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Abstract. Stahility constants of complexes formed between Fe and either fulvic or humic acids, which were
isolated from podzolic soil and characterized by physical and chemical means, were detcrmined by using
« SFe?* radiotracer technigue. Both the ion exchange-equilibrium method and the continuous variations
method were applied at pH 5 and ionic strength = 0.1.

Log K values for Fe-fulvic and Fe-humic acids complexes were 6.06 and 9.75, respectively. The
stoichiometric composition x for these complexes was 1.00 for Fe-fulvic acid and 1.36 for Fe-humic acid.

A relationship appeated 1o exist between the stoichiometric composition of the complexes formed
and the concentrations of uxygen-containing functional groups in fulvic and humic acids.

Introduction

Measurements of the metal-complexing ability of polyfunctional macromolecules in
soil organic matter in terms of stability constants (log K) of metal complexes would
help soil scientists to predict the behaviour of these compounds with regard to seil
genesis and plant nutrition. Through its ability to form complexes with insoluble
inorganic forms of metal ions, soil organic matter contributes to plant nutrition by
increasing the availability of mincral nutrients 1, 2, 3, 4, 5].

In the literature there are numerous studies on the determination of stability
constants of fulvic and humic complexes with Cu2*, Ni*+, CO?*+, Ca2*, AI’T, etc.
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The objectives of this investigation were: a) To prepare fulvic and humic acids
in the laboratory and determine some of their physical and chemical properties, and
b} to determine stability constants of Fe-HA and Fe-FA complexes by using the
radioactive *Fe** method which prevents the precipitation of these complexes at pH
5 ot higher, by allowing very low Fe}* concentration to be measured.

Materials and Methods
Preparation of Fulvic and Humic acids
The fulvic acid FA and humic acid HA were obtained from the A, horizonof the
Roche des Podzol (Vosges-France), containing about 10% organic C. The main

physico-chemical characteristics of this horizon were described by Fares {1].

Procedures for the extraction, separation and purification of FA and HA are
described in Fig. 1.

Soil + Dowen _iNa*eHa0
2y+ g raie + 35m
(200mg C -84 maq.Na*}

abiTaTion
I7h /Ny pure

cpura i5mn
138000

[ aeranmatant ] [Sa v Ranin ]

Filtratian .
Pasidge on Dowis Ataa 4M
(TOm aq H*)

AEIBIIEATION 6f B 3
Cantr. 30mA ot 250000

Fraction aclé of_ insai |
RN

Fractian acid &f _1al.
“FA"

iesolving with Diysid againit L
KOH NS8O dlat. wotes {an)
Potsayaonresin 4*|  {Possage an mun H?
16m.ea bt 1em.se.H*
ph=3 pH=3

Frochien sreservad|  [Ivalyais against Li,l !_n-‘w,-.‘u oganst n‘.’_ Froction presened i

waont/Ny 3% [ dier. warer (9o} ds). warar {58 0lution /Ny 3T
PH=8.5 pH=2.3
TraPRIL I TATION LrorH LizaTion

Praservotion in Presareation in |
racuum/F, Oy vacuum /Py 0y |

Fig. 1. Extraction & purification of F.A. & H.A.
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Physical and chemical characterization of isolated FA and HA
Ultimate analysis (C,H,N and O)

C,H,N and O were determined simultaneously on the same sample of FA or HA
an automatic C,H,N and O analyzer. The distribution of the major elements in the
1sotated HA and FA are shown in Table 1.

Table 1. Ash free composition { %) of FA and IIA.

Flement C H N 0
*Substance

HA 52.18 436 183 3921
FA 4491 398 124 4582

*lyophilized and dried at 100°C for 24 h,

Elemental analysis provides uscful information on the distribution of the major
elements in FA and HA as shown in Table 1, the predominant elements are carbon
and oxygen. Fulvic acid contains less carbon and nitrogen than humic acid; but the
former contains more oxygen and hydrogen than the latter. Consequently the com-
plexing ability of FA with metal ions should be higher than that of HA. Most of the
oxygen in humic substances, specially in FA (> 90%) is prescnt in COOH groups;
phenolic-OH and > C = O groups account for most of the remaining oxygen [1, 6].

