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KEYWORDSABSTRACT

Humic substances are derived from Soil Organic Matter (SOM) which is
playing a major role in agriculture. Quality, maturity, nativity assessment
and activity of humus are determined by hydrophobic and hydrophilic
(HB/HI) index, which is based on chemical composition of core structure
of humic substances. Because till now there is no exact chemical formula
or structure for HA and it is vary depend on source material, microbial
populations, physical and chemical environment for humic substances
formation, but in general it is composed of C,H, O and N. Important functions
of Humic substances in environment are, it aids in nutrient solubilization
from drought and compacted soils, nutrient uptake by plants, heavy metals
immobilization, controlling soil erosion, improved multiplication of essential
microorganisms (EM) for agriculture. This review introduces the basic
properties, composition, chemical reactivity and characterization of HS
with highlighting the need of innovative research for better fundamental
understanding of the mechanisms, formation transformations and
application of humic substances.
 2013 Trade Science Inc. - INDIA

INTRODUCTION

The clear knowledge of soil and its vegetation of
each respective area help us to use proper application
of necessary supplements. Due to globalization farmers
use chemicals in all areas of agriculture without its knowl-
edge of usage, activity or its property in particular level,
leads to become a cause for serious environmental prob-
lems (including bioaccumulation, biomagnifications,
changes in biodiversity and climate changes) which ulti-
mately ends in risk of people�s health. The present situ-

ation before us is to take an immediate and intellectual
step for the improvement of agriculture with correct

implementation of natural with chemical methods and
thus improving/ not damaging the present environment.
Human activities in immediate past and last ten years to
soil causes changes in organic matter, type of biological
influences over organic matter and available Vs bounded
nutrients in the soil. These changes create impact in pH
and nutrient cycling in the environment. In really soil
OM is not a measurable soil component.

Soil organic matter (SOM) is not a measurable com-
ponent and it is present in fertile soil (2-8%), neutral
and alkaline soil (40-60% in the form of humic acid and
humin) and acid leached soils (Petit). SOM encompass
all OM fractions present in soil, including crop residues
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(litter), plant residues in varying stages of decomposi-
tion, microbial biomass, dissolved OM and stable hu-
mus[1]. Humus does not occur alone in soil, it is made
up of humic substances composed of C, O & H. Hu-
mic substances include humic acids (HAs), fulvic acids
(FAs) and humins. Humic acids are the end product of
microbial degradation of plant and animal debris and
are one of the most important constituents of fertile soils.
Humic acid is defined as a portion of soil humus that is
soluble in alkaline solution, but insoluble in acid solu-
tion, which is the form of organic matter that often is
added to the soil to increase fertility.

SOURCES OF HUMIC ACID

Humic acids are present in soil (65-75%) composts
vermicompost[45], activated sludge[62], sewage sludge[9],
urban waste compost, sugar cane filter cake, leonardite
coal[24], organic matter in low land rice soils[48], rhizo-
sphere soil[45], organic soils or histosols[1], wetland soils,
natural wetland environments[17], deep sea sediments[40],
estuaries and lakes[6] and in other aquatic systems[60].

FORMATION OF HUMIC ACID

Initial formation or formation of neo polymers

Humification or humus formation is described
through composting process[2]. Composting determines
the increase in humic substance content. Monitoring of
humification indirectly acts as a key factor to know the
quality of composting. In early stage of this process
oxygen rich compounds like polysaccharide (aliphatic
C), lipids and proteins (called interference materials)
are degraded to other oxygenated compounds[2] par-
ticularly carboxylic and ester groups with an increase
of aromatic structures suggest the partial formation of
neo-humic polymers (humification)[12]. While other, more
oxidized, recalcitrant compounds are neo-formed in the
course of humification[2]. During composting the exten-
sive degradation suffered by interference materials or
organic compounds like lignin, cellulose, hemicellulo-
ses and proteins which leads to release of great variety
of simple organic compounds such as carbohydrates,
amino acids, simple peptides and phenols of low struc-
tural complexity[14].This study is confirmed by analyz-
ing soil using Tetramethylammonium Hydroxide
Thermochemolysis-GC/MS (TMAH-GC/MS), in

which lignin derivatives were analyzed in different soil
size fractions and the resulting data indicates that the
soil fractions, >250- ìm chromatogram reveals more

