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Acidulated activation of phosphate rock enhances release, lateral transport and
uptake of phosphorus and trace metals upon direct-soil application
Munir Ahmad , Adel Ghoneim , Saud S. Al-Oud, Khaled D. Alotaibi and Mahmoud Nadeem

Soil Sciences Department, College of Food & Agricultural Sciences, King Saud University, Riyadh, Kingdom of Saudi Arabia

ABSTRACT
Phosphate rock (PR) was activated via acidulation with HCl, EDTA, and oxalic acid to enhance its
reactivity. The release, lateral transport, and uptake of phosphorus (P) along with trace metals from
pristine and activated PRs were investigated in a soil micro-block system over a period of 27 days, using
wheat (Triticum aestivum L.) plants. Significantly (p < 0.05) higher amounts of available soil P, Fe, Mn,
and Zn were released from all the PRs after application to soil within first 9 days of seedling
transplantation, while the release of other trace metals (Cd, Co, Cr, Cu, Ni, and Pb) was minimal
(<1.2 mg kg−1). On cumulative basis, APR-O (oxalic acid activated PR) was the most efficient amend-
ment releasing 164% more available P, followed by APR-E (EDTA activated PR) releasing 130% more
available P, compared to the pristine PR. Similar results were also observed in the release of available Fe,
Mn, Zn, and other trace metals. The highest diffusive mass fluxes for available P, Mn, Fe, and Zn in soil
were observed after 3 days of seedling transplantation, which reduced subsequently. The uptake of P,
Fe, Mn, and Zn by wheat plants was increased by 394%, 715%, 92%, and 91%, respectively, in APR-O
application compared to the pristine PR, while it was increased by 280%, 188%, 16%, and 27%,
respectively, in APR-E application compared to the pristine PR. Subsequently, APR-O and APR-E
amendments resulted in enhanced shoot lengths, root lengths, shoot dry matter, and root dry matter
contents of wheat plants. Hence, it was concluded that activation of PR with oxalic acid and EDTA prior
to direct soil application may enhance the reactivity of PR and could serve as a cost-effect fertilization
strategy for higher wheat crop production.
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1. Introduction

Phosphorus (P) is the second most common growth-limiting
macronutrient responsible for lower crop production. It is asso-
ciated with manymetabolic components and enzymatic reactions
within the plant. Unavailability of P to plants during early growth
stages results in reduced root growth and seed formation (Ahmad
et al. 2018a, 2018b). The availability of P to plants depends on its
concentration in soil solution which subsequently depends on
several factors such as soil mineralogy, pH, concentration of

soluble Ca, Fe, and Al, organic matter, and microbial activities
(Guppy et al. 2005; Stewart and Tiessen 1987). Despite the fact
thatmany agricultural soils contain higher amounts of total P, only
a small proportion of it could become available to the plant. It has
been reported thatmore than 80%of the soil addedP immediately
converts to unavailable forms due to a series of reactions such as
complexation of P with Fe, Al (acid soils), and Ca (alkaline soils),
adsorption, precipitation, and/or oxidation-reduction (Holford
1997; Al-Rohily et al. 2013). Therefore, the researchers are in
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continuous surge to develop new strategies to improve P avail-
ability to the plants after P fertilization.

One of the most important sources of available P is water
soluble P fertilizers; nonetheless, their application has many
concerns such as higher prices, conversion of soil applied P
into nonavailable forms, and presence of certain toxic trace
metals in phosphate fertilizers (Mehmood et al. 2009).
Therefore, utilization of low-cost local P sources such as phos-
phate rock (PR) to supply P and other essential nutrients to the
plants for a sustainable crop production has gained much
attention of the researchers (Rafael et al. 2018). The PR is
composed of apatite group in addition to other minerals
such as carbonates, fluorides, silicates, quartz, and metal oxi-
des (Harris 2002). The PR is used in manufacturing the com-
mercial P fertilizers and can also be used as a direct source of
P; however, its direct application is considered inefficient due
to lower solubility and reactivity. The efficiency of PR is pre-
dicted by determining the rate of dissolution and its reactivity
(Ghosal and Chakraborty 2012). Only few PRs are reported to
be efficient in releasing P when applied directly to the soil,
while majority of them are known as ineffective. A number of
constraints associated with the direct application of PR has
been reported such as the limited solubility of the most of the
phosphate compounds in PR, relative inconvenience in hand-
ling the dusty material, and the presence of varying amounts
of trace metals (As, Sb, Cr, Pb, etc.), radioactive elements and
rare earth metals (Hurst et al. 1989; Kpomblekou and
Tabatabai 2003). The direct application of PR containing
higher levels of aforementioned contaminants could pollute
soil, environment, and water sources.