Analysis of functional groups

Total acidity: Total acidity was determined by the method originally developed
by Brook and Strenhell [7] and Schnitzer and Gupta [3].

Carboxyl group (=COOH): The calcium acetate method was used for determin-
ing —-COOH) groups in FA and HA [3, 8].

Phenolic hydroxyl (-<OH) groups: Phenolic hydroxyl groups were calculated by
diffcrence in the following manncr:

M. eq. total acidity m. eq. -COOH groups
m. eq. phenolic -OH. (1)

Carboxyl groups ( §1>C=0): The method of Fritz ef af. [9] was used. It is
i
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based on allowing FA or HA to react with an excess of hydroxylamine in an ethanol
medium.

Table 2. Oxygen-containing functional groups In FA and HA

Substance Total acidity* -Coonr =0H (phenolic) ll‘>C=0
{earboxyl)
HA 6.93 4.10 2.83 4.41
FA 13,90 9.82 4,08 1.05

*Results in m eq/g. of FA or HA (dry and ash-free)

The data in Table 2 show the distribution of axygen containing functional groups
in isolated FA and HA. The total acidity of FA is higher than that of HA, while

]I:;>C=O carboxyl groups arc present in larger amount in HA. The acidity of

exchange capacity of soil humic and fulvic substances is due mainly to the presence
of ionizable hydrogen in the aromatic and aliphatic-COOH and in phenolic-OH
groups. These functional groups have been shown to participate in metal-complex-
ing. Other groups such as sulfonic acid (-80,0H), phosphoric acid (-PO(HO),),
sulfhydryl-SH and amine~NH, exhibit a strong affinity for metal ions, but they are
present only in trace amounts in humic substance |10].

Measurement of stability constants (log K)
To determine stability constants of organo metallic complexes, the method of
continuous variations (CV) and the ion-exchange equilibrium method (IEE) can be

used in the following manner:

Let C,, G, and C; be the concentration of M, R and MR, respectively. For any
mixture the following equations apply at equilibrium.

Cl(le)C?—CaandnotCl=(1—X)—C3 )
G, = XC]-2C, and not C, = X-2C, '€)

where C‘l’ and Cg are respectively the initial concentration of C, and C, in the sol-
utions that are added together.

The complex formation or stability constant K is then:
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Ko G 5
(X-2CP(1-X)-C, C,.C2

2

“

The application of this method leads to K determination if the concentration of
the complexing agent R of (FA or HA) is known.

Ion-exchange reaction

The method of ion-exchange reaction was developed by Schubert [11] and first
applied to soil organometallic complexes by Courpron [12], Fares [13] Miller and
Ohlrogge [14] and Randhawa and Broadbent |3]. This method is suitable only for
mononuclear complexcs of the type MRy, where Mis the metal ion, R the ligand and
X the number of moles of R, X must be un integer (X A1).

According to the simplified treatment of Martell and Galvin [15] the equilibrium
reaction for complex formation ¢an be written as:

M+xR —— MRx
P

(3)

where M is the metal ion, R the complexing agent and x the number of moles of com-
plexing agent which combines with one mole of metal M. The numerical value of the
equilibrium constant K is;

M
kM
(M) (RY

(6)

When aplying this equation to Fe-FA or Fe-HA complexes, it was noticed that
neither (R) nor X was known. The principle of ion-exchange equilibrium was used
in conjunction with the resin-exchange technique to determine formation and stabil-
ity constants.

Let A, = distribution constant of the metal between solution and resin in the
absence of a complexing agent (FA or HA), A = the distribution constant of the
metal in the presence of a complaxing agent. Both A, and A should be measured under
similar conditions.

T

M) =

™
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where M = the quantity of metal cation bound to a defined amount of a cation-
exchange resin at equilibrium A expresses the relationship between total metal cation

species in solution (M) + (MR,) and on the resin (M,).

