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1.

Introduction

Roots of plants growing in soils or peat mixtures are in contact with the
soil solution, which contains not only inorganic nutrients but also a
large number of organic compounds derived from the organic matter of the
medium in which the plants grow. Solved organic compounds may also be
exuded by the plant roots themselves.
Organic compounds in the solution will influence the growth and
nutrition of the plant. Thus it is possible that the organic compounds
have growth-regulating properties. Complex formation can take place with
nutrients such as micro-elements. Complexes may be very stable and
absorbed as such, but also relatively unstable and translocate only the
ion to the root surface.
In this report a review will be given of literature results as a start
of a project about organic compounds in the soil solution and plant
nutrition. Much research has already been done about the chemistry of the
solid part of organic matter of soils and peat. To a lesser degree this is
also the case for the soil solution. The main problem with humus research
is that the organic matter of the soil is a very complex mixture of
organic compounds. Based on different principles it was tried in the past
to divide these compounds into a number of groups of still a large number
of compounds. Criteria for the classification are molecular weight, charge
of the molecules and polarity.
For the review, emphasis will be put on the compounds which can play a
role in the soil solution. Problems to be discussed concern compounds
which stimulate or inhibit root growth and nutrient absorption. In the
last case special attention will be given to micro-elements. More
knowledge about these problems is needed for a better characterization of
potting soils.
2.

Chemistry of humic substances

Plant roots grow in a number of chemically very different substrates, for
instance peat and potting soils. The humic substances they contain are
very diverse and only general information on their structure can be found
in the literature. What can be given are the principal chemical entities
that occur such as aromatic nuclei and aliphatic parts. For the different
group - e.g. hydroxyl group and carboxylic group - the percentage of
occurrence can be given. Especially important for the characterization of
humus are data about polar groups and molecular weight, which influence
ion binding capacity and solubility.
Basic materials for the formation of humic compounds are carbohydrates
and lignin. In Figure 1 some basic building blocks
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Figure 1. Building blocks of lignin (Streitweiser and Heatcock, 1985)
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of lignins are given. Compounds with similar structure or their products
can be expected in the humic substances. Via processes of oxidation and
via enzymatic conversions polymeric products are formed, in which for
example alcoholic, keto and acid groups are found.
The methods of analysis of humic substances consist of extraction,
purification and identification. All extraction methods have the
disadvantage that they change the compounds originally present. The
mixtures can be purified on the basis of differences in the molecular
weights and the charges of the molecules. For identification, methods such
as visible, ultraviolet and infrared spectroscopy are used. Other methods
which give information about the structure are titrations and NMR
techniques.
A system for the determination of the composition of humic compounds is
given in Figure 2.
hum* rntïmrm

h

Qwaitifv mätnäu* potfue«

\
Figure 2. Flow diagram for the application of the degradative approach to
humic structural analysis (Norwood, 1988)
A hypothetical formula of structures which may occur in the humic
substances is given in Figure 3. The connections in this hypothetical
formula of Schnitzer (1978) are hydrogen bonding.
Others, however, assume that real chemical bonding exists because
sometimes fairly radical methods as oxidation with permanganate are
necessary for the destruction. An example of a structure given by
Christmas is shown in Figure 4. The formula refers to aquatic humic
substances, but comparable structures, are valid for soil humic
substances.
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Figure 4. "Aromatic matrix" model
for aquatic humic macromolecular structure proposed
by Christman et al.
(Norwood, 1988)
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Table 1. Analytical characteris
tics of humic and fulvic
acid of a soil (Burns et
al., 1986)
Skmam i%>

c
H
N
S
0

HA

'A

56 4
55
41
1.1
33-9

50.9
3.)
0.7
0.3
44.1

66
45
2.1

12.4
9.1
3.3
3.6
0.6
25
0.1

Fuocaooai ffoupt
Tool ftcxiity
COOH
Phenolic OH
Alcoholic OH
Quiooooid C - 0
Kctonic C -O
OCH,

li

2.5
1.9
O.J

More exact information can be found
in data about functional groups as in
Table 1 from Burns et al. (1986). For
these groups, the contents and the
elemental composition are given for
humic acids and fulvic acids of a
certain soil. The former compounds are
soluble only in alkaline extractants,
the latter both in acid and alkaline
extractants.
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3.