Despite the abovementioned concerns, the direct use of PR
is still a possible option if it is applied after certain treatments
for activation such as partial acidulation, blending with water-
soluble P fertilizers (single superphosphate and triple super-
phosphate), and microbial inoculations (Chien and Hammond
1988). For instance, it has been reported that lower soil pH can
increase the effectiveness of PR by releasing more P (Chien et
al. 2010; Prochnow et al. 2006). Van Straaten (2002), Savini et
al. (2006), and Ivanova et al. (2006) reported that P release
efficiency of the PRs can be increased by acidulating them
prior to direct applications to soils. However, the application of
strong inorganic acids is discouraged due to their harsh
impact on soil properties and soil microbial communities (Li
et al. 2017). Conversely, acidulation with organic acids may
result in the formation of complexes and chelates with poly-
valent cations such as Ca and Mg ions and enhance the
solubility of PR.

In real soil-plant system, plant fulfils a larger part of its
water requirements by drawing water from the soil. A suction
force developed by evapotranspiration activities causes soil
solution along with dissolved elements (nutrients) to move
toward roots where it is absorbed by the plant roots (Nye
and Tinker 1977). In sloppy and waterbodies (river, lakes,
etc.) adjacent areas, a major portion of the applied P is lost
due to leaching, surface runoff, and lateral movement, subse-
quently reducing the P availability to plants on one hand and
polluting the nearby waterbodies on the other. However, in
plain areas, P leaching is considered to be less important
(Gächter et al. 1998); therefore, lateral transport and surface

runoff are the major contributors for P movement, resulting in
contaminating the waterbodies especially in areas with less
fertile soils having less adsorption capacities. Hence, it is of
great importance to understand the lateral transport of P
along with other metals in the soil following P fertilization.
Therefore, the objectives of the current study were to investi-
gate the release, lateral transport, and diffusion of P and trace
metals from pristine PR and the PRs activated with HCl (hydro-
chloric acid), EDTA (ethylenediaminetetraacetic acid), and
C2H2O4: (oxalic acid). Additionally, the uptake of P and trace
metals by wheat (Triticum aestivum L.) plants and subsequent
changes on wheat growth were investigated in soil micro-
block system.

2. Materials and methods

2.1. Soil sampling and characterization and activation

Surface soil samples (0–15 cm) were collected from the
Experimental Station of King Saud University in Dirab, Saudi
Arabia, by using a wooden spade to avoid contamination with
metals. The sample was collected from different spots and a
composite soil sample was prepared thereafter, which was
brought to the laboratory for further analysis. The sample
was dried, grinded, and sieved through a 2-mm screen and
subjected to basic soil characterization. Electrical conductivity
(EC), pH, and soluble cations and anions were analyzed in
saturated soil paste (Richard 1954). Particle size distribution
was determined according to method reported by Bouyoucos
(1962) by using a hydrometer. Calcium carbonate was deter-
mined by following the procedure of Allison and Moodie
(1965), while organic matter contents were assessed using
Walkley-Black method (Walkley and Black 1934). The soil por-
osity was analyzed by following the method of Matko (2003).
Available P and trace metals in soil were extracted with AB-
DTPA solution (Ammonium Bicarbonate-diethylenetriamine-
pentaacetic acid) as described by Soltanpour and Schwab
(1977), while the total soil P and trace metals were analyzed
after microwave (MARS, CEM Corporation, USA) digestion
(USEPA 1998). Total and available P in the extracts were
determined by molybdate-ascorbic acid method using UV/
VIS spectrophotometer (Lambda EZ 150, PerkinElmer, USA),
while trace metals were analyzed using ICP-OES (PerkinElmer
Optima 4300 DV, USA).

2.2. PR preparation and activation

PR was collected from eastern part of Turaif town, Saudi
Arabia. A composite sample of PR was brought to laboratory,
grinded, passed through 2-mm screen to remove large size
particles, and stored in airtight containers. Particle size distri-
bution of the PR was analyzed using Long Bench Mastersizer
(Malvern Instruments, Malvern, England), while pH and EC
were determined using 1:5 (w/v ratio) suspension with deio-
nized water. The mineralogical composition of PR was investi-
gated using X-ray diffractometer (MAXima_X XRD-7000,
Shimadzu, Japan) using 30 mA Cu Kα radiation in continuous
scanning mode at the scan speed of 2 degree min−1. The total
P was determined after microwave digestion (as mentioned in
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previous section), while available P and trace metals in the PR
were extracted using 2% formic acid (Rajan et al. 1992). Briefly,
100 mL of the extractant was added in 1 g of PR, shaken for
30 min, and filtered. The concentrations of P and metals in the
filtrates were analyzed by molybdate-ascorbic acid method
using UV/VIS spectrophotometer.

