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Abstract: Low-molecular-weight(LMW ) organic acids widely exist in soils, particularly in the rhizosphere. A series of batch experiments
were carried out to investigaie the phosphorus release from rock phosphate and iron phosphate by low-molecular-weight organic acids.
Results showed that citric acid had the highest capacity t0 solubllize P from both rock and iron phosphate. P solubilization from rock
phosphate and iron phosphate resulted in net proton consumption. P release from rock phosphate was positively correlated with the p K,
values. P release from iron phosphate was positively correlated with Fe-organic acid stability constants except for aromatic acids, but was
not correlated with pK, . Increase in the concentrations of organic acids enhanced P solubilization from both rock and iron phosphate
almost linearly . Addition of phenolic compounds further increased the P release from iron phosphate. initial solution pH had much more

substantial effect on P release from rock phosphate than from iron phosphate.
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Introduction

A range of low-molecular-weight (LMW) organic acids exist widely
in soils, and have fundamental impacts on soil fertility, soil structure and
bioavailability of nutrients/contaminants in soils. LMW organic acids are
produced in soils from root activilies, the decomposition of soil organic
matter and microbial metabolism { Fox, 1990a). Tt is well documented
that water-saluble LMW arganic acids can facilitate the weathering of
minerals and rocks through organometallic complex formation or metal
chelation processes ( Huang, 1972; Song, 1988: Hiusinger, 2001 ).
Release of phosphorus(P) from sparingly seluble forms of P compounds,
such as caleium (Ca)-, iron{Fe)- and aluminium ( Al)-bound P by
organic aniens is of particular importanee in plant P nulrition, especially
in P deficient soils. Addition of LMW organic acids, such as citric and
oxalic acids could significantly inctease plant P uptake( Onthong. 1999)
Reot exudation of wide range of organic anions is a major response of
plant roots to P deficiency ( Neumann, 1999}, a typical example heing
the exudation of citrate by roots of white lupin in response 1o P deficiency
{ Dinkelaker, 1989) . Root colonisation by arbuscelar mycorrhizal fungi
{AMF) is known to improve plant P nutrition(Smith, 1997), and there
is increasing evidence showing that the enhancement may involve P
mubilisation by extemal hyphae of AMF{Siullu, 1981; Ness, 2000;
Yao, 2001) .

The ability of organic acids to release P from sparingly soluble
compounds is related to their complexing ¢apacities with various metal
ions, such as Ca, iron and aluminium. Fer AL-P and phesphate rock, it
has been suggested that P release may increase with Al stabilily constant
(logK) of the organic acid { Fox, 1990b; Kpomblekou-A, 1994 ).
However, it is unclear if P release from Fe-P is also related to Fe
stahility constants of organic acids, and il reductants (such as phenolic
compoundds) can further enhance the P release . Concentrations of organic
acids and soil pH vary greatly in [ield soils depending on soil types and

vegetation types, it is therefore necessary to examine the effects of pH

and concentrations of organic acids on P release from differemt P
compounds, Furthermore, phenolic compounds exuded from plant roots,
or produced by the decomposition of crop residues may facilitate the,
reduction of iron from Fe'* 1o Fe'’ ( Vempati, 1995}, which may
enhance the P release from Fe-P. Nevertheless, there is little information
on available on the effect of phenolics on P release from Fe-P.

The present study was to investigate the P solubilization by a range
of organic acids with different complexing and chelating abilities from
phosphate rock (PR) and ferric phosphate (Fe-P}, and 1o examine the

effects of concentrations of organic acids and solution pH on P release

from these two compounds.

1 Materials and methods

The tock phosphate used in this study was from North Carolina(P
content about 15.7% ), it was ground to pass a .25 mm sieve. lron
phosphate( analvtical grade) was purchased from BDH Chemicals Tad.
{ Poole, England) . Before the dissolution experiments, phosphate rock
and iron phosphate were washed 10 times by distilled water to remove
free phosphate.)Washed phosphate rock and iron phosphate were dried at
100°C for 24 h, and were ground to pass a 0.25 mm sieve.

