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ABSTRACT 

The release of P from three phosphate rocks (PRs) of different reactivity with different 
concentrations of organic acids (40, 50 and 60 mmol/L) each of 6 low-molecular-weight organic acids 
(LMWOAs) and one mineral acid (H2SO4) were studied. The PRs were Abu Tartur PR (medium 
reactive PR), El Sebayia PR (low reactive PR) and Red Sea PR (low reactive PR). The LMWOAs 
included two monocarboxylic aliphatic acid (acetic acid), three dicarboxylic aliphatic acids (oxalic, 
tartaric and maleic), one aliphatic tricarboxylic acid (citric acid) and one aromatic acid (salicylic 
acid). In these studies, a one gram sample of 100-mesh-sieved PR was equilibrated with 25 ml of each 
acid at 25°C for 6 days. The P in the filtrate was determined. Results showed that the release of P 
from the PRs with the acids was affected by the chemical structure, type and position of the functional 
groups of the ligands, and the concentrations of the acids. The ratios of the P-released/protons-added 
varied among the acids, phosphate rocks and the concentration of the acid used. These ratios for most 
of the organic acids were greater than those for the mineral acid, suggesting chelation of the metals 
associated with P in the PRs. The results also, showed that the effectiveness of the organic acids in 
releasing P from PRs followed the order: oxalic > citric > tartaric > maleic > salicylic > acetic. At all 
concentrations of oxalic acid were more effective than H2SO4 in releasing P from the three PRs; the P 
released from Abu Tartur PR was greater than that released from El Sebayia PR and Red Sea PR. 
Increasing the acid concentration 40, 50 and 60 mmol/L increased in the P released from the rocks. At 
all concentrations of acids, the amounts of P released were negatively correlated with the pK1 values 
of organic acids. 
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Introduction 

Phosphorus is one of the necessary macronutrients for plant growth. About 43% of the world’s 
arable land is in lack of phosphorus. In fact, the reserves of phosphorus are very rich on the earth, but 
many of the P resources are low- and medium-grade rock phosphates (PRs) and direct application as P 
fertilizer is not satisfactory. The low- and medium-grade PRs which need to be activated or modified 
are less available to plants. With the development of agricultural production and increase of 
population, the demand of phosphate fertilizer has gradually increased and it is urgent to take some 
more economical and convenient measurements to utilize low and medium-grade PRs in the 
production of phosphate fertilizer.  

There are three kinds of ways to improve the effectiveness or bioavailability of PRs: Physical, 
chemical and biological methods (Kpomblekou and Tabatabai, 2003). Among the methods, the 
biological one is rather important, in which its core is to release the P from the PRs with organic acids 
and protons that microorganisms produce or plant roots exude.  

The main low-molecular weight organic acids (LMWOAs) detected in soil include oxalic, 
citric, tartaric, maleic, succinic, acetic, salicylic and lactic acids etc. (Strobel 2001). Their 
concentrations in the soil range between 10-3 to 10-5 M. Even though the concentration of acids is low, 
their kinds vary extremely. According to some researchers (Kpomblekou and Tabatabai 2003, 
Rodríguez and Fraga 1999) these LMWOAs contain a lot of active and water-soluble functional 
groups, such as carboxyl and hydroxyl with a capability of chelation and coordination. Certain 
organic acids are more effective than others in forming complexes with metal ions. In general, the di- 
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and tricarboxylic acids having β-hydroxyl functional groups and phenolic acids having ortho-hydroxyl 
groups have been found to be most effective chelators of metal ions (Harrold and Tabatabai, 2006).  
Some studies indicated that the structure and concentration of organic acids and the types of PRs 
influenced the P dissolution from PRs (Kpomblekou and Tabatabai 2003, Kpomblekou and Tabatabai 
1994, Sagoe, et al. 1997 and Xu, et al. 2004). Moreover, there was a certain relationship between the 
solution pH and the amount of P released from PRs. Furthermore, PRs particle size, activation 
temperature and time and liquid/solid ratio had considerable influence on PRs dissolution (Ashraf, et 
al., 2005 and Sengul, et al., 2006). 