Methods of extraction and separation of humic compounds
Humic compounds are mixtures of a large number of compounds with different
molecular weights. A distinction should be made between liquid (water or
soil solution) and solid sample (sediment or soil). Different methods have
been developed for both cases, especially for the first steps of the
procedure. A problem is, however, that the methods which are used to
convert humus to a form that can be analyzed produce chemical alterations
compared with the original state.
When the humic compounds are in a concentrated watery solution, it is
possible to divide them into groups by physico-chemical methods. These can
be based, for instance, on differences in molecular weight and molecular
form, on the presence and distribution of charged groups, and so on. Also
hydrophobic or hydrophylic behaviour is important in determining, the
properties in the system. Therefore molecular sieves and ion exchangers
can so be used.
After fractionation detection is carried out by spectrophotometry
methods. Special attention will be given to the detection methods in a
following section.
In Figures 5 and 6 schemes for isolation and preliminary fractionation of
humic substances are given. Fractionation into bnmir arid« and fulvic
acids is often described in the literature. The fractionation with alkali
(NaOH solution) is based on the fact that the fulvic acids are stronger
acids than the humic acids. The further steps in Figures 5 are less clear
from a chemical viewpoint. Other extractants which were used are sodium
pyrophosphate, NN-dimethylformamide and chelating agents as EDTA and
acetylacetone. Eloff and Pauli (1975) use other solvents, such as acetone,
dioxane, ethanol, anhydrous formic acid, a mixture of sodium hydroxide and
stannous chloride in water and buffer media. Frimmel et al. (1988) used
supercritical fluids as extractants.
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Figure 5. Scheme for the fractionation of humic
substances by alkali extraction,
after Stevenson (1982)
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Extraction and purification of
humic substances from a solid
and liquid matrix. From Parsons
(1988)
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Pretreatment
Isolates such as humic acids are pretreated for further fractionation by
desalting and removing small molecules. Thus cation exchangers in the
H form and dialysis are used. Dialysis is used with precipitated humic
acid (Raphid, 1971). The isolates can be stored after freeze-drying.
Fractionation
A further fractionation can take now place based on different properties
of the fractions as molecular weight, charge, and charge dependence of pH.
Molecular sieves are used by many researchers. Rashid (1971) separated
humic acid from aquatic sediments on Sephadex columns G-10, G-50
and G-100. The method which was used is given
in Figure 7. The method results in a division
humic
acid
)
I
into four molecular weight groups: smaller
pH of the solution
than 700; 700-10000; 10000-100000 and greater
to 7 with NH.OH
than 100.000. For separation of organic matter
in the soil solution, Gregson and Alloway
4
1
separation with
(1984) used Sephadex G-50 and G-100 and as an
G10 column
eluant 0.01 N KCl. The molecular ranges of
G-50 and G-100 are 500-30000 and 1000-150000,
1.
acidifying of the
respectively. Plechanov (1983) used Sephadex
fractions with HCl
IÜ 60 and a mixture of dimethylformide and
acetic acid (99-1 v/v) as the eluant for humic
I
humic acid precipi
and fulvic acids.
tate is washed and diaVater was also used in different experiments
as an eluant.
lyzed against distilled
Reuter and Perdue (1977) found that the
water f
separations were dependent on the spatial
y
fraction is solved again
conformation of the molecules and the ionic
strength of the solution when the concentra
I in 0.5 (N NaOH
tion was below 2000 mg/1 organic matter.
Na-ions are removed by
Ceccanti et al. (1986) used ultrafiltration
I Rexin 101 ion exchanger
with Amicon diaflo-membranes and in this way
{saturated with H -ions
obtained a separation between molecular
weights higher than 100000, between 10000 and
ilr
; pH again to 7 with
100000, and smaller than 10000. The behaviour
of the fractions may depend as mentioned above
jN^OH I
on spatial structure of the humic compounds.
J first fraction from
Schnitzer (1986) described flexible linear
i G-10 Column to column
polyelectrolytes and spheroids as being
lG-50, etc.
dependent on pH and electrolyte concentration.
Figure 7. Separation
scheme of
Rashid (1971)
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Methods based on charge and polarity
Tills and Alloway (1983) used the ion exchanger Amberlite Resin IR-120.
The same authors separated compounds on the basis of their hydrophilic or
hydrophobic nature (high solubility in polar or apolar solvents
respectively). In reversed phase chromatography on Bondapak C18 the eluant
was changed during the procedure from diluted phosphoric acid (polar) to a
mixture of this acid with methanol (less polar). Ceccanti (1986) used
isoelectric focusing. This is a technique in which the molecules are
placed in a pH-gradient in a tube where they move under influence of a
potential difference. The molecules reach the place where they are
uncharged.
Many methods of separation are possible as becomes apparent in the scheme
of Hewlett-Packard in Table 2.
The base is molecular weight, charge and polarity.
4.

Quantitative and qualitative determination of humic compounds

For the analysis of the crude fractions of humic compounds and further
purified fractions a large number of techniques are available. For us the
characteristics which are related to the effect on the crop are the most
important. Properties related to solubility in the soil solution and with
the binding of nutrient-ions are such characteristics.
Molecular weight can be determined by crvoscopv and vapour pressure
measurements (Reuter and Perdue, 1981).
Elemental analysis on carbon, hydrogen, oxygen, nitrogen and sulphur gives
a first impression of the composition (Andreux, 19..). Titrations with
alkali can give an idea of the different acid groups such as
carboxylicacid groups and phenolic groups (Piccolo, 1988). Further,
carbohydrates, amino acids and animo sugars can be determined (Arshad and
Schnitzer, 1987). Kögel-Knabner, Zech and Hatcher (1988) report on methods
for cellulose and oxidation with CuO.
Very frequently spectrophotometrie methods are used. Ultraviolet spectra
give rough information on differences between fractions of humic
compounds. Sometimes the ratio between the absorption at 465 and 665 inn in
the visible region is used. Arshad and Schnitzer call this ratio E4/E6.
More specific information about the different group is given by infrared
spectrophotometrv as is illustrated by Figure 8. The technique can be used

Pie. s.

yw «f tfca aodie fa*« of hmmc amam «idi apparaat moitoäm
(ft) mom w*é(h)km*mi i——».

Figure 8. Infrared spectrum of humic matter
After Agrola and Ferrari (1971)
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Another technique which gives much information about certain groups in the
molecules is nuclear magnetic resonance (NMR). In 13C-NMR the energy after
backfall in a lower energy level after directing in a magnetic field is a
measure for the molecular environment in which the 13C is situated. In
Figure 9 an example of a 13C-NMR-spectrum is given, and a number of
specific groups are indicated. In Table 3 and 4 the chemical shift in ppm
is given. Burns et al. (1986) calculated
Ttfetel. C»••M m
Nwcfcui Oi—ril «hih {ppm)
- 1—
KM* Cmtn
"C
174 Cafbwyt.mm. rnlàt
132 Oinmrnlwaq
I i i i i I i i i i I i i i • I i i ' i
142-119 129 Prataaaud tad ortoi Mibautuud traauia
II*-*
iot Acaial. kaial
94-4)
7« Oi)«••!•< aHpÉailn.alkyt-aaieo
45-1:
S2 Alk*
Table 3. Chemical shift (Oades *
et al., (1987)
Tibi» J • Tfp« rf'C »tiefe oa b*dtanad b? "C NM« ia baaic
(a) aliphatic C (Alkana »
fur; acufa)