lignin-derived compounds and their relative intensities
are more pronounced than in <2- ìm chromatogram.
During humification, these structures are further trans-
formed to aromatic humic-like structures, where lignin
side chains are oxidized. Further Soumia et al. (2010)
has explained through composting of activated sludge,
in that on 135th day of composting aliphatic C content
is decreased to 30.1 and high content of aromatic C to
45.6 and carboxyl C content of 24.3, and in FTIR and
13C NMR analysis shows aromatic C/aliphatic C ratio
decreased at initial times and then increased, which
showed the initial phase of intense biodegradation of
the large amounts of aliphatic compounds, even though
some imbalances during composting was there. These
aliphatic structures then decomposed during last step
of composting with the help of microbial communities
proliferating after the death of original ones to the syn-
thesis of new, more humified materials[29]. Kogel-
Knabner (2002) also suggests that these subsequently
formed structures of aliphatics could either be released
through degradation of lignins or could originate from
microbial tissues.

Formation of core structures

Aliphatic and aromatic constituents form the core
structure of humic substances or called true humic ac-
ids[2] or core humic acids and these are derived from
various organic sources which are involved in degrada-
tion reactions[14]. The presence of non-humic substances
in humic acid from soil are amino acids, hydrolysable
phenolic acid, hexose and uronic acid as mixtures, which
smeared the spectral data of HA materials[32]. The evo-
lution of core humic acid from municipal sewage waste
(MSW) composting showed that the nucleus did not
change its chemical structure during the process that it
differed from the humic acids only in the pr-esence of
the organic molecules (interference materials) that were
eliminated or rapidly degraded during composting[14]

whereas, the humic material remains constant[1]. Re-
searchers believe that the chemical and biochemical
reactions that occur during humification transform the
organic matter through stabilization of aromatic struc-
tures, leading to a relative enrichment of aromatic car-
bon and selective preservation of alkyl carbon of soil
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biopolymers resistant to decomposition, such as cutins
and suberins.

Structural conformation and stability

Humic acid�s chemical stability and interaction with

environment were determined by hydrophobicity na-
ture[52]. Insam (1996) has stated that the covalent poly-
merization of HS is by random condensation and oxi-
dation processes of simple monomeric units into mac-
romolecular polymers, and they are in chain (linear or
branched), that causes it�s resistance to microbial deg-

radation and consequent long residence time for soil
humic components. The relatively large abundance of
aromatic and alkyl C in all HA indicated a general ma-
jor contribution of hydrophobic carbon (HB) to humic
composition and these hydrophobicity cause the strict
association of aromatic and alkyl C with clay and silt
particles[65]. HS are relatively small molecules held to-
gether by weak interaction forces, forming a supramo-
lecular structure[53]. The supramolecular organizations
are stabilized only by weak forces such as dispersive
hydrophobic interactions (van der Waals, ð-ð, and CH-
ð) and hydrogen bonds which is being progressively
more important at low pH values[51]. In solution HS are
macromolecules and assume random coil conforma-
tions, become miscelles or �pseudomicellar� structures.

Organic acids in soil solution induce conformational
changes in hydrophobic domains of HA[54].

Aromaticity index for determining nativity

The hydrodynamic [hydrophilic (HI) or hydropho-
bic (HB)] volume of humic molecules will determine
the source from which humus is formed. The aromatic-
ity index (aromatic and phenolic carbons abundance)
of HAs of oxidized coal is more than lignite coal, deter-
mine by HI/HB index and higher values for this index is
highly hydrophobic than others and lower values is higher
hydrophilic nature of HA[15]. Coal-derived humic acid
distinguished from humic acid derived from natural
sources by the fact that it contains a higher aromaticity
and a higher ratio of phenolic to carboxylic groups in
the ratio of about 1,46:1,08 respectively[19].

PROPERTIES OF HUMIC ACID

Molecular size

Molecular size of humic acid considered to be a

function of the strength of hydrophobic interactions with
bioactive molecules and hydration radius of the several
different heterogeneous molecules associated in humic
substances[61]. In general alkyl components account for
the largest molecular dimensions of HA[52] and their
strong reciprocal hydrophobic interactions leading to
large molecular aggregates, although carbohydrate-cel-
lulose C is an important component of HA from stabi-
lized compost material[11,63,64]. The presence of auxin in
HA was also reported[10].