These studies provided a strong basis on PRs activation. However, the composition of PRs 
varies significantly according to the sources of the PRs and there are few systematic reports on P 
release from low-grade PRs using LMWOAs. 

The objective of this study was to provide information on the ability of various LMWOAs to 
release P from low and medium- grade PRs in Egypt and to systematically study the influencing 
factors including types concentrations of LMWOAs, solution pH and time in P solubilization from 
PRs by LMWOAs. 

Materials and Methods 

Three PRs selected in this study were taken from Western Desert between El-Kharga and El-
Dakhla Oases (Abu Tartur), the Nile valley near Idfu (El Sebayia) and along the Red Sea between 
Safaga and Quesir.  The samples were finely grinded to pass a 100-mech sieve (150 um), their basic 
properties are shown in Table (1). The methods used to measure the solubility of PRs stem from 
procedures used to analyze conventional water- and citrate-soluble phosphate fertilizers (Diamond, 
1979).   

The three solutions commonly used to measure the solubility (reactivity) of direct application 
phosphate rock (DAPR) are neutral ammonium citrate (NAC), 2% citric acid (CA) and 2% formic 
acid (FA). Six LMWOAS (Citric, oxalic, tartaric, maleic, salicylic and acetic acids) and inorganic 
acid (H2SO4) used. An appropriate amount of reagent-grade of each acid was dissolved in distilled 
water to give 40, 50 and 60 mmol.  

 
Table 1: Some chemical characteristics of the phosphate rock samples 

Location 
Resource 

Name 
P2O5 
(%) 

Available 
P2O5   

(ppm) 

Ph 
(1:2.5) 

EC  
dS/m 

(1:2.5) 

CaCO3 
% 

Active 
CaCO3 

% 

Reactivity 
PR 

Western 
Desert 

Abu Tartur 24 1.4 7.0 1.4 12.2 1.02 Medium 

Nile valley El Sebayia 22.5 1.0 7.6 2.4 8.2 0.03 Low 

Safaga and 
Quesir 

Red Sea 21.3 0.8 8.4 3.02 9.78 0.06 Low 

 
In the present study, one g sample of PR placed in a 50 ml plastic tube was equilibrated at 

25±1ºC in an incubator with 25ml of different concentrations of six organic acids (oxalic, citric, 
tartaric, maleic, salicylic and acetic acid) and inorganic acid (H2SO4) for 6 days. The concentrations of 
acids used 40, 50 and 60 mmol each of six organic acids or sulfuric acid for 2, 4, 6 or 8 days.  

The PR: solution ratio was 1:25 according to Kpomblekou and Tabatabai (2003). The 
suspensions in the plastic tubes were centrifuged at 3,600 rpm for 6 min and filtered through a filter 
Paper 0.45µm membrane filter. The filtrate thus obtained was analyzed for pH and P by NaHCO3 
according to the method described by Olsen et al., (1973).  All results reported are averages of three 
replicates. 

 
Statistical analysis: 

 All data were subjected to the analysis of variance (ANOVA) appropriate to the experimental 
design to evaluate the effects of treatments on the P solubility. CoStat (Version 6.311, CoHort, USA, 
1998-2005) was used to conduct the analysis of variance. Comparison of means was carried out using 
the least significant difference (LSD) at 5% probability level.  
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Results and Discussion 

 
Phosphate rock solubility tests: 

Reactivity of phosphate rock can be defined as the rate at which P in the apatite is released under 
favorable chemical conditions. The dissolution of phosphate rocks can be increased by increasing the 
supply of protons (H+) and by continuous removal of the dissolved products, calcium (Ca) and Phosphorus 
(P) from the zone of dissolution. Reactivity of phosphate rock determines its potential as a direct 
application.  

The reactivity of the phosphate rocks depends on various factors such as origin, crystallography, 
chemical composition and physical characteristics. (Kaleeswari and Subramanian, 2001). The solubility 
data for the three conventional reagents (NAC, 2% CA and 2% FA) are shown in Table (2).  