10-40 ppa

(b) pioteia C. peptide C.
amino aod C

4040 ppa

(c) caibohydntc C
(4) aionaoc C

60-105 ppa
10V1M ppa

(e) phenolic C

1M-I<0ppa
170-190 ppa

(f) COiH C (tool acidity)
(») C-OC
(h) iliptianfiry
(i) aromnctiy

Figure 9. 13 C-NMR-spectrum of humic
acid. Burns et al. (1986)

^
|

210-1)0 ppa
( 10-101) Dom
( 10-160) ppa
(l0V160)Doa

( 10-160) ppa

\,„m
J

\ * inn

J

Table 4. Chemical shift in
13C-NMR Burns et al.
(1986)

from the chemical shift the parts of the organic matter which are
aliphatic and aromatic. Also Kögel-Knabner et al. (1988) used 13 C-NMR.
Still another promising technique was used by Saiz-Jimenez and De Leeuw
(1988), viz., pvrolvsis-gas chromatography-mass spectrometry. Via this
technique pyrolysis-products of the humic substances are generated by
heating. After ionisation these fractions are identified in a mass
spectrometer. The fractions are separated on the basis of ionic weight and
charge. In Figure 10 a spectrum is given. Peaks can be specific, as peak
99 for phenol.
Fluorescence spectrometry is a technique which also offers prospects
(Miano, Sposito and Marten, 1988).

10 -

Ftg. 3. Pym*y g>i chroaiatofnpfey-nuss ^«cirometry of hunuc sad and hymaiomcUiuc aad. Peak wknuficaoon* are p*en in Tabk 1
Underlined nybm indicate minor comnbuboaa IO üie peak.
Figure 10. Pyrolysis-gas chromatography-mass spectrometry of humic acid.
From Saiz Jimenez and De Leeuw (1988)
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5.

Chemistry of humic compounds in the soil solution

The organic compounds in the soil solution can influence root growth and
nutrition. Soluble organic compounds which have their origin in humic
substances may influence the root system directly or during transport and
uptake.
It will become apparent that it is difficult to give a systematic review
of the organic compounds in the rhizosphere and the relationship with
tangible chemical data on humus. Important information are molecular
weights and polarity of the humic compounds because these determine the
nature of the organic compounds which are present in the soil solution.
Humic compounds in the soil solution
A large number of different compounds of humic origin occurring in the
soil solution or the aquatic environment have been described. Aliphatic
acids (e.g. propionic acid), aromatic acids (benzoic acid) and aminoacids
have been reported by Candler, Zech and Alt (1988) and by McKeague et al.
(1986). Also carbohydrates (Candler et al., 1988), sugar acids (Stevenson
and Alanah Fitch, 1986), aldehydes, hvdroxamate compounds, organic
phosphates and porphvrines have been described. In Figure 11 a number of
formulae of compounds which were found are given.

Figure 11. Formulae of some small molecular compounds in soil.
McKeague et al. (1986) and Paul and McLaren (1981)
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Table 5. Possible compounds and probable chelators present in the
hydrophilic and hydrophobic fractions
n M — a n * .arpatyky*o«y pkaaote
Hyfcnptilir awuak

Hydnvfcatot aauualt

((hniiwuc. laJacttaaa*.m t0aau ante, «apte up— tat,

> I**.*-

Cif*Qki*mm, pafeaaecharidu.
palyAuninwal alcntnli. ar ptaa-

am* JwirpMi «ad maim
aarii
MjpÉmcaitaea, (au. auaa. aila. i»

Siuph up» <ha«n»
palyaaackandaa

Ik « bau-otaaUk mkl

m la

«un

I na

u

Cib>I nüMdw «uiaaa. aurtt and».
patptywa.

tui

Pa^kjmaa. pkyuc

i

um.

In Table 5 a summary of data on groups of compounds in humus is given
(Stevenson, 1982). Also the behaviour with respect to water is shown.
The concentration range of some of the groups is also given by Stevenson
aliphatic acids
amino acids
aromatic acids

3
-3
1x10"5' 4x1°-4 M
8x10" S" 6X10
M
5x10" 5- 3x10
M

t

As the humus compounds are also in the solution, a mixture of a large
number of different compounds, another starting point can be to give the
percentage of different chemical groups, and to determine average
elementary composition and molecular weight.
Table 6. Chemical composition of spruce and pine litter (in %.)
(Zech et al., 1987)
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In Table 6 analytical data on very young humus (litter) is given.
—, -TaMa^ Low molacular waiflht comoounda ainaciad ('Om tha littar BY macaraiion m «IM (J
fa/. 196S)
Tropical Litter
Waicr-sotuMe Compounds
Aliphatic aetdi
Acidic C ip p n.i
Acidic C total hydro! C
•

Phtnoin aetds
Acidic C lpp.«l
Aodic C total hydro! C
•
•

KfducMf wgars
Sugar C ip.p.a.i
Sugar C total kydrol C
•
•

Amino actds
Amino N Ip pjn i
Amino Ntoui hydro! N
•
•

Acacia

Guicra

<225

3*20

I:

27

»}

129

03

04

Temperature Zone Lmcr
Khaya

Pinin

Calluna

II 516

44

«7

4

357

I2S

15

Fapa

Feuuca

2324

1113

2371

1

)S

26

315

53

30

M

II

11

03

»77S

1711

6245

3S0J

12 207

760

3161

X

1

2*

26

43

26

35

326

«3

327

15

IS5

129

475

19

3S

53

13

5»

