit, assuming
that all sités are available to cations and are located 'in the
polyelectrolyte in such a way that no steri hirndrance exists.

The saturation level attained depénds also on the binding

constant for that pafticular cation.

- 5.1.17. Paraquat-Magnesium system. - \ f
The proposed stoichiometry for the binding‘ of paraguat to

o

humic acid at pH 5.00 suggests that paraquat must form complexes
similar ts those between magnesium and humic aéid. Based onﬁﬁhe
<paraquat-magnesium exnental results, bg:;l ”cations share
common sites. ' Nevertheless, the equilibrium function for

paraquat implies that its interaction Yith humic acid is

nd N ¢



stronger than that for magnesium. This is confirmed by the factv .
that experiments in Which'paraquat-saturatednhumic acid

was titrated with magnesium did not show any displacement of.

paraquat. ‘

+

4

’ The charge distribution in the paraquat cation is quite
different from that:of a sphere cation such as magnesium. Figure

88 shows schematically the 1location withip the cation where

f
o
‘

positively charged centres are most likely to occur.
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’

This charge distribution in paraquat may be a crucial factor

.in binding to‘carboiyl groupgéin humic acids. A distribution of

charge throughout the surface of‘the molecule will permit
interactions with carboxyl groups which may not be adjacent to
each other. . | ’ |

The order of binding intensities is: HV*2.$ Ca+2 > Mg*'&'
for ‘the same catioﬂ loading. The diffﬁnential equilibridm -
functions ( figure 74 ) for each cation indicate the same trend.

The calcium humic acid equilibrium, as mentioned before, is

different from the 9@her two bécause-the formation of precipitate

Kd

~introduces a second physical phase. It has been

included, however, for comparative purposes. The greater
binding of paraquat over the other two cations may be due to the

K

charge stabilization present in paraquat.
5.1.18. Copper-paraquét system; !
The main feature of this system is that paragquat binds with

little displacement of copper ions when introduced into a éoppet

sgturated hunic aéid,system. In* the reverse . situation, copper

o

does tdisplace paraquat but not completely. 4 \ ey

Two pieces of information must be considered to interpret

these results. First, copper binding to humic acid at vﬁH 5.00

. results in almost imwmediate precipitation. of humic aciq. As

mentioned before, this is an indication of the formation of

copper dicarboxylic complexes with carboxyl groups prépent in.

O



different humic acid molecules. The fact that this takesﬁplace

very garly\ in the titration implies ‘that this type of complex
formation predgminateb. If this is actually correct, then the

apparent binding capacity for copper at pH 5.00 reflects the

"total number of carboxyl groups present in the humic acid sampbe.

Second, given that.the' value fbr the apparent binding capacity
for copper is '1.25 %5 millimoles per gram, compared to, the total

fumber of carboxyl groups,which is 2.43 %4 millimoles per gram,
“ N - )

v

‘this accounts for about 1.2“ millimoles of."bidentate sites”,

copper must be binding to all of the carboxyl groups present in

humic acid including the rather weak acid sites not ionized ‘at pH

5.00.

L+
The blocking of these sitea/by copper at pH 5.00 1is evident
from - both the copper-mﬁgnesium aqd the paraquat-coppér

experiments.f If paraquat wef? to bindy,with the same strength as

-

'apea magnesium, which it does not, no binding would take place.
The fact that' binding occurs, and that most of the carboxyl

&
groups are binding copper indicates that in the presence of

e

copper paraquat binds to other sites. It is quite possible that
the precipitaéed copper-hqpates prgvide a surface onto thch
paraquat can’ atFachd itself in physical and poss;bly chemical
interactions. In this context it 1is important to consider the
results obtained by Ledwith (29).for th; inte:actiong ofgbaraquat

with phenolic <vcompounds indicating possible charge transfer
‘ -' »

complexes. : ' o T e
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5.1.19. Internal and External Variables.

The correlation of cation binding with external variables

+ such as pH, 1ionic strength, concentfqtion of cations, etc,
™provides only a qualitative picture when dealing with colloidal
systems as complicated as humic aqid suspenqions. It is true

~ that knowledge of these variable 1is needed to describe thé
(: :'i; - N

chemic?l equilibrium, but they usuélly reflect poorly the
chemistry at the site of the reactions; i.e. the interior of the
humic gel.