 
Table 2: Proposed classification of PR for direct application by solubility and expected initial response 

Rock Potential 
Solubility (P2O5 %) 

NAC CA FA 

High ≥ 5.4 ≥ 9.4 ≥ 13.0 

Medium 3.2-4.5 6.7-8.4 7.0-10.8 

Low ≤ 2.7 ≤ 6.0 ≤ 5.8 

(According to Diamond 1979) NAC= Neutral ammonium citrate CA= Citric acid 
FA= Formic acid 
 

Data in Table (3) show that solubility of Abu-Tartur, El-Sebayia and Red Sea PRs as percent of 
total P were greater than as percent of total P especially in FA. This is because of other mineral 
components that make it more reactive.  The relative abundance of calcite in Abu-Tartur PR was quite 
highest. Among all of minerals, calcite was the major influence on PR dissolution because it’s higher 
solubility than apatite. The three methods that are most commonly used, the 2% FA extracting would be 
preferred for a single chemical extraction procedure Table (2). The reaction and dissolution of Abu-Tartur 
in CA , FA and NAC is even higher than reactivity of El-Sebayia and Red Sea PRs Table (3).  

 
Table 3: Evaluation of solubility of rock phosphate 

Sources of PR Rock Potential 
Solubility (P2O5 %) 

NAC CA FA 

Abu- Tarture Medium 3.7 7.2 9.4 

El-Sebaiya Low 2.2 4.2 4.8 

Red Sea Low 1.9 3.5 5.2 

 

Phosphorus release from PRs by different concentrations of acids: 
 

The amount of P released from three PRs with different concentrations of six organic acids and 
one inorganic acid are presented in Fig. 1. Results showed that the amounts of P released varied with the 
organic acids as well as the types of the PRs. The results support earlier findings by Kpomblekou  and 
Tabatabai (1994) who found the release of P from PRs is affected by chemical structure type and position 
of the functional groups of the ligands and the concentrations of the acids.  

The results showed that, in terms of all the acids when the concentrations of acids were increased 
from 40 to 60 mmol/L the amount of the P released from PRs increased. The quantity of P released with 
the organic acids varied extremely, ranging from 0.5 % of the total P with 40 mmol/L acetic acid to about 
7.7 % of the total P with 60 mmol/L oxalic acid  for Abu-Tartur PR, 0.36% with 40 mmol/L acetic acid to 
about 5.93 % of the total P with 60 mmol/L oxalic acid  for El-Sebayia PR, and 0.31% with 40 mmol/L 
acetic acid to about 5.5% of the total P with 60 mmol/L oxalic acid  for Red Sea PR. Except acetic acid, 
differences of the activation effectiveness by other acids with various concentrations were extremely 
significant. 

Fig. 1 also shows that, when the concentrations of organic acids increased from 40 to 50 mmol/L, 
it seemed that the amounts of P release from PRs increased slowed down with salicylic and maleic. 
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However, when the concentrations of the organic acids increased from 50 to 60 mmol/L, the increase of P 
released slowed down (except citric acid). It suggested that the effectiveness of acids to solubilize P would 
slow down when the acid concentrations were over a certain value. 

 

 

 

 

 
Fig. 1: The amount of P released from different phosphate rocks with different acids for 6 days 
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Phosphorus release influenced by type of organic acids: 
 

 Comparison of the amounts of P released from the PRs using the various organic acids suggests 
that the tri-carboxylic acids (citric acids) and the di-carboxylic acids (oxalic, tartaric acid and maleic acid) 
were more effective than the mono-carboxylic acid (acetic) in releasing P from the PRs (Fig. 1). A 
comparison of the ratios of the P released/protons added for mineral acids with those of organic acids 
clearly showed a relative chelation effect of the organic acids studied (Kpomblekou and Tabatabai, 1994).  
The higher concentration of acids (60 mmol/L) always resulted in greater amounts of P release than the 
lower concentration of acids (40mmol/L). The results due to increase of concentration of the acids from 40 
to 60 mmol/L suggested that the strength of the organic acids plays a major role in pH and P release at 60 
mmol/L than 40 mmol/L of acids. So, the highest concentrations play an important role in availability of P. 
When the concentrations of organic acid ranged from 40 to 60 mmol/L, their effectiveness was in the 
following order: oxalic acid > citric acid > tartaric acid > salicylic > maleic acid > acetic acid. It stated that 
the effectiveness of P release was affected by the type and acidity of acids. 