The PR was activated via acidulation with different chemi-
cal agents such as HCl, EDTA, and oxalic acid (C2H2O4) at a
solid to liquid ratio of 1:5. Briefly, 2 g of fine powdered PR was
added to 10 mL of 0.5 M HCl, 0.5 M EDTA, or 0.5 M oxalic acid,
mixed thoroughly and kept at room temperature (23 ± 1°C) for
5 days to obtain equilibrium. Thereafter, the suspensions were
dried in a water bath at 85°C, and the resultant activated PRs
(APRs) with HCl, EDTA, and oxalic acid were labeled as APR-H,
APR-E, and APR-O, respectively.

2.3. Soil micro-block experiment

Soil micro-block system was used to study the lateral transport
of released P and trace metals from pristine and APRs (Fig. 1A).
The micro-block was made up of plexiglass comprising of two
blocks, i.e., a sand block with dimensions of 7.70 cm length,
6.20 cm height, and 3.20 cm width containing eight holes on
top, and a soil block with dimensions of 3.50 cm length,
6.20 cm height, and 3.20 cm width. The opened end of the
soil block was covered with detachable lid. The white sand
was washed with 30% H2O2, 10% HCl, and deionized water for
several times to remove organic matter, carbonates, and other
impurities. The sand and soil were dried and filled in sand and
soil blocks, respectively, by gently tapping the blocks. The
density of sand and soil after filling were noted as 1.57
(about 240 g in each block) and 1.40 g cm−3 (about 98 g in
each block), respectively. Soil and sand in the blocks were
moistened to their field capacities. Both the blocks were
joined together using petroleum jelly. To avoid mixing of
sand with soil, two media were separated with an isolating
membrane, which allows solute to pass through it, while

blocks free movement of soil and sand particles across it. A
uniform layer of each PR (2 g) was developed on the open end
of the soil block and moistened with a few drops of deionized
water. The lid was joined with petroleum jelly to the open end
of the soil block. The seeds of wheat cultivar Kawmy-1 were
geminated on petri plates on cotton swabs to 5 cm length.
Four wheat seedlings were transplanted to the holes of sand
block (one seedling per hole), while other four holes were kept
without seeds to refill deionized water to maintain field capa-
city in the sand block (Fig. 1A). The whole unit was covered
with adhesive taps from all sides except top to prevent leak-
age of water as well as to elude light. The micro-block units
were arranged in completely randomized design with three
replications and kept in a growth chamber at 25°C ± 1°C. The
moisture was maintained in sand block at field capacity using
deionized water. After 0, 3, 9, 15, and 27 days of seedling
transplantation, triplicates blocks of each PR were taken, dis-
mantled, soil in the blocks was taken out smoothly as a block
of soil (without breakage) and divided into five equal sections
each having 5 mm width. The section immediate to the PR
layer was labeled as L1 (0–5 mm), followed by L2 (5–10 mm), L3
(10–15 mm), L4 (15–20 mm), and L5 (20–25 mm). These sec-
tions were dried in air for 3 days, ground, and subjected to
further analyses. The available contents of P and trace metals
in each soil layer were analyzed through UV/VIS spectrophot-
ometer and ICP-OES, respectively, after extraction with AB-
DTPA. Wheat plants (including roots) were separated from
sand smoothly washed with tap water to remove sand parti-
cles, with EDTA to remove possibly entrapped metals and
finally with deionized water. Extra water from the plants was
wiped out smoothly with a tissue paper and plant height and
fresh weight were recorded. Plants samples were kept in
paper bags for dryness at 65°C in an oven. After completely
dried, dry weight was recorded and samples were digested
according to Wolf’s (1982) procedure and subjected to P and
trace metal analyses. As the plants were grown in washed
sand (free of nutrients, carbonates, and organic matter) and

Figure 1. Soil mirco-block system showing the mechanism it involves to study lateral transport of phosphorus and trace metals in soil under unsaturated conditions.
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no exogenous nitrogen and potassium fertilization was
applied, therefore the uptake of these nutrients was not ana-
lyzed in plant tissues.

2.4. Lateral transport in soil in micro-block system

One-dimensional diffusive flux of elements (P and trace
metals) in soil under unsaturated conditions (at field capacity)
were calculated by using an equation given by Porter et al.
(1960) based on Fick’s first law (Equation (1)).