An example of this c;n be seen in the study of the pH effect
on ‘the apﬁaren; binding capacity of paragquat on humic acid.:The
results of this study are: shown in Figure 89. They prévide
little information other than iowefing the pH produces a decrease
in the apparent binding capacity. As has already been pointed
aut, the existence of an internal gel solution in humic acid

/
o
. * particlet implies that the pH inside the gel, as well as the

;onceniration of cati&ns, 18 quite differept from that in the
exFernal solutyon. Unpublished rgkults on the biﬁdinq of
paraquat to Laurentide Fulvic Acid (72) indicate that fulvic acid
"Yinds much less péraquat than humi acid under similar
conditions. Fulvic acid-paraquat interactiyns are less sensitive
to changes in the pH of the external solutior aﬁd in fact remain
almost cons;ant in the 3 to 4 pH range. A similar situation was

tound by Guy et al (4), for the binding of paraquat to

. polysteryne sulfonic acid. In addition, changes in ionic

as
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e

stfength'did not change binding properties.) Differences in the
pH behaviour of humic acid are a consequence of the macro-gel-
like nature.. Humic acid particles have an "internal solution”
with a high concentration’of‘carboxyl groups,

. Further information can be obtained if one chooses nmore
appropriate variables as was done in ?he present work. Evidence
;as been obtained to confirm théfhépothesis that tﬁe main agents
involved 1in the bindinq of paraéuat to humic acid are the
qarboxyl groups. Based on titration data for LHA the fraction of
acid remaining in the g¢gel can be'calcuiated. This fraction
, ., Hconsists of "free" pfotons, but ion-paired to carboxyl groups,
and;bound protons., In Figure 9@ the apparent binding capacity
far paraquat has been plotted against thg percentage of acid
‘" remaining in the gel. This plot provides more information than
}he-previous plot ( Figure 89 ). The intercept qiyes an estimate
of ;he ﬁotal potential binding capacity, assumiﬁg only paraquat-
carﬁoxyl interactions. The value of 1.9 millimole per gram ds

‘ quite reasonable, based on the total carboxyl content.
The effect of cations <can be described by plots including
“ inner variables as w%il ( Figureo 92 ). Figure 91 shows the
effect of[ copper ions on the apparent bgndinq capacity for

paraquat at various pH values. The decrease at pH 3 and 4

" follows a linear relationship.

§ -
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en

5.1..20. Summary of results. : .

o
3

5.1.20.1. At. pH 3.00 titration of humic® acid with magnesium
. . & : . o —
causes some of € humic acid to go into solution as can be

detected by visual inspection of the supernatant solution. This
effect is‘'not seen with ions such as copper, calcium, paraquat
and sodium. 3 v

5.1.20.2. At pH 5.00 titration of dis;olved humic acid witﬁ

5

copper or calcium result in precipitation of humic  acid, leaving:

o

a clear supernatant. The extent of the precipitation depends on -

the amdung of ﬁhe metal'fon added. ' ' . ;
’ ’ o A} . ¢ . :
5.1.20.3./ At pH 5.00 titration of humic acid with paraquat

or magnesium does not cause precipigation of humic material. oy

. \5.1.2@.4.,&itratiop of humic gcid at pH 5.00 with éaraqpat

.1n the presence of~magnesium _cqusedv some aggregation of humic R

material and partial precipitation. ’

5.1.20.5. Titration of humic acid at pH § with paraquat‘}n
the presence of copper, and vice versa, caused precipitation of

a 9] ..
humic material. .

W
5.1.20.6. Titration of humic ac%d at pH S with calcium in
o .\.l ' . L A
the presence of excess magnesium caused precipitation of ﬁﬂ;&c

materigl. X \ ‘

5.1.20.7. Equilibfipm fupctions for pasdquat, magnesium and
calcium, at 'ph 3.00, are guite constant within exper@lental
error. Ayerage values of avéragé were.iﬁ the order; MV »> Ca >

Mg. : . f S

. .
. 1 . v .
a
v . !
. . . an o
. . . . ,
a
-
.
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5.1.19.8. thilibr(;;_tunctiong for copper-humic acid showed

+

variations with sites befng Ioaded'ﬁhiqh were outside the 1lidits

of experimental error.  ( " A ’