These results indicate that oxalic acid is the most effective in releasing P from the PRs. The effect 
of oxalic acid on P release can be related to the strong acidity of its solution largest ability to chelate of 
metals involved in the precipitation of P ions and the formation of a soluble oxalate–metal-P complex. 

The pKa values of the acids tested are shown in Table (4). Acetic acid is mono-carboxylic acid. 
Oxalic, maleic and tartaric acids are di-carboxylic acids their acidic strength was in the following order: 
oxalic acid > tartaric acid > maleic acid so the amount of P release from PRs was similar to this trend. 
Citric acid is a tri-carboxylic acid and its pKa1 ranged between those of oxalic acid and tartaric acid 
therefore, the effectiveness of citric acid was second only weaker to oxalic acid among the tested 
LMWOAs. 
 
Table 4: pKa values of the acids tested. 

Acids pKa1 

Oxalic 1.25, 4.26 

Citric 3.13, 4.76, 6.40 

Maleic 3.46, 5.10 

Salicylic 2.97 , 13.82 

Tartaric 3.04, 4.37 

Acetic 4.75 

Sulfuric 1.99 

 
Fig. 1 showed that the acids (including inorganic acid) could be divided into two groups: oxalic 

acid and sulfuric acid were strong acids and the other organic acids belonged to the weak acids. The 
amounts of P released from the PRs by the strong acid group ranged from 5.05 to 7.7 % of the total P, but 
the other group increased from 0.82 to 4.5%. When the concentrations of oxalic and sulfuric acid were 
equal, the amounts of P released from PRs with oxalic acid were much more than those of sulfuric acid 
(Fig. 1). The acidity of oxalic acid is weaker than that of sulfuric acid. The concentration of H+ provided by 
oxalic acid is less than that of the sulfuric acid (Fig. 2). However, the coordination ability of oxalate anion 
was stronger than either of the other ligands, and the active group Ox2- could form steady coordination 
compounds or insoluble materials with the cations in PRs. So, the oxalic acid was more effective in 
releasing P than sulfuric acid. The percentages of P released varied also according to reactivity of the 
rocks; the medium reactive PRs released more P than the low reactive PRs, which, in turn, released more P 
than the low reactive PRs. So, the amounts of P released from Abu-Tartur PR (medium reactivity) PR by 
acids were greater than those released from El-Sebayia and Red Sea PRs (low reactivity) for the tested 
acids (Fig. 2). 
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Fig. 2: Effect of different concentrations of organic and mineral acids on pH after 6 days 
 
The effect of organic and mineral acids concentrations on pH value: 

Fig. 3 shows the initial pH values of used acids. The initial pH values of these acids ranged from 
1.25 for H2SO4 and 2.94 for acetic acid. After equilibration of the PRs with the acids, the initial pH of the 
acids increased greatly. This change in the pH of the solution at equilibrium cannot be used as a simple 
method for determining the degree of complexation because during equilibrium, protons are lost by 
absorption on to solid constituents, and new ones are released by hydrolysis of products of dissolution 
(Pohlman and McColl 1986). In addition, as shown in Table 5 and Fig.3, there is no obvious relationship 
between the proton added and the amounts of P released from the PRs with the acids. For example, the P 
released from Abu Tartur PR with 1406 µmol of proton supplied by H2SO4 was 239 µmol, whereas that 
released with 973 µmol of proton supplied by oxalic acid was 258umol (Table 5). 
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Table 5: pH values of acids and the equilibrium solutions after 6 days and the phosphorus released/protons-added ratios of the three phosphate rocks studied 