54

44

Result* ciprnwd at p-p-» of huer dned « I05*C
A relatively large part is water-soluble in the early phases of
decomposition, later this fraction decreases. In Table 7 data about the
soluble part are given.
• In the water extract of litter of
! different origin aliphatic acids,
reducing sugars and amino acids occur in
$TtM tarnt
relatively high concentration. After
OCerborjri9mm
further decomposing, however, this can
124WWWBIC Group*
change. In Figure 12 more information
about the functional groups in different
9
types of humus is given. In aquatic
K
humus and soil fulvic acid occur
relatively many carboxyl groups.
. .
. .
~
Phenolic groups are more abundant in
J
V
v
yïP
soil humic acid.
In Table 8 the first five samples
concern the elemental composition of
aquatic humus from the Götariver. The
nitrogen content is about 1%, while the
nitrogen contents of the sediments (FA-4
and FA-5) are higher. These data

Fit l20i(tributioo of acidic functional groupa in soil IWvic adds (S-FA), soil hank acids (S-HA), unfractionated
organic matter from river water (DOC-UF), and the high
molecular weight fraction of organic matter from river
water (DOC-HF). 'BECK ßt- aL (1974), Hurra *t aL (in
preparation). 'ScHNrrzor and KHAN (1972). and references
cited therein.

Table 8 Elemental analyses* of the fulvic and humic
acids
AshS

SI

PS

1.04

3.05

n.d.

<0.02

1.20

1.77

n.d.

0.03

37.25

1.36

0.72

n.d.

0.37

4.76

37.59

1.04

2.60

n.d.

1.02

55.29

4.53

37.08

1.26

1.78

n.d.

0.25

FA-4

39.93

4.93

41.21

3.19

6.34

0.85

2.28

FA-5

44.89

5.46

35.40

4.04

4.25

0.17

4.50

Sample CS

Ht

OS

NS

FA-0

51.96

4.32

39.80

FA-1

53.32

4.51

38.90

HA-1

56.00

4.51

FA-2

53.15

HA-2

From Reuter and Perdue (1977)
Plechanov (1983)
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T

9 JCMICAl. PARAMETERS Of AQUATIC HUMUS FR» TIC
>TlliJNl»£R (SRHS) ANO ITS WUCUIAR SIZE FRACTIONS.

a

C
H N 0
Ht.I («h-fr*«)
S2.1 3.6 0.8 43.S
S4.3 4.7 1.4 39.i
SI.4 3.6 0.7 44.3
S0.3 3.7 0.« 4S.Z
SO.4 3.7 1.1 44.8
SI.8 4.2 0.8 43.2

•

«apl«
SRMS
GSOC
un
Gl SC
G10C
GIOR

S

1.000
0.036
0.470
0.14}
0.14$
o.zoc

A»h TA»
Ht.I *•9/9
2.3 10.4
10.8 7.3
0.» 10.6
0.« 10.1
1.1 12.0
0.8 ».9

'«cifht frtctlon of aoltcwltr jti* frtctio«
toul «c1d1ty--b«ritfi hydroild« acthod

agree with those given for another river
in Table 9.
Another parameter of the humic fractions
is the mean molecular weight. This can
be distinguished as number and weight
mean molecular weight. In Table 10
molecular weights of aquatic humus
determined by Reuter and Perdue are
presented. The molecular weights vary
from 500 to 2000.

Tuble J| Humic acid in river waters

T«61*%0«M(I> AVERACE NOUCUIAR WEIGHTS (A ) Of AQUA
TIC «Äs FROM THE SATILIA RIVER (SRHS) ANO iTs MOLECU
LAR SIZE FRACTIONS.
lin««r Fit
Qudritic Fit
c
4
4
Swplc H
CI£
I ft
lb «n
n CI
SRHS
esoE
G2SE
SISE
G10E

G10R
8fCAd

S
4«
6

4
t
6

6

8

SS6
8
19S2 746
1306 7S
725 46
S77 27
10
8 429 16

14
11
9

8

2SS

4

8

6

614
1231
878

s

427
340

8

293

12

S
S

sss

Reuter and Perdue (1977)

41
4894
11
120
3

2

1S

Sample*

River
water 1
River
water 2

Concentration

Molecular weight distribution

lmg/l>

("»)
> 5 x It)4

IXW», 0.07,
0.07
(av.007)
0.04, OOS.
0 05, 0.06
(av. 005)

J6, 4X
(av. 42)

5 x IO"*
1 x 10*
V. 15
(*iv. \2i

<- 1 X 11
.n, ss
Mt 46)

41. M
(av. 47)

10. 15
(av. 1.1)

W, 44
(av. 4 11

' Suspended mutter wu» removed by dotation

Hiraide et al. (1987)

Reuter and Perdue (1977) gave as a mean molecular weight of humus
extracted with distilled water M - 1270. Table 11 also shows that the
smaller molecular fraction is present in a high percentage In soils and
waters this is probably the fraction which is transported and taken up
most easily by plants and other organisms.
The separation techniques and detection methods are comparable with those
used for solid humus. For fractionation molecular sieves and ion
exchangers can be used. For detection UV and visible light
spectrophotometry, infrared spectra and nuclear magnetic resonance (NMR)
can be used.
In Figure 13 from
Soo.lt ooo
Gregson and Alloway
the dotted line
represents a fraction
in the soil solution
and the absorption in
the UV-region. The
column is G50. The
peak at about 20
represents a molecular
weight of between 500
and 30000.
Examples of detection
Fig.-T Eluuon of solution from soil Pen t raiji-ddu through Scpha<k< (J-SO (clujntiOOl h KCl
pH = 3.8)
techniques are given
in the following
Gregson and Alloway (1984)

- 15 -

Hiraide et al. (1987)

figures. In Figure 14 a spectrum for
river humus is given in the visible
and a small part of the UV-region.
Figures 15-17 present spectra
reported by Candler et al. (1989).
They used watery extracts of forest
soils and litter. Separation took
place on Sephadex G25, which makes
separations in the region of the
smaller molecular weights. In the
infrared spectrum (Figure 15) |he
strong absorptions at 3400 cm
have
their origin in -OH stretch
vibrations. Carboxylate groups give
bands at 1630 and 1400