Molecular size determination indirectly evaluate the
chemical groups present in the HA and it can be inves-
tigated through elemental analysis. The elemental com-
position and atomic ratios (carbon distribution) of HA
isolates can be seen through 13C-CPMAS-NMR spec-
tra. In particular the summation of particular chemical
shift region in ppm will show the important nature of
HA characterization. They are summation of [{162-
110)/ (0-162) * 100] for AD (aromaticity degree),
[(162-110) + (46-0)] for HB (hydrophobic C) and
[(185-162) + (90-65) + (65-46)] for HI (hydrophilic
C). Pseudo-2D DOSY technique is particularly suit-
able for complex samples such as HA because it pro-
vides a direct correlation of translational diffusion (D)
with the chemical shift in the second dimension. Through
this evaluation for three different NMR spectral regions
will tell the chemical nature of HAs. (i) 9.0-5.0 ppm for
protons on unsaturated carbons, nitrogen hetero atoms
and amides; (ii) 4.4-2.9 ppm for protons on CH

3
, CH

2

or CH carbons directly bonded to O, N or carbohy-
drates and (iii) 2.9-0.0 ppm for alkyl protons, including
those on alkyl carbons that are two or more carbons
away from aromatic rings or polar functional groups[20].

Solubility

Humic acids dissolve in alkaline solutions (pH 7-8
and above) are called as mobile HA (MHA) and be-
come precipitate in acidic pH (1-2). But water scien-
tists consider that the precipitates forms at pH 2 to be
HAs because non humic substances like some proteins
also get precipitated under similar conditions, and so
the precipitates at pH 1 might be considered as the HA
fraction[61].

Hydrodynamic size of a humic material rich in polar
components (hydrophilic) will be kept small when dis-
solved in aqueous solutions due to stabilization exerted
by hydration of water, conversely, more hydrophobic
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materials self- associate in large dimensions and be-
come separated from water, thereby decreasing the total
free energy of the dissolved system[59,69].

The solvation or soluble nature, polarity, cation ex-
change capacity (CEC) and diffusion behaviour of hu-
mic acid depends on the abundance of polar (hydro-
philic) and apolar (hydrophobic) C in humic acid struc-
ture, was evaluated by HI/HB ratio (This also depends
on topological and physiological arrangements/ inter-
actions/ bonding (of core structure) of HA[30]. This hy-
drophobicity nature of HA also plays a role in sorption
of bioactive molecules in the environment. The larger
the potential hydrophobic incorporation of bioactive
molecules (e.g., auxin like structures, some enzymes
like protease) in humic structure tends to the larger
chemical diversity of such bioactive molecules (polar
molecules) and the more diverse their bioactivity[50]. It
was previously postulated that the hydrophobic humic
components derived from plant degradation and mi-
crobial activity are able to randomly incorporate more
polar molecules and hence protect them against degra-
dation[30].

Humic acid aging or maturity

Study on the age of formed humus will explain its
importance to know the type and amount of humic com-
ponents presence in humus or humic acids. With increas-
ing humification, the color of the HA typically darkens
from yellowish-brown to brown to nearly black[36]. Ve et
al. (2004)[48] were studied the mineralization kinetics of
soil organic matter in lowland rice soils by comparing the
mobile humic acid (MHA) with calcium humate (CaHA),
and said that MHA is a freshly formed humic acid in
small mass, formed after puddling of land before crop-
ping, has higher N concentration, lower C concentration
and C/N ratio, smaller E

4
 value than CaHA indicating the

humified age of CaHA. They also reported that Gener-
ally MHAs of different soils in dry powder state were
brown, dark-reddish brown and CaHA fraction was
darker than the MHA fraction and CaHA fraction would
be better protected against microbial degradation through
its stabilization by polyvalent cations.

TOOLS FOR HUMIC ACID
CHARACTERIZATION

Humic acid characterization can be performed by

several tools. Many numbers of researches has been
carried out all over the world using various techniques.
Each has its advantage over humic acid study, the tools
used are primarily UV spectrum, UV deconvolution,
followed by FTIR, NMR, ESR, CP-MAS,GC-MS,
chromatography, SEM, TEM, Radio labeling, AFM,
thermal imaging, ultra filtration technique etc for con-
centrated characterization[22].

Techniques and its application for HA study

The first indirect evaluation of HA aromaticity was
undertaken by Kononova (1961) via the E

4
/E

6
 ratio

using UV spectrophotometer. This ratio is between the
absorbance at 465 and 665 nm. In this as the E

4
/E

6

ratio drops this indirectly indicates the rise in aromatic-
ity together with humification for organic matter stabili-
zation. Aromatic structure can be indirectly measured
by the presence of C/H atomic ratio, because the mea-
surement of C/H atomic ratio in humic acid could be a
ratio of the alkyl C and the conjugated C linked to aro-
matic systems. Sugar cane filter cake contain relatively
low C/H atomic ratio, HAs from urban waste compost
and sewage sludge usually exhibit higher H/C ratio. If
enriched with aromatic carbon means there would be a
drop in H/C ratio.