Thus, M,
(M) + (MR,) = —
A
or
MI
A=—
M) + (MR,)
Combining (7) and (8),
M, M,
(KR = —~- ™
Rearranging Equation (9) gives
1 M X
(MR)) =M, —-—=—(—-1)
" by kg R
The equilibrium constant may then be written:
Ay
—-1
( : )
Ry

or

log (% -1)=log K+xlog (R)

(8)

)

(19

(11

(12)

Although, x and (R) are unknown, by measuring A at more than one value of (R), x
may be obtained directly from the slope of a plot of log [(AyA) —1] versus log of rela-
tive values of (R), since (R) unknown. Once the value of x is known and the
maximum complexing capacity (MCC) of fulvic or humic acids is determined, the

concentration of complexing sites (R) can be calevalted see [3, 12].

Analytical and practical limitation of log K measurement

The pH effect
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The formation of ergano-metallic complex {(MR) involves the displacement of
hydrogen ions (H*) from FA or HA as follows:

Mo+ + HmR ~—————— MR™™ + mH™*

FA and HA contain a certain number of acidic groups and hydrogen ions are dis-
placed inta the solution. The magnitude of the pH change when metal ions are added
is related to the binding tendency of the metallic complexing agent and to the
stoichiometry of the complex formed. When larger amounts of metals are added to
FA or HA in the course of log K or stoichiometric compasition (x) measurements,
portions of these metals form a complex with FA or HA, and the excess would pre-
cipitate in the form of basis salts. However, the addition of very small amounts of
Fe3* at relatively low pH (3.5) would lead to the precipitation of FA or HA. There-
fore, measurement of log K or x of these complexes is difficult.

A radioisotope technique using ¥Fe?* was found to be very useful for measure-
ments of low concentrations of 3Fe?* using 5*Fe** with very high specific activity
(S.A. = 1 m G/mg).

#Fed+ decay by electron caplure process is as follows:
56 Oc 55
36Fe + - 19— M +hy

The only detectable radiation are X-rays emitted as result of orbital rearrange-
ment.

Effect of ionic strength “n"

The stoichimetric composition X, (FA/Fe or HA/Fe ratio) and stability constant
of any complex are affected by the ionic strength as well as by the pH of the medium.
Thus the value of u should remain constant while measuring the stability constant, It
is likely that the  of the s0il solution ranges between 0.05 and 0.15 mol L' [16] so
that the log K values determined at closc to p = 9.1 mol L-! are more relevant than
those measured at other values of p. The ionic strength can be written as:

n
u=1 7 (CiZf
i=1
where C|, C, and C, are concentrations in mol.L1. Z;, Z, and Z valences of ionic
species in the solution.
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To measure log K and x,, 5 cm® of M KCl were added to a total volume of 50.em?,
In this case, the ionic strength value is p = 0.1.

Analytical procedure
Determination of 1. and },

hg and h were calculated from the following expression:

Oy v
= —
Im—aﬂ Qr
also
A= %o l
100-a O,

where o and a are percent of total metal bound to exchange resin in the absence and
in the presence of complexing agent (FA or HA) respectively.

V = volume of solution = 50 ¢cm? in this case
Q, = weight of exchange resin = 1 gram

Determination of the concentration of complexing sites

Once the stoichiometric composition x for the Fe-FA and Fe-HA complexes
was established, the next step was to determine the concentration of complexing sites
in order to calculate the molar concentration of FA or HA complexing sites (R)
which leads finally to the calculation of the stability constant (log K).

Humic acid-Fe; In order to measure the maximum complexing capacity (MCC)

of humic acid in presence of 0.1 N KC1 {u=0.1), 10 cm? of FeCl, solution containing
200 ug Fe was added. The molar concentration of HA was calculated as follows:

(R) = Mole of HA complexing sites/Liter =

c

where Q = the quantity in mg of Fe absorbed by HA which is equal to the differ-
ence between the added Fe “Q," and Fe present in the solution at
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equilibrium (Q,,)
V = the volume of reacted HA in mi.
Mc = the atomic weight of the metal cation.

x = the stoichiometric composition of the Fe-HA complex {1.362).