3400-0-H stretch
1630-COO'
1400—COO'
1720-C-0 stretch
in COOH
Figure 15. IR-spectra of fractions
of separation on G25 column
of watery extract of forest
soil. Candler et al. (1989)
rç so »

Figure 16. 13 C-NMR spectra of
the fractions in
Figure 15

16 -

*"• ï'"ü
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cm
. The shoulder at 1720 has its
origin in carbonyl groups of the
undissociated COOH. In the 13 C-NMR
spectrum (Figure 16) bands between
60 and 100 have their origin in
carbohydrate groups. Carboxylic
groups have a band at 175 ppm and
alkyl groups at 30 ppm. In the
1H-NMR spectrum (Figure 17) between
3 and 5.2 ppm, bands of
carbohydrates are present. These
examples only serve to demonstrate
how it is possible to characterize
the compounds in the watery phase
by a combination of separations and
detection techniques.

1—-)—I—(

Figure 17. 1H-NMR spectra of the
fractions in Figure 15
It can be concluded that information about the relation between compounds
in the soil solution and the type of humus is still incomplete.
Compounds must be hydrophilic for dissolution. Carboxylic groups and
phenolic groups play a role here. The same groups, together with for
instance amino-groups, are responsible for nutrient complexation.
Information about nutrient complexation will be given in the next
sections.
Complexes of humic compounds with nutrient elements in the soil solution

In the following sections attention will be given to the complexation of
especially micro-elements in the soil solution,to dissolved humic
compounds and the consequences for plant nutrition. Especially in the case
of micro-elements complexation is important for the plant because their
concentration is so low that they are largely present in the soil solution
as complexed compounds. This is in contrast with macro-elements as calcium
and magnesium.
Micro-elements as copper and iron with incomplete atomic shells will
easily form complexes with compounds which can donate electron groups.
Such groups are present in the soluble humus compounds in the oxygen and
nitrogen atoms in carboxylic acids, phenols and amino compounds. Oxygen
and nitrogen have free electron pairs available which they can donate.
Some data will be given now about the type of complexation in the soil
solution, and about the different techniques which are used to determine
complexation. The techniques can show if the micro-element is in the free
ionic form or in complexed form and give information about the identity of
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the complexing compound. Further, it is possible to determine the
binding-constant (stability) of the complexes, which determines the
behaviour of the complex in the system soil solution-plant root. Much of
this information has its origin in aquatic research, but it is probably
also applicated to the soil solution. The strength of the complexation is
dependent on factors as pH and ionic strength in the soil solution and
further on the type of compounds of humic origin. In section 6.6 attention
will be given to what complex-formation means for nutrient absorption by
the plant root; for example, it will be discussed if the complex ion-humic
compound is taken up in this form or if the complex only transports the
ion to the root surface.
6.1. Bonding of solved hnn^r ^impounds and nutrient ions.
À number of possibilities are given in Figure 18. In equation (2)
a "salicylate" binding
is given where the ion is
(1)
bound to a carboxylate
i
group and a phenolic
I
group. In equation (3) a
"phtalate" binding where
the ion is bound to two
carboxylate groups.
(2)
Binding as in equation
(4) is a hydrogen bonding
which is weaker. In
equation (1) only one
(3)
molecule group has been
bound. Another
possibility is a mixed
ligand complex (Huang and
Schnitzer, 1986). The
second complex-forming
cso—h-om**
compound can be among
others citrate,
phosphate, bicarbonate.
von
' * on
Fl|JT M«(or kmuI-HA tad -PA mdta•irhmln
From Huang and Schnitzer (1986)
Other examples of possible complexes are shown in figures

$
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1.19
I-O—»«* im I•*»ai1*.F«1*..«<f.1*«>-oDo<MMin
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ML*(4MMÉ Km). Ito midMfft m mm.Ft«« OA Co*mck(45>.
M
From Stevenson and Mtch (1986)

I

N-o-

^

where R is often a peptide.

\
+

Fe*

I

N-oq

>Fe

»7

Figure 20. Binding of iron on
hydroxamate. Stevenson and
Fitch (1986}
*
'
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19 and 20. Figure 19 shows how oxides of iron and aluminium can be
mobilized by complexation. In Figure 20 a complex with a
nitrogen-containing microbiological hydroxamate with iron is given.
6.2. Techniques used to determine complexation of micro-elements in the soil
solution with humic compounds
To be able to calg^ilate the equilibria between nutrients such as
micro-elements (M ) with ligands frog+the organic matter (L ) to the
complexes M L it is necessary that M , L
and
can be measured. A
number of techniques have been used for that purpose (Table 22). All have
advantages and disadvantages, the latter mostly caused by the fact that
the number of different compounds in the system is large.
Thus, Kerven et al. (1984) used AAS to determine^^otal copper and ionspecific electrodes to determine the free ion Cu . Qualitatively the
complex formation can be followed via the infrared spectra; there is a
shift from 1710 cm
(COOH) to 1615 cm
(COO'). Gregor and Powell (1988)
used anode stripping voltammetry. Peak areas were determined at pH 1.7
(non-complexing) and pH 4.8 (with complexing). Sposito et al. (1988) used
fluorescence quenching to calculate the proportion of copper that is
complexed. At pH 7 the complexation was maximal. A formula is given for
calculation of the proportion of the copper that has been complexed.
Dietze and König (1988) use the difference in diffusion velocity through
dialysis membranes over a gradient created by a cation exchanger to
determine the ratio between complexed and not-complexed. Rashid (1971)
first separated humic acid on G10, GSO and G100 Sephadex molecular sieves,
then tested the complexation ability by saturation with metal at pH-7.
Hydrolysis and solubility limits may have been interfering factors in this
determination. Iminodiacetate resins absorb the uncomplexed ions in very
small pores, but not the complexes. Murray and Linder (1984) distinguish a
number of metal binding sites in the humic compounds from which they
calculate the percentage of metal bound.