’ N —

* 5.1.19.9. The agparent' binding c;gaéity for the cations
investigated fdllowed the séquqnée: cﬁ > MV > Mg ; JCa, at pH 3
and Cu > ﬁv = Mg > Ca’at pH.sj\, . -

5.1.19210.'Bind1ng of péfaquat %nd copper to humic a&id but
of éalgium or magnesium was detectap}e at pH 2. ‘
' 5.1.19.11. Approxfﬁaﬁely @:1 nmoles/g of paraqﬁat 'cgnﬂbt be

P ' . «
.. *displaced from humic acid by cations such as copper, calciun_and

magnesium under conditions where the Donnan mechanism 1is

[ . * ’ B . n a
controlling the degree of n;tal ion binding ( low ionic strength

saturate

y.o "

5.1.19.12..In the presence of sufficient copper to

the ion exchange site on LHA, paraquat binds with release of very

~-

little copper.

f -
. . . s ?
< * -
X .
. N
\

4
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'6.1. Conclusions ~ . N T

6.1.1. Thé acidiiy fdnétfdn %?f the carboxyl groups presént
in LHA can be represented by a single site model with an

intrinsic pKa of 3.7@., The variation of pKapp With degree of

dissociation can be attributed to electrostatic effects.
4

A}

. \ 6.1.2. To study the ingéraction of herbicides with soil
colloids, such as humic acid, it is important to understand tHe
- physical nature of‘the adsorbing material. This is particularly

L.

‘Jcritical when dealing with humic acids. ‘Thf pH dependent
'solubility of humic ;6id must be taken into consideration vhég
ﬁoétulating binding mechanisms for metal ions and cationic
"herbicides. The existence of a mgcro-gel structure in humic acid
at low pH valueé defines the type of mechanism controlling the
sorption of ions. Under these conditions,. Donnaq potentials
control metal and organic ion uptake. ®
6.1.3. The'interaction of paraguat with Laurentide Humic
Acid at pH 3.00 can be modeleéd as being an ion exchange resctioq
in&olving tﬁe carboxyl - groués that :nake up soi? of the ion
exchange sites ih £his humic acid s;mplf. At low i1onic gtr;ngth,'
when Donnan potentials are operating, the ion excﬁange reaction
of paraquat with humic acid is not totallziréversible. Removal

of paraquat by cations guch,as calcium, magnesium and copper is

not complete. ThfS‘hysteresis effect may be due to a secondary -

.

L4
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interactijon. Charge transfer between electron rich regions in

¥

""the humic acid moleties and the electron deficiedt-qpqraquat ring

- . !

system could be a possibility as has been suggested by previous
. \ . n

.regsearchers. High, ionic strength solutions. totally exclude

]

.paraquat from i;jeracting witﬁ humic acid particles.
; Y, ,

dence 1is ‘presented for the formation of 1.1
»

"chplexes" ‘of paraquat with monovalent carboxyl gites in
N

6.1.4. EvV

Laurentide‘Humic. Acid at pH 5.00. 'tbis may take place betqeen

rd

ion-paired paraquat an& an ionized éarboxyl group or divalent

para&uap‘ and an ionized carboxyl group.fbilowed by partial or

L]

total neutralization of the remaining positiQe cﬁarge by electron

!

rich moieties in the humic ac¢id molecule.

'6.1.5. The removal of /paraquat from humic aéid by ‘calcium,
magnesiqm or copper 1is no£ compl;te at pH ;;60. Copper ions are
able.to ~disp‘lace,abéui‘. 70 ¥ of the total paraquat bound to a
paraquat saturated humic .acid. | )

“6.1.6..the intergctiop 9g cgppef wiih Laurentidé Humic Acid;
at pH 5.00, seems to take place via.dica;bo¥ylic a;te " pseﬁdo-'
chelation™; ie.., with ggrboxyl groups located in'sepérate humic

,acid molecules. Théw saturation of sites with copper at this pH

indicates that copper can interact with 'alnost 100% of the -

carboxyl groups present in the saméle.

6;1.7. Calcium ions interact with Laurentide Humic Acid in a

similar fashion as does copper at pH 5.00. .The extent of site --
{ .

coverage by calcium is much less than that by copper. This may

-~ . ]
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be due to the fact that cafgium' Kay not be able to displace
prdtons from the ‘remaining protonated carbokyl'grgupé.'