Nine LMW organic acids { namely acetic, lactic. melonic, malic,
tarfaric, oxalic. citric, p-hydro-Lenzoie and salievlic acids) and 1wo
phenolic compounds{ namely catechel and hydroquinone) were purchased
from BDH Chemicals Ltd. ( Poole, England) and were all at analytical
grades. Solutions of organic acids were prepared in either distilled water
(for experiments on phosphate mck) or 0.05 mol/L. NaCl solution{ for
experiments on iren phosphate) at various concentrations. The pli of
each organic acid solution was measured using pH electrode.

oTo compare the solubilizing capacities of the nine organic acids,
arganic acid concentration of | mmal/l. was used;

o To study the effect of concenrations of organic acids {lactie.
salicylic, malonic, oxalic and citic acids ) on P solubilization,

concentration levels of 0.1, 0.5, 1.0, 5.0 and 10.0 mmol/L. were
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used;

®To study the effect of initial solution on P solubilization, three
typical organic acids were used, namely lactic, oxalic and citric acids(at
concentration of | mol/L) . The initial pH was adjusted 10 3, 4, 5 and
6 for phosphate rock, and 3.5, 4.5, 5.5 and 6.5 for iron phosphate
using either HCL or KOH;

@'lo study the effect of phenclic compounds on P solubilization from
iron phosphate, five organic acids { namely lactic, salicylic, malonic,
oxalic and citric acids a1 concentrations of 0. 1| mmol/L) and two phenolic
compounds{ catechol and hydroguinene at concentrations of 1 mmol/L}
were used .
followed  the which were

All  experiments same procedures,

degceribed briefly here. Weighed 0.075 g phosphate rock or irom
phosphate were put in centrifuge tuhes added with 30 ml organic acid
solutions. Centrifuge tubes with the suspension were shaken in an emi-
over-end shaker for 24 h at 209C . The suspension was centrifuged for 10
min at 6000 r/min and then filiered through No, 42 filter paper
( Whatman, USA). The filtrate pH was determined hy pH electrode.
The phosphorus concentration in filirate was determined by the ascorbie
scid NH, ~molybdate blue colonr method { Murphey, 1962). Fe was
determined by colorimetric method, using orthophenanthroline as eolour
developing reagent{ Black, 1965) . All experiments were conducted using

duplicate .

2 Results and discussion

2.1 Phosphate rock{PR)

There are considerable differences in the capacities of nine organie
acids in solubilizing P from PR (Fig. 1). Citric acid had the highest
capacity, followed by oxalic and tartarc acids, while acetic and p-
hydroxybenzoic acids had the lowest capacity. In some organic acids it
has been demanstrated that the strength of an acid solution { dissociation
constants, pK,) is an important factor for P solubilization { Manley,
1986; Kpomblekou-A, 1994) . Results showad that there was 2 negative
relationship hetween pK, and P solubilization (Fig. 2, p < 0.01),
except citric and tartaric acids. Citric acid has always been found to
solubilize the highest amount of P from soils or PRs among the organic
acids tested { Kpomblekou-A, 1994: Belan, 1994). It seems that the
more carboxyl groups in the organic acid the higher amounts of P
solubilization, which is in general agreement with the findings of Bolan
¢t al. { Bolan, 1994). Solution pH increased significantly after the

reaclion indicating that P solubilization consumed protons to form HOP: -
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Fig.1 P release from rock phosphate by nine types of organic acids

or H, PO, {Tahle 1). The ApH values observed in our experiment were

in agreement with those rteported by Kpomblekou-A and Tabatabai

(Kpomhlekou-4, [994) .

Table 1

Increases in solution pH { ApH * standard errors) after the

reactions between phosphate rock/iron phosphates with nine organics acids at

concentration of 1000 pmol/Y.