In accordance to this, Chen et al. (1977) reported
that this ratio also predicts the size of the humic sub-
stances in the form of molecular weight. Ultraviolet
(UV) and visible (Vis) absorption spectra technique is
used for study of aromatic carboxyl and phenolic groups
and C=C systems[37]. UV spectroscopy can confirms
the maturity state of compost e.g. the absorbance around
250-300 nm shows the presence of aromatic group-
ings, this is a major part in HA structure and formed in
matured compost through �secondary synthesis� by

microorganisms. UV spectroscopy also represents ab-
sorbance at low range of UV wavelengths for mineral-
ization phenomenon[22].

NMR techniques are useful for quantification study,
and to determine the structural units in HS like carbon
atoms in carbohydrates, aromatic rings, carboxylic ac-
ids[30,73]. The degree of condensation of aromatic rings
in humic acid can be measured by NMR CP/MAS 13C
techniques with polar dephasing (DD) measurements[57].

Fourier Transform Infrared Spectroscopy (FTIR)
are useful for qualitative study[42] and provides infor-
mation about the stretching and deformation vibrations
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of chemical bonds between atoms showing electric di-
pole moment characterized by non-zero value. It is
possible to differentiate the source and the humification
condition of the organic matter through FTIR spectrum.
FTIR spectrum of sugar cane filter cake HS has rela-
tively low degree of humification, such as FA (fulvic
acid), has a spectrum without CH

3
, CH

2
 and CH ab-

sorption bands (generally located around 2900-2850
cm-1) and the presence of wide and diffuse absorption
band at 1100 cm-1 is characteristic of low-humified HS.

The growth promoters and other organic modifiers
make weak association with humic molecules this is con-
firmed by peaks obtained for eluting solutions in
HPSEC[11]. The presence of auxin in HA was detected
by different methods including immunoassays or gas
chromatography � mass spectrometry[10].

APPLICATION PROPERTIES OF HUMIC
ACID IN AGRICULTURE

Humic acid is mainly used as plant growth substance,
but other newer studies and approaches are emerging
on humic acid for its better utility and impact in environ-
ment.

Humic acid as fertilizers

Humic acids can be a complement to synthetic or
organic fertilizers and in some instances, fertilization can
be eliminated entirely if sufficient organic material is
present and the soil can become self sustaining through
microbial processes and humus production, because of
their ability to chelate micronutrients, thus increasing their
bio-availability[34]. The effectiveness of HA over plant
growth (metabolic stimulation) is based on low molecu-
lar size HS (LMS-HS)[71] and that could have large
content of aromatic, carboxyl and phenolic carbons[55].

The successful application of organic fertilizers in
organic farming is based on the presence of humic mat-
ter. Fernandez et al. (1996)[24] pointed out that under
field conditions, foliar application of leonardite extracts
stimulated the shoot growth and promoted the accu-
mulation of K, B, Mg, Ca, and Fe in leaves. The rea-
son for HA activity over plant growth were confirmed
by the research on Maize seeds (Z. mays L. var. DK
585) by using different molecular fractions of HA for
enzymatic cycle of respiration and suggested that the
stimulation of plant metabolism may be more precisely

attributed to specific classes of compounds in humic
substances or humic structures[46].

In soil application of 2 g humus (70% w/w, pH
5.17, EC: 4.80 mS/cm) /kg soil to plants (corn) in-
crease dry weight and nutrient uptake (especially N)
but the results became negative for 4g humus/kg of soil
and in foliar application of humic acid (humic acid: 15%
w/v, pH 10.66, EC: 28.8 mS/cm) the highest dry weight
and nutrients uptake were obtained with 0.1% dose
and decreased wtih 0.2% but the amounts except for
Fe, Cu, and Mn were found higher than in the con-
trol[34]. This is because application of very high doses
of humic acids is less effective[38], but Cooper et al.
(1998)[18] applied humic substances for creeping bent
grass in sand culture at rates of 100, 200 and 300 mg/
l and found that the rate of application did not have any
effect on the plant growth. Regarding these Pavlikova
et al. (1997)[49], also clearly indicated in their study by
using humic acid in the form of potassium humate even
at high concentration (20 mg/L) as foliar spray which
did not affect the yield of crop.