P »

6.1.8. Magnesium interaction with Lau;enfng Humic acid at
PH 5.00 is very similar“to‘ﬁhe intefgction of pargﬁuat with the
s;me humic acid: The main difference is in the intensity of the
interaction, which is weaker for magnes;ﬁm.

6;1.9. The binding capacities for paraquat,r calcium, and

magnesium at pH 5.00 can be: correlated to the fraction of ionized

carboxyl sites in LHA. Values of about 0.90 millimoles per gram

.

Dfor paraquat and magnesium,-and of 0.45 millimoles per gram for

calcium fall withig the estimated fraction of ionized sites

avallable at this pH. ‘ ’

c

6.1.10. Average ion exchange equilibrium functions for
paraguat, calcium and magnesium at pH 3.00 are almost constant

considering the experimental. This is believed to be due to the

[

narrq¥ range of types of sites with which each of these cations

-

interacts, and the constant value for the dissociation function
oﬁér the carboxyl groups in LHA. " |

. 6.1.11. At pH 3.00 ihe competition between paraquat and any
of th; catiohs studied, namely calcium, magnesium and-coppeﬁ{ gér,
the 1on exchange sites introduces a discontinuity in the Ky Xsgu:
versus Xgu2 plots:, The nature of this ‘diBCOntinuity is still
open for discussion, one possibility céuld be a cﬁange in the

b

structure or configuration of the humic acid gel resulting from

o

cation binding. ?




'7.1.,Suggestions for further reseaxch. ’
@ A

7.1.1. A study of the dependence of the golubilitﬁ of humic

acid @ith'ﬁﬂ. This may inyolvemtheﬂ,collection.df‘ aliquots of
‘ t - 1Y -

———a

- 2 °
humic acid suspension at every point during titration with base

fbl}owed by an appropfiate chramatographic analysis i1in order to

.

detect the possible presence 6f small monomeric acidic moieties.

4

\]
a

7.1.2. Florescence quenching studies of dissolved LHA at pH
5, using copper and paraguat, as quenchers. This may provide
, .

'infqrmatidh‘concerning the degrée of quenching brought about by

each cation, for 'similar loédings. Comparison of these'results

could permit a better assessment of the overlap of sites shared

by both catipns. : v, ) T

<

7.1.3. Light Scattering studies in the,course of copper and’

calcium titrations of humic, acid at pH 5. The information

g ! ; v - :
obtained by these studies would allow one.to distingu;sh between

chelation and ”psquo—chelaglgn" as well as providing a better.

idea of the - concentration thresholds at which precipitation

occur.
__7.1.4. Use of an ion-specific electrode to.lohitor "free"
Loy
paraquat in humic acid suspension. A recently developed ISE

e

Ry
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for paraquat ‘could be used to monitor titrations’  of humic acid 5
! ' o ' ’
with this” herbicide. Comparison with ultrafiltration results
would be useful. . .
, - ' ' .
7.1.5. Total analysis 6f cationic and anionic épecies in
filtrates from humic acid ' suspensions. - This jis needed in prqgr
to check for.eléctroneufrality and possible pasqﬁge‘of organic o,
anion# through ultrafiltration membranes. . .
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%.1. calculations. _ * e
f \ ) ) '1' /‘ L , »
1.1.1. Binding curves . ot

. The amount of , bound” of a particular. cation was

Y
T . [

‘determined byﬁsuptracting‘the amount, recovered or “free" from\the

’ : \ - ' : \ : ’ | B
1nitial amount added. Triplicate results amdeast were secutgd
3 -0 ' v
.fon alf“titrations curves. fn' some cases uUp to six replicdate

‘ LN A . - ‘ . . .
were obtained The batch titrati%n turves obtained were fitted d

e

to polynomials by alaleast squarés BASIC‘routine written by the

authors. In _a few ses the titration curves were split into tvwo

sgfaight line sections.- ?he experimental error was determined by

. ‘ N\
taking the fitted titration durve as’ the average and subtracting

experimental values from it. " Table 29 shows the results of such

3 data treatment for’ the titration of humic acid with paraquat at

pH 4.00 - ';~ _ . . \
Q B .u. ;) ".‘ R : P , -

¢ " M - o SN . y
. 1.1.2, Equilibriul Punctions., ) T . \:?
e, Averhge equilibrium . functions ‘for single cation

experiments were calculated by Equations 116 onn Page 16

A fitted titration qurzg was generated for the experiﬁental range
. , . - Q *~ .
covered. This grovided averaged values " for the free cations in
. et »
solution, as well as amounts bound.. ,The whole calculation . was