Organic acids

Increase in phl {ApH)

Phosphate tock

Tran phosphate

Acetic 2.91:0.03 0.53£0.02
Citrie 2.3320.10 0.34 + 0.0l
Lartic 3.36£0.03 0.67+0.03
Malanic 3.08+0.12 0.7620.00
Malic 2.95+ 0.06 0.56 £0.00
Oxalic 3.60+0.06 1.03+0.02
p-hydroxylbenzoic 2.98£0.01 0.560.01
Salicvlic 3.63:£0.03 0.75x0.02
Tartaric 3.1520.03 0.39£0.02
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Fig.2 The relationship between pA, and P release

from rack phosphate by organic acids

[ncrease in the concentrations of organic acids sigmificantly
enhanced P solubilization except oxalic acid{ Fig. 3). The relationships
hetween concentrations of organic acids and P solubilization were linear
{p<0.001). It is not clear why for oxalic acid at concentrations greater
than | mmol/L increase did not result in a further enhancement in P
solubilization. One possible explanation would be that when
concentralions of oxalic acid increased, the precipitation of Ca oxalic on
the surface of PR may prevent the further solubilization. In 4 previous
study, Kpemblekou-A and Tabatabai(1994) showed that P released from
PRs was proportional to Ca released, except that oxalic acid always
released more P than Ca indicating the possibility of co-precipitation of
Ca and oxalate. However, in soil solutions even very close 16 the root

surface, concentrations of organic acids are unlikely to he greater than

4500
4000 =5 Lactic e
3500 |---x-- Salicylic e
1000 Malonic - ’é
2500
2000
1500
1000
500
0

P concentration, jmoi/L

0 2 4 6 8 10 12
Concentrations of orgaaic acids, mmol/L
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1.5 mmol/L{ Jones, 1996) . Thus it is appropriate to say that within the
normal range of concentrations of organic acids in soil solution, P
solubilization is linearly related to the concentrations of erganie acids.
Solution pH is another facior affecting P solubilization frem PR.
Increase in solution pl from 3 o 6 significantly reduced P solubilization
by monocarboxylic, dicarhoxylic and tricarboxylic acids, namely lactic,
oxalic and citric acids{ Fig. 4), however the effect was more pronounced
in monocarhoxylic and dicarboxylic acids than tricarboxylic acids. This is
not surprising as more earboxylic groups means the organie acid has
relatively higher capacity to complex or chelate metal ions, and the

contribution from proton is less important .
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Fig.4  Effect of solution pH on P release from rock

phosphate by three types of organic acids

2.2 Iron phesphate (Fe-P}

P release from Fe-P has rarely been studied in details. Our results
showed that capacities of organic acids to solubilize P from Fe-P dilfered
significantly between acid types (Fig. 5). Citric aecid again had the
highest capacity to solubilize P, the amount of P solubilized by citric acid
was almost twice the amount by oxalic acid. Monocarboxylic and
atomatic carboxylic acids had the lowest capacity to solubilize P {from Fe-
P. The ranking of solubilizing capacities of organic acids for PR was net
the same as for Fe-P(Figs. 1, 5). There was no significant relationship
between pK,, and P solubilization( data not shown) implying that strength
of an acid in solution is not an important factor for P (or Fe)
solubilization from Fe-P. The amocunts of Fe released were generally
lower than that of I’ released indicating that Fe may be reahsorbed on the
particle surface or precipitated after being release from Fe-P. Acetic acid
only released trace amount of Fe, and p-hydroxylbenzoic, lactic,
salicylic and tartaric acids released much lower amounts of Fe than P.
Fe-organic acid stability constants were found to be positively correlated
with P solubilization { Fig. 6) except the two aromatic acids. For
example, the Fe stability constant for salicylic is 16.3, the highest
among the acids tested, but its ability to solubilize P and Fe was among
the lowest. Solution pH also increased after the reaction, but to a less
extent than phosphate rock, probably due to the hydrolysis of Fe't
which produced protons{ Table 1} .