Acids pHi 
Proton 
added 
(µmol) 

Abu Tartur El Sebayia Red sea 

pHf ∆ pH 
P 

(µmol) 
P/Protons 

2ratio x 10 
pHf ∆ pH 

P 
(µmol) 

P/Protons 
ratio x 102 

pHf ∆ pH 
P 

(µmol) 
P/Protons 
ratio x 102 

40 mmol 
Oxalic 1.86 345 5.9 4.04 80 23 6.7 4.84 57 17 7.3 5.44 47 14 
Citric 2.39 102 6.2 3.81 68 67 6.8 4.41 45 44 7.2 4.81 39 38 

Tartaric 2.27 134 6.6 4.33 55 41 7.1 4.83 37 28 7.3 5.03 32 24 
Salicylic 2.22 151 6.7 4.48 37 25 7.3 5.078 26 17 7.5 5.278 23 15 
Maleic 2.01 244 6.7 4.69 31 13 7.1 5.09 21 9 7.6 5.59 18 7 
Acetic 2.82 38 6.8 3.98 17 45 7.2 4.38 11 29 8.1 5.28 9 24 

Sulfuric 1.62 600 5.7 4.08 67 11 6.6 4.98 44 7 7.1 5.48 46 8 
50 mmol 

Oxalic 1.8 396 5.7 3.9 149 38 6.5 4.7 108 27 7 5.2 91 23 
Citric 2.34 114 6.3 3.96 100 88 6.7 4.36 66 58 7.1 4.76 58 51 

Tartaric 2.23 147 6.5 4.27 86 59 6.8 4.57 67 46 7.1 4.87 71 48 
Salicylic 2.16 173 6.6 4.44 52 30 7.1 4.94 36 21 7.4 5.24 31 18 
Maleic 1.96 274 6.6 4.64 44 16 6.9 4.94 30 11 7.5 5.54 24 9 
Acetic 2.75 45 6.7 3.95 28 62 7.1 4.35 19 42 8 5.25 16 36 

Sulfuric 1.56 689 5.5 3.94 133 19 6.3 4.74 85 12 6.9 5.34 87 13 
60 mmol 

Oxalic 1.71 488 5.5 3.79 258.1 53 6.2 4.49 185.8 38 6.8 5.09 162.8 33 
Citric 2.28 131 6 3.72 152.9 117 6.5 4.22 101.9 78 6.9 4.62 88.3 67 

Tartaric 2.16 173 6.3 4.14 117.8 68 6.6 4.44 82.5 48 7 4.84 88 51 
Salicylic 2.1 199 6.5 4.4 82.8 42 6.8 4.7 56.7 28 7.2 5.1 50.8 26 
Maleic 1.86 345 6.4 4.54 73.5 21 6.7 4.84 49.6 14 7.4 5.54 42.3 12 
Acetic 2.67 54 6.6 3.93 42.5 79 6.9 4.23 29.7 55 7.9 5.23 24.4 45 

Sulfuric 1.5 791 5.3 3.8 239 30 6 4.5 158 20 6.7 5.2 154.8 20 
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Fig. 3: Initial pH values of different concentrations of acids studied 

The amounts of P released from the PRs with the various acids were significantly, but negatively 
correlated with the equilibrium solution pH which indicated that the equilibrium solution pH would be one 
of the most important factors to P release from PRs. The presence of Ca and Mg ions (as impurities) in the 
PRs must be responsible for the increase in pH of the equilibrium solution and must have contributed to 
the decrease in the P solubility in the PRs containing substantial amounts of alkaline-earth carbonates. 
Also, above pH 7.0 the Ca and Mg ions associated with carbonate or phosphate in the PRs may have 
severely depressed P solubility (Yonghong et al., 2012 and Kpomblekou and Tabatabai 2003). 