Results and Discussion
Composition of complexes

. . M
Tao determine the composition of the studies complexes, (T - 1) was plotted

against relative values of (R} or log-log paper. The slope of the line gives the value
of Stoichiometric compositions X(FA/Fe- or HA/Fe ratios) at pH 5. These were:
X=1.00 and x= 1.36 for the FA-Fe and HA-Fe complexes respectively (Figs 2 & 3).
This means that one mole of fulvic acid complexing site form a complex with one
mole of ferric iron {Fig. 2), and approximately four moles of humic acid complexing
sites formed a complex with three moles of Fe'* at the same pH (Fig. 3). The forma-
tion of molar 1:1 Fe-FA complex was also reported by Schnitzer and Khan [6].

Equation of line:
AN 15 Ao
I log Kflog(——1 )71.0\09 (R}
Iz

1 T e +—T -

I 2 3 g s g 10 15
R. Relative concentration {mil)
Fig. 2. Stoichiometric composition of Fe - FA complex
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Fig. 3. Stoichiometric compasition of Fe-HA complex

No values for the stoichiometric composition of the Fe-HA complex at pH 5
have so far been reported because it starts to precipitate at pH values higher than 3
when stable Fe** is used in the experiment.

Tuble 3. Relationship between the stoichiometric composition {x,) of Fe-FA and Fe-HA complexes and
total amounts of oxygen containing functional groups.

Stoichiometric Oxy.-conta.-funct. x(FA) F.G.(HA) B
compaosltion *x" group“F.G."/mqg! =A =B —
x(HA} f.g.(FA) A
Fulvi id (FA 1.00 14.95
ulvic acid (FA) 0.73 0.75 1.02
Humie acid (HHA) 1.34 1.34

The data shown in Table 3 indicate clearly that there is a direct relationship from
only 2 data points between the total amount of these functional groups (F.G.) pre-
sent in FA and HA and the stoichiometric composition (x) value of their complexes

with ferric iron.
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Thus

F.A.(HA) JE.G. (FA )
=11.02

x(FA )Jx(HA )
Stability constant

Once the stoichiometric composition x of the complexes was established, the
next step was to calculate the stability constant (log K). The latter was calculated for
each datum point from the following equation which is derived from equation (12):

log K =log (—- 1) —xlog (R) (13)
IS
Table 4. Stabfiity of Fe-FA piex at pHS and po.1
Concentration cpm**Fe* (%) [
F.A.InMale/ in the solution by i — 4 log K
L.t A
0.0 1876 10.56.66 Y5 48
1.14 4125 453.03 1.332 90.06 6.066
2.28 6100 2916 2.61 85.30 6.062
342 7850 211.00 4,060 80.84 6.000
4587 9710 163.51 5797 76.60 6.076
5.71 11185 135.51 6.797 73.4 6.075
8.57 14335 94.7% 10.152 65.45 6.073
X =6.069

Added radioactivity = 41500 cpm/S0ml 18710 2. Ci
(*) Average of 5 replications.

The data used in these calculations are present in Table 4 and 5. The log K value
for the FA complcx was 6.06 while that for Fe-HA was 9.75, (both at pH 5 and ionie
strength = p0.1).

This result proves that the stability of the Fe-HA complex is higher than that of
the Fe-FA comptlex. It would be interesting to account for this difference.
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Table 5. Stability c of Fe-HA compiex at pHS and p0,1.
Concentration  cpm*Fe** (*) A
of H.A.in inthe a, y i —-1 = logK
mole L. 10~ soluthon s
0.0 2000 98.18 B98.3Y
0.28 2535 93.84 T762.21 0.298 9.744
0,57 3475 91.62 547,12 0.808 9.767
I.15 5480 86.79 365 010 9.13
230 10190 75.44 153 A3 5.440 9.775
3.45 13945 66,39 98.79 9.014 9715
5.76 2565 50.44 50,89 18438 1.362 9.763
Average
value = 9.760

Added rudivuctivity = 41500 cpm/50 cm*

)

Avetage of 5 replications

Finally, the calculated stability constants for Fe-FA and Fe-HA are considera-

bly lower than those for complexing agents such as EDTA. This means that the ferric
ion, when complexed by FA or HA, would be more readily available to plant roots
and microorganisms than when sequestered by EDTA or similar reagents.
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