Humic acid in contact with root system

Lu­lakis and Petras (1995) have stated that water

uptake increases nutrient absorbance by the roots in
the presence of humic acid, which enhances the devel-
opment of lateral roots. HA fractions from earthworm
compost was observed to show greater root size, more
branched roots, root hairs with larger surface area and
stimulation of H+- ATPase activity in maize plants[45].
Increase in root fresh weight (30.1%) and root dry
weight (56.6%) was examined in broad bean (Vicia
faba L.) plant, this is due to the increased uptakement
of K+ and Na+ (111.4% and 86.4% respectively) with
the help of HA. Micronutrients Ca2+, Fe3+ and Mn2+ in
root cells of HA treated plants seem to be increased
due to membrane permeability and transport which is
caused by activation of voltage-depen­dent cation chan-

nels or voltage-independent cation chan­nels (VIC) by

Na+ which enters root cells and increase lateral root
development and total root bio-mass. But a high Na
content in soil solution has also an antagonistic effect on
the uptake of Ca and Mg[8].

Humic substances may interact with the phospho-
lipid structures of the cell membranes and react as car-
riers for nutrients[34]. The surface activity of humic sub-
stances in plant surface is due to the presence of both
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hydrophilic and hydrophobic sites[16].
Humic acids having carboxyllic and phenolic groups

will enhance the absorbance capacity of nutrients in
roots by in­creasing H+-ATPase activity in the root

cells[10]. Muscolo et al. (2007)[45] postulated that the
interaction between root system and humic matter is
possible in the rhizosphere when humic molecules in
the soil solution are small enough to flow into the
apoplast and reach the plasma membrane. Simple or-
ganic acids exuded by plant roots and microbes[50,51]

help for releasing auxin like molecule from humic struc-
ture which could not be done, if HS structure is dam-
aged by chemical modification or environmental fac-
tors. This leads to inactivation of the cell receptors in
plasma membrane by H+-ATPase activity for the regu-
lation of cytoplasmic pH and the activation of cell wall-
losing enzymes and proteins through acidification of
apoplast in plant roots[67]. Humic structure from
vermicompost was chemically modified using different
acidic, basic and methyl compounds and the altered
molecular weight humic acids were used for maize plant
growth study and the study states that there was no
relationship between bioactivity and molecular size of
humic acid, but hydrophobic index appear to play an
important role in the bioactivity of the modified humic
matter.

Microbial activity on humic substances

Bacteria can use humic substances as organic elec-
tron acceptors and capable of reducing humic sub-
stance[40]. According to Scott et al. 1998[60] the elec-
tron accepting capacity of humic substances extracted
from soils was much greater than dissolved humic sub-
stances of aquatic systems. Humic acid extracted from
wetland soils and incubated in an anaerobic chamber
showed the final ratio of CO

2
:CH

4
 >2, suggesting that

humic acids may strongly limit the production of CH
4

by serving as thermodynamically favorable organic elec-
tron acceptors or terminal electron acceptor (TEMs).
Humic substance analog anthraquinone-2, 6-disulfonate
(AQDS) has been isolated from natural wetland envi-
ronments and has reported that this analogue acts as
TEMs[17]. Jason et al. 2009, hypothesize that the chemi-
cal makeup of humic substances extracted from differ-
ent wetland soils causes different range of ratios in
CO

2
:CH

4 
production.

Humic substances are susceptible to microbial deg-

radation in the environment. The rates of bacterial deg-
radation of HS may vary with age, source materials
and bacterial community composition. The uptake of
HS in living cells (Escherichia coli) and plants (sprouts
and root system of Triticum aestivum) at different con-
centrations is demonstrated by radio labeling of humic
acid with tritium[6]. The adsorption capacity of HS to
biological surfaces or any organic or inorganic materi-
als will increases with increased H/C atomic ratio.
Thurman (1985) said that the structural complexity of
HS for microbial degradation which typically contain
an aromatic core, aliphatic side chains, carboxyl groups
and phenolic hydroxyl groups among other chemical
moieties and based on this Esham et al. (2000)[23] were
categorized their bacterial cultures in three major phy-
logenetic groups (á-Proteobacteria, ã-Proteobacteria

and Gram �positive bacteria) which were capable of

growth in enrichment culture media with estuarine HS
as the sole carbon source.