S
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Table 22. Methods used to determine the complexation of the ion M with
ligand from the humus
Determination of:
M

ion

L&~

M Lb
a
complex

electron spin
resonance x)l)
infrared spec
troscopy 1)

electron spin
resonance x)l)
infrared spec
troscopy x)l)
anode stripping
voltammetry (ASV) 2).
pulse voltammetry 8)
gel permeation
chromatography +
detection
technique 3)4)6)
UV-radiation + detec
tion technique +)3)
fluorescence quenching
1)
dialysis + cationexchanger + detection
+)5)
divinyl benzene resins
+ detection

ligand

ion-specific electrodes

anode stripping
voltammetry (ASV) 2)
pulse voltammetry 8)

fluorescence 1)
dialysis + cationexchanger + detection
+)5)
iminodiacetate resins +
detection +)

HPLC or GC detectionHPLC or GC + detectiontechnique +)6)
technique +)6)
Millipore filters +
detection technique 7)
x) only qualitatively
-t-) this can be AAS (atomic absorption), 1CP, etc. for the inorganic part
and spectroscopy, etc. for the organic part.
*) the unstable complex
Literature: 1) Sposito et al. (1988); 2) Gregor and Powell (1988); 3)
quoted by Stevenson and Fitch (1986); 4) Gregson and Alloway
(1984); 5) Dietze und König (1988); 6) Rashid (1971); 7)
Ogiwara and Kodaira (1989); 8) eleven, del Castilho, Wolfs
(1988).
A combination of gas chromatography (GC) and high performance liquid
chromatography (HPLC) with a detection technique is described by Landner
(1986).

- 20 -

6.3. Differences in comolexation capacity between different ions
Some ions form complexes easily, such as copper and iron, others, e.g.
zinc, form much less stable
complexes.
TMttWl
I M KVprecMM (taad
This becomes apparent from Table 23
•pH 3.6
mà 11(«<•));csfcMI pH:4.9)
where results of the complex for
Oma
Hllillip
H(ft IOO)a*iUaa|
ming abilities of the soil solution
are given. Strongly complexed (high
pH 2.1
pH 3.6
M/MQ) are chromium, copper and
0
97
0
Ca
iron.
0
91
0
Mg
0
97
0
Ma
Stevenson
and Fitch (1986) gave as
0
97
0
Za
1
1
90
Cd
results
for
peat samples 50% of the
1
3
47
Pb
7
33
copper as complexes and for sand
It
Ca
3
6
31
AI
25-30%. Further results are given
14
»
IS
ft
43
(3
10
Cr
in Table 24.
Stevenson and Fitch (1986) report
that the stability of the complexes
From Dieter and König (1988)
approximately follows the IrvingTable 24. Percentage of organically bound forms in soils solution of
different soils
Iron

cobalt

nikkel

copper

zinc

lead

99 ')

75-99
99')
75 x)

5-90
65 ')
2 x)

74 x)

0-69
99 ')

') with sewage-sludge
x) surface water
Stevenson and Fitch (1986)
Villiams sequence Cu> Ni~Zn>Co>Mn~Cd>Ca>Mg. Murray and Linder (1984)
assume that different chemical sites are to a certain degree specific for
certain ions. Phtalates would bind all metals except iron (III),
salicylate would bind iron (III) and acetylacetonate copper.
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6.4. Effect of factors such as type of organic matter. PH and ionic strenfth on
complexation

TABLE 2ç Kerven at al.

(1984)

Chemical composition of peat »oil extracts
Sampt«
D«le muni
tion
Extract pH
Element, «M
NilC

(V

-3

-t

Mr'
Fe'
Zn'
Mn*
eu
er
S'
I'Soiubie
or
ganic carbon.
jjg ml"'*

-5

Malaysian
peat

Canadian
Sphagnum
peat
mou

WHt
German
peat

3.5

3.4

3.4

478
154.
800'
1365
11.6
24.9
<1
0.20
617
1094

2261
231
115
773
7.3
4.0
<1
0.17
2282
190«
<1
560

957
359
228
1102
9.0
7.2
<1
0.14
811
1000
25
166

2

130

Log [C»J, (H>
Fic.fcl Relationship of copper speciea distribution to total aolution copper concentration. • Canadian peat
pH 5.4; A Canadian peat pH 3.4; O Malayaian peat pH 3.6; V Waat German peat pH 3.4.

From Kerven, Edwards and Asher (1984)
The effect of type of organic matter (o^at) is shown in Figure 21 and
Table 25. The lower content of free Cu
in the solution of the Canadian
peat can probably be accounted for by the higher organic matter content.
Perhaps different peats can be characterized on the basis of their
behaviour with respect to copper. The number of complexing sites is an
important factor, as in shown for
Fuivic Acid tmg/i)
fulvic acid in Figure 22.
10

1

100

- Complying Sit«*

.0.8

"XT

X
•

a

Eo 0.6

(j

Copper

O 0.4
o
O

,r 0.2

-5 5

//

/*

//
//

yy

Calcium

-5.0
- 4 .5
-4.0
-3.5
LOG ( C o m p I • t i n g S i t e s )

Fig.
of complexation of Cu(II) and Ca* as a
function of fulvic acid concentration. Total Cu(II) concen
trations 1 x 10" 9 M (
) and 1 x 10 s M (
)•

Reuter and Perdue (1977)
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Certain molecular fractions form
stronger complexes than others.
According to Rashid (1971) these are
the smaller molecules with molecular
weights lower than 700 (Figure 23).
At higher pH-values the copper
complexes become more stable (Figure
24). Also an effect of ionic strength
is assumed (Murray and Linder, 1984).