Increase in the concentrations of organic acids enhanced P
solubilization by all organic acids tested(Fig. 7). However the
magnitudes of increase for acetic, laetic and salicylic acids were much
smaller than those for citric and oxalic acids. When the concentration
was increased from 0.1 mmol/L. to 10 mmol/L, P released by lactic acid
only increased by about 1009 , while P released by citric acid increased
by 28 times. The effect of the initial pH of the solution on P
solubilization was tested in four organics acids(Fig. 8), pH did not have

much impaet on P solubilization by lactic, malonic and oxalic acids, and
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increase in pH slightly decreased P solubilization by citric acid, In
general, pH had much more pronounced effect on P solubilization from
PRs than [rom Fe-P, which indicated that P solubilization from Fe-P is
mainly through the complexation and chelation effects, while P
solubilization from PRs is through acidification, complexation and

chelation effects.
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Fig.7 P release from iron phosphate by organic acids at

different concentrations

The effects of phenolic compounds on P release from Fe-FP by 5
types of organic acids at concentration of 0.1 mmol/L are shown in Table
2. Addition of the two phenolic compounds. catechol and hydroquinene
significantly increased the release of both P and Fe from Fe-P by all the
organic acids tested indicating that phenolic compounds may be involved
in the reduction of iren from Fe'” to Fe’™ thereby increasing the
solubility of Fe-P. Hydroquinone and catechol had similar ability in
solubilizing P, bat it seemed that hydroquinone released more Fe than
catechol { Table 13 . When concentrations of organic acids were inercased
to | mmol/L, the effect of phenolic compounds on P solubilization was
marginal{ data not shown). Exudation of phenolics by plant roots ean

ocour in many plant species ( Bekkara, 1998; Fletcher, 1995), the
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results highlighted the potential importance of these phenolic compounds
in plant P nutrition, particutarly in highly weathered soils. As there is
limited information available on the effects of root exudation of phenolie
compounds on the solubility of Fe-bhearing compounds, there is scope for
further research on the potential role of these compounds in plant P

nutrition in various plant species.

Table 2 Effect of phenolic compounds ( 1000 pmol/L.) on P and Fe
solubilization{ gmol/L. ¢ standard errors) from iron phosphate by different

organic acids at concentration of 110 pmol/L

Organic acids Fe P
Lactic MNd 85+ 1
Lactic + catechol 14+35 107+ 5
Lactic + hydroquinone 21+4 104+ 2
Salicylic MNd 90+ 1
Salicylic + catechol 15+5 108 + 2
Salicylic + hydroguinone 2243 1089+ 1
Malonic Nd 101 +2
Malonic + eatechol 21+0 118 +2
Malonic + hydroquinone 272 113 +1
Oxalic 29+ 0 120+ 40
Oxalic + catechol 46+ 3 152+3
Oxalic + hydroquinone 34+ 0 145+ 1
Citric 537 193+ 0
Citric + ecatechol 63+3 237 %12
Citric + hydroquinone 69+3 230+ 2

3 Conclusions

[n summary, different types of low molecular weight organic acids
had different ability to release P from both rock phosphate and iron
phosphate. P release from rock phosphate is mainly related to the acid
strength ( pH ) of the organie acid as well as the complexation and
chelating effects; while P release from iron phosphate is largely due to
the complexation and chelating effects of the organic acid. Increase in
solution pH had much more pronounced effect on P solubilization from
rock phosphate than from iron phosphate.

Addition of phenolic

compounds increase P solubilization from iron phosphate

References:

Bekkara F. Jay M, Viricel M R et ol ., 1998. Distribution of phenolic compounds
within seed and seedlings of twa Vicia faba cus differing in their seed tannin
content, and study of their seed and root phenolic exudations” J. Plant and

Soil, 203: 27—36.

Black (. A, 19653. Methods in soil ana]ysisl_ M . Madison, Wisconsin, USA:
American Society of Agronomy, Ine.