-
.

done using -BASIC ‘routines KM.BAS and KSM.BAS written by the

> J 14 s : ' ’ ) N {
author. These programs provided K and K Xguz2 ' values. The

L. ’ - - . -~




¢ plots of K Xsuz versus Xgn2 weré‘fit,ﬁe’d_‘tb,po;ynoniala and their

‘ deiﬁi\'(,a‘jtives ‘gave ‘thi rdifterent%ai equilibrium functions scans.
» :i‘he relative errors in Krand K- are similar to those “for the -
"binding ‘curves, ranging from_1'~to:15't apbgoxj:nately. _ - .
. . , For the cases wi';:h | n‘ore.r;ha;) one'éat;on, the gverdée

- equilibrium function was determined directly from the averaged
» 5 4 ‘ .

’
. .
B -experimefital results, . '
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’

.

mmoles/gr
total
0.04992
0.10346
0.10750
©.14536
0.17021
1 0.19244
. 0.22822
0.29866
'0.31833

0.49174

*

' Table 29

" ‘Paraquat Titration of LHA at pH 4

\)
o

free'

imoles/gr

2

" mmoles/gr

-

. calculated

Relative Error

-

e

P

y

G e . - D D g . W= G P S WS R P O W ML G G W R TS R G L D WD SR S GRS e WS Gn Gn @R e Gl o e R e G e

. . '9.0550
9.0460

2.0560

7 @.0545

0.0499

¢

0.0589
e .

0.0664
0.0693 .
0.1077
0.2410

¥

*

0.0547

"6.0506
0.0507
9.0534
0.0573

0.0622

4

f‘“E??6726¥

7".

0.0901’

0.1014
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g Appendix 2 ' ,
" . - . * l\ ’ -
Y d “ ' ° .
.ot 2.1 Laurehtide Humic Acid Titration Data *
o ' . Table 30 ,
. Laurentide Humic Acid Titration\\\ : «
o ) , 0.100 gram in 100 mLs double distilled H.0
o : 0.1 M NaOH -
" e . e .
aLs . H+ Gel Phase Acid
’ Molarity , moles
0.000 2.907 x 10-4 £ 2,190 x 10-4
0.100 - 1,654 x 10-4 2.213 x 10-4
"0.200 1.516 x 10-4 2.125 x 190-4"
Q.300 9.468 x 10-5 2.080 x 10-4 .
0.400 v » 5.26{ x 10-5% - 2.021 x 10=+
0.500 - 3.127 _x"10-5. “1.941 . x 10-4
A 0.600 1 x 10-5 1.853 x 10-4
N 2.700 1 X 10-5 ’ 1.758 x 10-4
. 900 1 X 10:5 1.557 x 10-4 _ -
000 9 x 10-6 \»3456 x.10-4
1.100 1 X 10-5 1/352 x'10-4
- 1.200 9. X 10-¢ 1.252 x 10-4
& 1.3@0‘ .9 X lo-§ - 1.150 x 10-+ v
1.500 9. X 10-¢ : 9.468 x 190-5
& 1.600 % 10-6 8.457 % 10-5
, 1.700 X 10-6 . °7.450 x 10-5
1.800 7,722 x 10-6 . .6.442 x 10-5
1.900 6.624 x 10-°6 5.438 x 10-5
) 2.000 . 4.270 x 10-°6 3.939 x 10-5
' N 2.100 3.943 . x 1Q-6 2.434 x 10-5
) 2.200 2.647 x 10-°¢ 1.423 x 10-5 ) ¢
2.300 1.596 x 10-6 . 4,123 x 10-6
. 2.400 * 1,470 x 10-6 1.504 x 16- .
- 4
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Table 31 Q / , :
~ L Laurentide Humic Acid 'r:ltration
° Q 100 gram in 100 mLs double distilled Hze
' ©.1 M NaOH ®
nlLs . H+ Gel Phase Acid
. Molarity moles
. 0.000 6.778 x 10-4 . 1.870 X 10-4
0.100 6.175 x 10-4 1.826 x 10-4"
0.200 5.693 x 10-+4 1.770 x 10-4
0.300 5.297 x 10-4 1.706 x 10-4
0.400 4.796 x 10-4 1.652 x 10-4
\' | e.500 4.518 x 10-4 1,576 x 10-4
0.600 4.125 x 10-4 1.512 x 10-4
0.790 3.706 x 10-4 1.45% x 10-4
0.800 3.340 x 10-4 1.383 x 10-4.
0.900 3.189 x 10-4 1.295 x 10-4
1.000 2.823 X 10-4 1.142 x 10-4
: 1.100 2.649 x 10-4 1.142 x 10-4
: 1.350 1.954 x 10-4¢ 9.531 x 10-5
‘ 1.400 1.808 x 10-4 9.161 x 10-5 °
1.500 1.681 x 10-4 8.253 x 10-5
1:600 1.3%3 x 10-4 7.581 x 10-5
. 1.700 1.196 x. 10-4 6.675 x 10-5 °
1.800 1.033 % 10-4 5.805 x 10-°5
) 1.900 8.749 x 1075 '34.931 x 10-5
. 2.000 7.060 x 10-5% 4.078 x 10-8
2.100 6.485 x 10 5 2,968 x 10-5.
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0.117