W
*

Ml

*
5
OH

Figjl Binding curves for copper (II)/fulvic acid solutions containing 4X 10~5 M copper(II) and
i.3x 10"4 M ligand-COOH: (
) FA2: ( — ) FA1. Percent labile and/or free metal determined
by sampled-d.c. ASV ( • ), sampled-d.c. polarography ( A ) and ion-selective electrode ( O ). Height
(a) represents labile metal (ISE), (a)+(b) represents ASV-labile metal, and (c) represents nonlabile metal.

From Gregor and Powell (1988)
6.5. The eau^1 Jhrfum p.nnstant K for the conrolexation of ions with humic
substances
The equilibrium equation given by Stevenson and Fitch (1986) is
a M + b L

MflLb
a

b

The equilibrium constant is then: K - (MaL^)/(M) (L)

In Tables 26-28 estimates of K are given. Differences for one element in
different determinations are partly caused by the different origins of the
humic substances as soil fulvic acids, peat fulvic acid and also aquatic
humic acid. The strong complexing properties of copper, referred to in
section 6.3, are reflected in the relatively high values for this element.

- 23 -

Tabic 2&'. Conditional and overall stability conatanta Hog Kl for the metal complexes
of fulvic acid (FA) and water-soluble humic matter,t
pH

Metal
ion Source

Supporting
electrolyte

Ca

SFAJ
PFA
LHC(4|J
MHCI4I
SDHC
SFA
PFA
LHCI4I
MHC(4I
SDHCI2I

0.1 Af KCl
0.02 Af Tris
0.02 Af Tris
0.02 M Tris
0.02 M Tris
0.1 Af KCl
0.02 Af Tris
0.02 Af Tris
0.02 M Tria
0.02 M Tris

3.40

SFA
PFA
LHCI2I
MHCI4I

0.1 Af KCl
0.02 AfTris
0.02 AT Tris
0.02 Af Tris

4.10

SFA
PFA
LHCI4I
MHCI4I
SDHC
SFA
SFA
SFA
SFA
WFA
LHC
PFA
RHC<2)
LHCI4)
MHCI4I
SDHCI4I
SFA
PFA
LHCI2I
M HCl2)

O.lAfKCI
0.02 Af Tris
0.02 Af Tris
0.02 Af Tris
0.02 Af Tria

4.10

0.1 Af KCl
0.1 Af NaCIO,
0.1 Af NaNO,
0.1 «KNO,
0.01 Af KNO,

4.00
4.35
4.00
4.68 5.03 5.45
7.82
4.99 6.20

Mg

Cd

Co

Cu

Mn

Ni

SFA
PFA
LHCI2)
MHCI4I

0.02 Af Tria
0.02 Af Tria
0.02 Af Tris
0.02 Af Tria
0.02 Af Tris
0.1 Af KCl
0.02 Af Tria
0.02 Af Tris
0.02 Af Tria

8

3.81
3.26-4.00
3.41-3.98
3.92-4.09
4.57
4.57,4.70
4.69-4.96

Schnitzer & Hanson. 1970
Mantoura et aL. 1978
Mantoura et aL, 1978
Mantoura et aL. 1978

4.51
4.67-4.90
4.29-4.83
4.91

Schnitzer & Hansen. 1970
Mantouraetal.. 1978
ManuMiraetaL. 1978
MentouraetaL. 1978
Mantouraetal., 1978

4.17
4.30-4.85
4.46,4.61

Schnitzer A Hanaen. 1970
Mantoura et aL. 1978
Mantoura et ai, 1978
Mantoura et aL. 1978

4.98
5.14.6.27
6.19-6.61

Schnitzarft Hanaen, 1970
Mantoura et aL, 1978
Mantouraetal., 1978
Mantouraetal.. 1978

2.20

\

Pb

SFA
SFA

Zn

SFA
PFA
RHCI2)
LHCI4I
MHCI2I
SDHCI2I

0.1 Af KCl
0.02 Af Tris
0.02 MTris
0.02 Af Tris
0.02 Af Tris
0.02 Af Tris

Sou reef
SFA
WFA
WFA
SFA
WFA
SEW
SFA
WFA
WFAt
WFAJ
WFA
PFA

Supporting
electrolyte
0.1 Af KNO,
0.1 Af KNO,
0.1 Af KNO,
0.1 Af KNO,
0.1 Af KNO,
0.1 AfKClO.
0.1 Af KNO,
0.1 Af KNO,
-

0.01 Af NaCI
0.01 Af NaCI

pH

Log K,

Log K„

4.0
4.0
4.7
5.0
5.0
5.0
6.0
6.0
6.25
6.25
8.0
8.0

5.60
5.48
6.00
6.00
5.95
3.85
6.30
6.11
8.11
7.82
8.80
8.51

3.96
4.00
3.85
4.08
3.70
2.09
3.77
3.86
5.34
5.26
8.05
7.16

Reference
Bresnahan et aL. 1978
BresnahanetaL. 1978
Bresnahan et al.. 1978
BresnahanetaL. 1978
BresnahanetaL. 1978
Sposito et el.. 1979
Breenehan et al., 1978
Breenahan et el.. 1978
Tuschall & Brezonik. 1983
Tuschall & Brezonik. 1983
Mantoura & Riley. 1975
Mentoura ft Riley. 1975

tSFA > soil fulvic acid. WFA
water fulvic acid. SEW = sewage fùlvic acid, and
PFA » peat fulvic acid,
t Constants obtained for binding at three "sites": log K,
7.82-8.11; log K, - •6.726.86; log K, « 5.26-5.34.