(Moran and Hodson, 1994; 1990) have reported
that utilization of HS containing recalcitrant compounds
become more complex material to microbial mineral-
ization in low rates of [14C] in HS and low rates miner-
alization also reported for natural humic substances from
freshwater and marine wetlands. Humic acids fraction
of Natural Organic Matter (NOM) in drinking water
can readily react with chlorine to form carcinogen com-
pounds and this became a serious problem, but this
risk can be reduced by local microbes (Streptomyces
sp, Aspergillus sp, and Actinomycetes sp), it utilizes
HA as carbon source leads to its decolourization and
degradation and this directly showing decrease in ali-
phatic structural units rapidly than more condensed aro-
matic structures which were resistant to biodegrada-
tion.

CONCLUSION

Different types of organic fertilizer is prepared and
followed in various parts of the world but its effective-
ness is qualified by humic acid ratio. It is the basic and
unavoidable component to qualify any matured organic
matter and proper utilization of it to plants. Many re-
searches are carried out for humic acid characteriza-
tion; UV- spectroscopy is useful and easy tool for pre-
liminary calculation of molecular size of humic acid.
Followed by chemical structure analysis by various tech-
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niques is emerging. Application of humic acid in soil
instead of direct application of composts will helps to
direct uptakement of nutrients in soluble form by plants.
Further investigation on humic acid molecular structure
create an awareness on its application in various fields
including medicine for its antioxidant properties, water
purification, growth supplement in microbial media and
also as health drink.

REFERENCES

[1] F.Adani, P.L.Genevini, F.Gasperi, F.Tambone; Com-
post Sci.Util., 7(1), 24-33 (1999).

[2] F.Adani, P.L.Genevini, F.Tambone; Compost
Sci.Util., 3(2), 25-37 (1995).

[3] F.Adani, P.L.Genevini, F.Gasperi, G.Zorgi; Compost
Sci.Util., 5(2), 53-62 (1997).

[4] S.Akinci, T.Buyukkeskin, A.Eroglu, B.E.Erdogan;
Not.Sci.Biol., 1(1), 81-87 (2009).

[5] S.M.Alam; Nutrient by Plant Under Stress Condi-
tion, in M.Pessarakli, (Eds); Handboo of plant and
crop stress, Marcel Dekker, (NY), 227-246 (1994).

[6] G.A.Badun, N.A.Kulikova, M.G.Chernysheva,
Z.A.Tyasto, V.I.Korobkov, V.M.Fedoseev,
E.A.Tsvetkova, A.I.Konstantino, A.V.Kudryavtsev,
I.V.Perminova; Vestn Mosk U Khim, 5, 348-354
(2009).

[7] A.U.Baes, P.R.Bloom; Soil Sci.Soc.Am.J., 53, 695-
700 (1989).

[8] L.Bernstein; Annu Rev Phytopathol, 13, 296-312
(1975).

[9] J.B.Busato, D.B.Zandonadi, L.B.Dobbs,
A.R.Facanha, L.P.Canellas; Sci.Agric.(Piracicaba,
Braz.), 67(2), 206-212 (2010).

[10] L.P.Canellas, F.L.Olivares, A.L.Okorokova-
Facanha, A.R.Facanha; Plant Physiol., 130, 1951-
1957 (2002).

[11] L.P.Canellas, R.Spaccini, A.Piccolo, L.B.Dobbs,
A.L.Okorokova, Facanha, G.D.A.Santos,
F.L.Olivares, A.R.Facanha; Soil Sci., 174, 611-620
(2009).

[12] P.Castaldi, G.Alberti, R.Merella, P.Melis; Waste
Manage., 25, 209-213 (2005).

[13] L.Celi, E.Barberis; Abiotic Stabilization of Organic
Phosphorus in the Environment, in B.L.Turner et
al, (Eds); �Organic phosphorus in the environment�,

CABI Publishing, Cambridge (MA), 113-132
(2004).

[14] B.Chefetz, Z.Kerem, Y.Chen, Y.Hadar; Soil
Biol.Biochem., 30(819), 1091-1098 (1998).

[15] B.Chefetz, J.Tarchitzky, A.P.Deshmukh,
P.G.Hatcher, Y.Chen; Soil Sci.Soc.Am.J., 66, 129-
141 (2002).

[16] Y.Chen, M.Schnitzer; Soil Sci., 125, 7-15 (1978).
[17] J.D.Coates, D.J.Ellis, E.L.Blunt-Harris, C.V.Gaw,

E.E.Roden, D.R.Lovley; Applied and Environmetal
Microbiology, 64, 1504-1509 (1998).