Bolan N 8, Naidu %, Mahimairaja S et al., 1994, Influence of low-molecular-
weight organie acids on the solubilizalion of phosphates | 7], Biology and
Fertility of Soils, 18: 311—319.

Dinkelaker B, Romheld V., Marschner H, 1989, Citrie acid excretion and
precipitation of caleium citrate in the rhizosphere of white lupin{ Lupinus albus
1..3[1]. Plant Cell and Envirenment, 12: 285—292.

Fletcher ] S. Hedge B S, 1995. Release of phenols by perennial plant-rools and
their potential importance in bioremediation [J]. Chemosphere, 31: 3009—
3016.

Fox T R, Comerford N B, 1990a. Water-soluble organic acids in selected forest
sails of the southeastern United States| J]. Soil Science Society of America
Journal, 54: 1139—1144.

Fox T R, Comerford N B, McFee W W, 1990b. Phosphorus and aluminium
release from a spodic horizon mediated by organic acids[J]. Soil Science
Society of America Journal, 54: 1763— 1767 .

Hinsinger P. Barros 0 N F, Benedetti M F e of ., 2001. Plani-induced

weathering of a basallic rock: Experimental evidence [ J]. Genchimica et
Cosmochimica Acta, 63: 137—152.

Huang W H. Keller W D, 1972. Organie arids as agenis of chemicals weathering
of silicate minerals| J|. Namre, 239: 149—I51.

Jones D L, Darrah P R, Kochian L V, 1996 Critical evaluation of organic acid
mediated iron dissolution in the rhizosphere and its potential role in root iron
uplake[]]. Plant and Seil. 180: 57—66.

Kpomblekou-A K, Tabatabai M A, 1994. Effects of acids on release of phosphorus
from phosphate rocks_J}. Soil Science, 158: 442—453.

Manley E P, Fvans 1. ], 1986, Dissolution of feldspars by low-molecular-weight
aliphatic and aromatic acids[ J]. Soil Science, 141; 106—112.

Murphey M T, Riley I P, 1962. A wmodified single solution method for
determination of phosphates in natural waters[ J]. Anal Chim Acta, 27: 26—
31,

Ness R L L, Vlek P L, 2000. Mechanism of caleium and phosphate release from
hydroay-apatite by mycorrhizal hyphael J]. Seil Science Society of America
Journal, 64: 949—955.

Neumann (. Romheld ¥V, 1999 Rost excretion of carboxylic acids and protons in
phosphorus-deficient plants[J]. Plant and Soil, 2112 121—130.

Ontheg ], Osaki M, Nilnond C et ol., 1999. Phosphorus status of some highly
weathered scils in peninsular Thailand and availability in relation to citrate
and oxalate appli(-ati(m[_]] . Soil Seience and Plamt Nutrition, 45: 627—637.

Smith $ E, Read D J. 1997, Mycorrhizal symbiosis| M]. 2nd edition. London,
UK: Academic Press.

Strullu D G, Gourret J P, Garrec J P et af ., 1981 . Ulwrastracture and electron
probe microanalysis of the metachromatie vacuolar granules cccurring in taxus
mycorrhizas| J|. New Phytologist, 87: 535—545.

Song & K, Huang P M, 1988, Dynamics of potassium release from potassium-
bearing minerals as influenced by oxalic and cilric acids[J]. Soil Science
Society of America Journal, 32: 383—405.

Vempati B K, Kollipara K P, Stucki J W et af., 1995. Reduction of structural
won in selected iron-hearing minerals by soybean root exudates grown in an
in-vitro geoponic system[ J]. Journal of Plant Nutrition, 18(2): 343—353.

Yao @, Li X L, Feng G et al., 2001 . Mobilization of sparingly soluble inorganic
phosphates by the external mycelium of an arbuscular mycorrhizal fungus(J;.

Plant and Seil, 230: 279—285.

(Received for review September 19, 2002. Accepted October 10, 2002)