Other studies have confirmed the presence of accessory minerals that interfere with P release from 
PRs (Smith and Lehr, 1996; Lehr and McClellan, 1972). Furthermore, Xu et al., (2004) pointed out the 
solution pH increased significantly after the reaction indicating that P solubilitzation consumed 
protons to form HPO4

2- or H2PO4
-
. The H+ would combine with the PO4

3- of the insoluble PR and 
formed HPO4

2- and H2PO4. The maximum decrease of pH values were observed after 6 days of 
incubation for all phosphate rocks. 

Oxalic acid was the most effective that the other organic acids it has been suggested that strength of 
an acid solution is more important than the ability of the acid to complex metals (Manley and Evans 1986). 
This change in the pH of the solution at equilibrium cannot be used as a simple method for determining the 
degree of complexation because during equilibrium protons are lost by absorption on to solid constituents 
and new ones are released by hydrolysis of products of dissolution (Pohlman and McColl, 1986).  Khan, 
(2010) and He et al. (2002) confirmed that LMWOAs can strongly increase P solution concentration by 
creating favorable environmental for P solubilization involving of chelation exchange reaction. 
 
Kinetic of P release from PRs: 

Figure 4 illustrates the results of an incubation experiment on P solubilization from PRs through 
mixing with different organic acids and sulfuric acid. Comparative more P was solubilized from PRs 
through mixing with organic acids. The amounts of P released from PRs at 60 mmol L-1 of different 
organic acids with time. The results indicate that, then highest the amounts of P released from PRs with 
oxalic acid increased with time at the beginning and decreased gradually at the later period. That meant the 
P was rapidly released from the PRs in the first six days and slow down after later, the leaching effect 
reached an optional level, then the amount of P release decreased slowly. These results attributed to Sparks 
1989 who pointed out that in transport-controlled kinetics, the dissolution of ions increased very rapidly 
and accumulated to form a high concentration solution.  

Then the dissolution was controlled by ion transport by diffusion into the low concentration 
solution. Also, during the early stage, the concentrations of H+ and active groups (such as COOH and -OH) 
were high, which would help ion diffuse and was beneficial to release P from PRs quickly. With the time 
lasting, the insoluble minerals may be dissolved by surface-reaction-controlled kinetic.  Sparks 1989 also 
noted that the H+ and active groups were consumed, and the amounts of PRs decreased, so the amount of P 
released increased gradually until it reached a steady state. With surface reaction-controlled kinetics ion 
accumulation at the mineral surface couldn’t keep up with diffusion. The concentration level next to the 
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mineral surface was relatively constant. So during the later period the dissolution kinetic of PRs was best 
described with the first time. Also, except PO4

3-, the cations from PRs dissolved by organic acids such as 
Ca2+, Mg2+, Fe3+ and Al3+ still left in the mixed solution. During the later period, the H+ ion was consumed 
and the pH of the solution increased, so these metal ions would be combined with PO4

3- and the amount of 
P released from PRs decreased slightly with the time. 

 

 

 

 

Fig. 4: Effect of organic and mineral acids on P soluble (mg/Kg) at 60 mmol/L 
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Conclusion 
In this study, different type of low molecular weight organic acids had different ability to release P 

from phosphate rock. There was generally more or less effectiveness on P release when PRs were applied 
in combination with acids.  

The di-carboxylic and tri-carboxylic acids were very effective in complexing metal ions in PRs 
and releasing more P than the mono-carboxylic acids. The acids were more effective in releasing P from 
low reactive PRs than from medium reactive PRs; this was attributed to a large number of free carbonates 
contained in medium reactive PRs. So, the oxalic and citric acids were the most powerful organic acids for 
P released from these PRs. The amounts of P released from the PRs with the various acids were 
significantly, but negatively correlated with the equilibrium solution pH which indicated that the 
equilibrium solution pH would be one of the most important factors to P release from PRs. In general, the 
relative strength of an acid is directly related to its first dissociation constant (pKa value ) and there was 
inverse relationship between the amount of P released by the organic acids and pKa values of these acids. 
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