[18] R.I.Cooper, C.Liu, D.S.Fisher; Crop Sci., 38, 1639-
1644 (1998).

[19] I.J.Cronje, T.E.Cloete, J.Dekker; Patent number:
4, 999, 202 (1991).

[20] A.M.Dixon, C.K.Larive; Anal.Chem., 69, 2122-
2128 (1997).

[21] L.B.Dobbs, L.P.Canellas, F.L.Olivares, N.O.Aguiar,
L.E.P.Peres, M.Azevedo, R.Spaccini, A.Piccolo,
A.R.Facanha; J.Agric.Food Chem., 58, 3681-3688
(2010).

[22] M.Domeizel, A.Khalil, P.Prudent; 94, 177-184
(2004).

[23] C.E.Esham, W.Ye, M.A.Moran; FEMS
Microbiol.Ecol., 34, 103-111 (2000).

[24] R.E.Fernandez, M.Benlock, D.Berranco,
A.Duenas, J.A.G.Ganan; Science Horticulture, 66,
191-200 (1996).

[25] D.A.Francko, R.T.Heath; Limnol.Oceanogr., 24,
463-473 (1979).

[26] D.A.Francko, R.T.Heath; Limnol.Oceanogr., 27,
564-569 (1982).

[27] J.Gerke; Commun.Soil Sci.Plant Anal., 23, 601-612
(1992).

[28] J.Gerke, Jungk; Commun.Soil Sci.Plant Anal., 22,
1621-1630 (1991).

[29] A.Hassen, K.Belguith, N.Jedidi, A.Cherif,
M.Cherif, A.Boudabous; Bioresour.Technol., 80,
217-225 (2001).

[30] M.H.B.Hayes, P.MacCarthy, R.L.Malcolm,
R.S.Swift; Humic substances II, in �search of

structure�, Editions. John Wiley and Sons,

Chichester, 339-372 (1989).
[31] M.Hens, R.Merckx; Environ.Sci.Technol., 35, 493-

500 (2001).
[32] M.Kawahigashi, N.Fujitake, T.Takahashi; Soil

Sci.Plant Nutr., 42(2), 355-360 (1995).
[33] J.K. Keller, P.B.Weisenhorn, J.P.Megonigal; Soil

Biol.Biochem., 41, 1518-1552 (2009).
[34] H.Khaled, H.A.Fawy; Soil and water Res., 6(1),

21-29 (2011).
[35] I.Kogel-Knabner; Soil Biol.Biochem., 34, 139-162

(2002).
[36] K.Kumada; Chemistry of soil organic matter, Ja-

pan Scientific Society, Tokyo, (1987).



J.ArunKumar and G.Mathumathi 163

Regular Paper
RRBS, 7(4) 2013

[37] H.Langhals, G.Abbt-Braun, F.H.Frimmel; Acta
Hydrochim.Hydrobiol., 28(6), 329-332 (2000).

[38] Y.S.Lee, R.J.Bartlett; Soil Sci.Soc.Am.J., 40, 876-
879 (1976).

[39] M.V.Lopez, S.M.E.Satti; Plant Sci., 114, 19-27
(1996).

[40] D.R.Lovley, J.D.Coates, E.L.Blunt-Harris,
E.J.P.Phillips, J.C.Woodward; Nature, 382, 445-
448 (1996).

[41] M.D.Lulakis, S.I.Petsas; Bioresour.Technol., 54,
179-182 (1995).

[42] P. MacCarthy; Spectroscopic Methods (other than
NMR) for Determining Functionality in Humic sub-
stances, in G.R.Aiken, D.M.McKnight,
R.L.Wershaw, P.MacCarthy, (Eds); �Humic sub-

stances in soil sediment and water�, John Wiley

and Sons, Chichester, 527-559 (1985).
[43] W.Mahieu, D.C.Olk, E.W.Randall; Eur.J.Soil Sci.,

51, 391-402 (2000).
[44] R.L.Malcolm; Application of Solid-State 13C NMR

Spectroscopy to Geochemical Studies of Humic
Substances, in M.H.B.Hayes, P.MacCarthy,
R.L.Malcolm, R.S.Swift, (Eds); �Humic substances

II- In search of structure�, John Wiley and Sons,

Chichester, 339-372 (1989).
[45] S.Nardi, A.Muscolo, S.Vaccaro, S.Baiano,

R.Spaccini, A.Piccolo; Soil Biol.Biochem., 39,
3138-3146 (2007).