- 0.108

0.143
0.161
0.185
0.253
0.291
0.373
0.413
0.455
0.495
0.536
0.618

0.659

0.740

e.781

0.841

 0.862

PH
3.537
3.781
3.820
4.024
4,279
4.505
4.717
4.937

" 5.008
4.965
5.007
5.006

. '5.004

5.026

5;112-

5.179

5.370 -

5.404

No -background.electrolyte

.1

<

:‘ ‘ Appendiz 3 . .
N . v ) . . .

; 3.1. Redox Properties of Laurentide Humic Acid

’ ‘ -
~ Table 32 .
T \

* Rédox Properties of Laurentide Humic Acid |

AL?Hi/-

?Kapp ]

' 4.413

4.700
4.597.
4.740
4.922

4.974

-5.103

5.164» ~

5,159

>

5.044
5.015
4.927
4.795
4.739
4.658
4.627
4.645

4.610

.\ \l




Redox Properties of Laurentide Humic Acia,

Tqblo 33°

<
0.1 M NacCl bacquound‘eleqtrolyte

n

ALPHA pH PKapp
0.274, . 3.209 3.632
0.296 3.245 - 3.620
@.322 3.276 3.600
0.343 R 3.329 — : 3.se§
@.375 ERT 3.570
0L3§9 3.385 o ”3.562'
0.424 3.431° " 3.565
0.450 3.476 . 3.563
0.485 . 3.496 ‘ 3.522
0.511 ~ 3.550° 3.529
0.546 3.577 . 3.496
0.621 a.709  '3.asa
.636 3.743 3. 500
0.672 ‘ 3.774¢ . .3.463
@.699 3.878 3.513
@.735 3.922__ + 3.480
0.769 " 3.986 7 3,463
.804 s.058 \‘ 3.445
0.838 4.151 3.437
0.882 . 4.113 3.240
0.909 4.387 . 3389
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4;1.'c;rboi;1-idid content in gel phase. L '
| fable ‘34 o
"Gel Phase Acid asqé tunctihn of volume of base added
to 0.100 § in 100 mLs of d.d H:20. 0.1 M NaOH | '
- Qou,.- Ce ;-Cx Vb + C2 Vp2 + C;'Vb3 + Cq Vpt .
O TSP
) »l ] Coefficient'fi . Calcqinte@ value. - L .
R Co 2.206 x 10-4 | '
) C1 . «1.560 x 10-5
Ca -9.691 x 10-5 - -
Ca | 4.524 x 10-% . \
| ot Ca : ~7.840°x 10-6 /
.—"'“;'-""“"""--"-“""‘-'7""‘-"-‘-"‘7"-“-' K" ,
. . ) Q . | . / ‘ //
. . ) ' s ) . //‘/
. A . .
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