Table 21 . Conditional stability Constanta (logs K, and K„) for the bindingof Cu. Pb.
and Cd by organic matter in natural waters, using the Scatchard plot method
Schnitzer ft Hanaen. 1970
(Alberts ft Giesy, 19831.
Cheam A Gamble, 1974
Buffle et al.. 1977
Log K,
Log K„
Metal ion t
Ryan ft Weber. 1982
6.52 ± 0.45
van den Berg ft Kramer. 1979
4.89 ± 0.82
Cu"
Shumen ft Woodward, 1977
Pb"
5.09 ± 0.46
2.00 ± 3.36
7.85
Mantoura et aL, 1978
Cd"
5.83 * 0.35
3.13 ± 2.45
8.42-9.83 Mantoura et aL. 1978
' Number of water samples ranged fro« 6 to 8.
9.48-9.58 Mantoura et aL, 1978
8.89-10.21 Mantoura et aL, 1978
9.91-11.37 Mantoura at aL. 1978

3.70

0.1 Af KCl
4.20
0.02 Af Tria
0.02 Af Tris
0.02 Af Tria
0.1 Af KCl
4.10
0.1 Af NaNO, 4.10

Reference
Schnitzer & Hanson. 1970
Mantouraetal., 1978
Mantouraetal.. 1978
Mantoura et al.. 1978
Mantouraetal.. 1978
Schnitzer & Hansen, 1970
Mantouraetal.. 1978
Mantouraetal., 1978
Mantoura et aL. 1978
Mantouraetal.. 1978

3.65
3.56-4.09
3.60-4.12
4.65

Table 23> Conditional stability constante for the binding of Cu by organic matter
in natural waters using theScatchard plot method lAlberta ft Giesy. 1982).
Log K, = binding at "strongest" site: log K„ * binding at "weakest" site.

From Stevenson and Fitch (1986)

Schnitzer ft Hanaen, 1970
Buffle et aL. 1977

3.70
4.83
5.36,5.41
5.03-5.31
6.27.6.31
4.99,6.87

Schnitzer ft Hanaen. 1970
Mantoura et aL, 1978
Mantoura et aL, 1978
Mantoura et aL, 1978
Mantoura et aL. 1978
Mantoura et aL. 1978

t Valuee at other pHs can be found in references cited.
Î SFA = soil fulvic acid. PFA « peat fulvic acid. LHC - lake humic colloid. RHC »
river humic colloid. MHC » marine humic colloid, and SDHC - aediment humic
colloid.
$ The values inside the parenthee** indicate the number of sample« used.

From Stevenson and Fitch (1986)
6.6. Effects of comolexation on plant growth and ion absorption
Stimulating effects of organic matter on yield of plants as tomato and
cucumber have been reported (Burns, 1986).
Complexation can influence uptake by plant roots both positively and
negatively. Thus Bums (1986) found a stimulation of uptake of calcium,
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Fit. X Iroo absorption toy esdnd barley roots from Fe-hum«te

potassium, magnesium, copper and iron by
cucumber grown in a solution containing
100-300 mg fulvo-acid per 1. Scotti and
Silva (1988) found an increase in
manganese uptake with increasing humic
content by lettuce and radish from soil.
Sonneveld (1983) found stimulation in
nutrient culture by humic compounds of
calcium and magnesium uptake by cucumber.
Lobartini and Orioli (1988) described the
uptake of iron from iron humate by excised
barley roots as affected by iron
concentration (Figure 25). Organic
compounds as smaller humic compounds can
be taken up by plants (Hargrove, 1986,
Burns, et al. 1986).

From Lobartini and Orioli (1988)
Besides complex-forming agents originating in humus, specific compounds
released by the roots can also solubilize micro-elements in the
rhizosphere. Experiments about this type of compounds - phytosiderophores
- were described by Römheld and Marschner (1986).
The more exact relation between type of compounds present in humus and
root exudates on the one hand, and uptake of micro-elements by plants on
the other, will require further research.
Conclusions
- In this review, properties of humus are summarized especially from a
viewpoint of characterization of potting soils and peats. This
characterization is intended to supply a link between chemical and
physical properties of the humus on the one hand and plant growth and
root absorption on the other.
- In this context the concentrations and the chemical forms in the soil
solution should be known.
- Humic compounds partly consist of aromatic substances with very
different molecular weights. As functional groups, carboxyl acid groups
and phenolic groups are present. The soluble humus is small in molecular
terms (a few thousands or less).
- Separation can be done by molecular sieves, liquid chromatography,
ultrafiltration and other separation methods.
- The product can be identified by spectroscopic methods as UV and
infrared spectroscopy. Also mass spectrometry is a possibility.
- In the soil solution a large number of smaller and larger fragments
occur which can complex micro-elements.
- The binding constant K for different micro-elements with humus or humus
components can be measured by different methods. Especially copper forms
stable complexes.
- The binding constant is influenced by type of humic compounds, pH and
ionic strength.
- For characterization of humus in, for instance, a peat sample a
standardized procedure for obtaining soil solution is desirable. It will
then be possible to compare different samples.
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- Parameters which can be easily measured and appear to be important for
characterization are: elemental analysis, functional groups (such as
phenolic and carboxyl acid groups), mean molecular weight, titration
curves, and in the solutions, pH and ionic strength.
- Characteristic of the functional groups is particularly the infrared
absorption. The phenol group absorbs at 3400 cip , the dissociated
carboxylate group at between ^400 and 1630 cm
and the undissociated
carboxylacidgroup at 1720 cm
- Absorption by plants of micro-elements from complexes with humic
compounds has been demonstrated.
- Further research is needed to determine the importance of fractions in
the soil solution obtained by separation for soil fertility.
- Humus components can be further characterized by determining ionic
*
binding constants at different pH-values and ionic strengths. It appears
to be especially desirable to determine the amounts of free and
complexed copper because the stability of copper/humus complexes
strongly depends on the Type of humus.
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