[46] S.Nardi, D.Pizzeghello, C.Gessa, L.Ferrarese,
L.Trainotti, G.Casadoro; Soil Biol.Biochem., 32,
415-419 (2000).

[47] J.M.Navarro, M.A.Botella, A.Cerda, V.Martinez;
J.Plant Physiol., 158, 375-381 (2001).

[48] N.B.Ve, D.C.Olk, K.G.Cassmanz; Soil Sci.Am.J.,
68, 1266-1277 (2004).

[49] D.Pavlikova, P.Tiutos, J.Szakova, J.Balik; Rost
Vyroba, 43, 481-486 (1997).

[50] A.Piccolo; Humus and soil conservation. In humic
substances in terrestrial ecosystem.
Elsevier.Amsterdam, The Netherlands, 225-264
(1996).

[51] A.Piccolo; Soil Sci., 166(11), 810-832 (2001).
[52] A.Piccolo; Adv.Argon., 75, 57-134 (2002).
[53] A.Piccolo, P.Conte, A.Cozzolina; Eur.J.Soil Sci., 50,

687-694 (1999).
[54] A.Piccolo, P.Conte, E.Trivellone, B.Van Lagen,

P.Buurman; Environ.Sci.Technol., 36, 76-84
(2002).

[55] A.Piccolo, S.Nardi, G.Concheri; Soil Biol.Biochem.,
24, 273-380 (1992).

[56] P.Porcal, J.F.Koprivnjak, L.A.Molot, P.J.Dillon;
Envion.Sci.Pollut.Res.m, 16, 714-726 (2009).

[57] S.C.Saab, L.Martin-Neto; Quim Nova, 30, 260-263
(2007).

[58] M.A.Sanchez-Monedero, A.Roig, J.Cegarra,
M.P.Bernal; Bioresour.Technol., 70(2), 193-201
(1999).

[59] R.P.Schwarzenbach, P.M.Gschwend,
D.M.Imboden; Environmental organic chemistry,
Wiley, New York (1993).

[60] D,T.Scott, D.M.McKnight, E.L.Blunt-Harris,
S.E.Kolesar, D.R.Lovley; Environ.Sci.Technol., 32,
2984-2989 (1998).

[61] D.Smejkalova, A.Piccolo; Environ.Sci.Technol., 42,
699-706 (2008).

[62] A.Soumia, J.Abdelmajid, M.Abdelilah,
M.E.Gharous; J.Hazard Mater, 177, 524-529
(2010).

[63] R.Spaccini, A.Piccolo; Clean, 36, 152-157 (2008).
[64] R.Spaccini, A.Piccolo; Soil Biol.Biochem., 41,

1164-1172 (2009).
[65] R.Spaccini, A.Piccolo, P.Conte, J.S.C.Mbagwu;

Geoderma, 132, 9-19 (2006).
[66] F.J.Stevenson; Organic phosphorus and sulfur com-

pounds. In humic chemistry: Genesis, composition,
reactions, John Wiley and Sons, New York, 120-
145 (1982b).

[67] H.Sze, X.Li, M.G.Palmgren; Plant cell, 11, 677-687
(1999).

[68] K.H.Tan; Humic matter in soil and the environ-
ment, Marcel Dekker, Inc.New York, (2003).

[69] C.Tanford; The hydrophobic effect: Formation of
micelles and biological membranes, Wiley, New
York, (1991).

[70] M.Tuomelo, M.Vikman, A.Itavaara; Bioresour.
Technol., 72, 169-183 (2000).

[71] D.Vaughan, R.E.Malcon, B.G.Ord; Influence of
Humic Substances on Growth and Physiological
Processes, in D.Vaughan, R.E.Malcom,(Eds); �Soil

organic matter and biological activity�, Martinus

Nijhoff, Dordrecht/Dr junk W.Publishers, Dordecht,
The Netherlands, 37-76 (1985).

[72] M.Vincelas-akpa, M.Loquet; Soil Biol.Biochem.,
29(314), 751-758 (1997).

[73] M.A.Wilson; Techniques and application of nuclear
magnetic resonance spectroscopy in geochemistry
and soil science, Pergamon Press, Oxford, (1987).

[74] H.D.Youn, Y.C.Hah, S.Kang; FEMS
Microbiol.Lett., 132, 183-188 (1995).