Jd ¼ �θW De
dC
dz

(1)

where
Jd is diffusive mass flux (ML−2 T−1)
θw is volumetric water content (L3 L−3)
De is effective diffusion coefficient (cm2 sec−1)
dC
dz is the initial concentration gradient (ML−3 L−1)
M is the amount of P or metals diffused in time t
L is the distance through which diffusion has took place
T is the time for diffusion in seconds
Effective diffusion coefficient De was calculated from the

equation (Equation (2)) given by Jost (1952) as follows:

D ¼ Mt2π

A2 C2 � C1ð Þ2t (2)

where Mt is the amount of P or trace metal diffused in time t,
A is the cross sectional area of the diffusion, (C2–C1) is con-
centration gradient of the extractable elements between fer-
tilizer layer and unfertilized soil in block.

Soil structure is an important factor to influence the mobi-
lity of ions in the soil. To take in account, the restrictive effect
of soil structure, effective diffusion coefficients were divided
by square of soil tortuosity ΘÞ. Soil tortuosity was calculated
from Sweerts et al.‘s(1991) relationship (Equation (3)).

Θ2 ¼ 0:47Φþ 1:91 (3)

where Φ is the porosity of the soil.

2.5. Statistical analysis

Statistix software package 8.1, SPSS and Microsoft Excel pro-
grams were used for statistical analysis. Means were compared
by using Tukey test with a 5% probability level.

3. Results and discussion

3.1. Characteristics of soil and PR used in the experiment

Physiochemical characteristics of the soil used in the experi-
ment are presented in Table 1. The soil used in the experiment
was sandy loam in texture, with water holding capacity of
21.68%, and CaCO3 content of 6.48%. The soil was severely

deficient in organic matter contents with <1.0% (0.73%) with
pH 7.67 and EC 0.28 dS m−1. The concentrations of cations
such as Ca2+, Mg2+, Na+, and K+ in the soil were 2.46, 1.94, 0.5,
and 0.11 cmolc kg

−1, respectively, while anions such as HCO3
–,

Cl– and SO4
2– were 0.38, 2.1, and 0.58 cmolc kg

−1, respectively,
whereas CO3

– was not detected. Total and plant available P
and trace metals in the soil and PR are presented in Table 2. It
was noticed that total P in the soil was significantly higher
(650.1 mg kg−1) than the plant available P (7.36 mg kg−1).
Concentrations of total trace metals in soil revealed that the
contents of Fe were highest (854 mg kg−1) among the ana-
lyzed metals, followed by Mn, Cr, Zn, and Ni (207.9, 18.8, 18.2,
and 14.7 mg kg−1, respectively), while Cd was not detected.
Available concentrations of Fe and Zn in soil were higher (2.41
and 1.19 mg kg−1, respectively) among all the analyzed metals.
Contents of total P in the PR were 43,700 mg kg−1, out of
which only 6.90 mg kg−1 was plant available (AB-DTPA-extrac-
table) which corresponds to 0.016% of the total P. Total Fe
content in PR was found to be highest (341.05 mg kg−1)
among the analyzed metals, followed by Zn (37.30 mg kg−1),
Cr (32.5 mg kg−1), and Mn (11.8 mg kg−1), while plant available
Fe and Zn concentrations were higher (2.82 and 2.39 mg kg−1,
respectively) compared to other analyzed metals in PR. Results
of pH, EC, mineralogical composition, and particle size distri-
bution of the PR are shown in Table 3. The PR was slightly
alkaline with pH 7.39, while the EC was found to be
0.80 dS m−1. Particle size distribution analyses showed that
maximum portion of the PR possessed particles of larger than
0.05 mm (92.96%), while only 3.02% particles were in the size
range of 0.002–0.05 mm, and 4.02% were below 0.002 mm.
The mineralogical composition of the PR as assessed through
XRD indicated that hydroxyapatite (HAp) was the most domi-
nant mineral in the PR, followed by, carbonate fluorapatite
(CFAp), apatite (Ap), quartz (Q), and carbonate hydroxyapatite
(CHAp). The mineralogical composition of the PR was there-
fore found containing various minerals such as Ap (Ca5(PO4)3
(OH)), HAp (Ca10(PO4)6(OH)2), CFAp (Ca5(PO4,CO3)3F), CHAp
(Ca5(PO4, CO3)3(OH)), and Q (SiO2).

3.2. Temporal P release in soil

The release of plant available P from pristine and APRs after
soil application at various time intervals has been represented
in Fig. 2. Significant (p < 0.05) variations in available P release
with different PR amendments and time intervals were
observed. The efficiency of P release at each time interval
followed the order of: APR-O > APR-E > APR-H > PR. On the
basis of cumulative available P release, application of APR-O,
APR-E, and APR-H released about 164%, 130%, and 84% more
P, respectively, compared to PR. Most significant (p < 0.05)
changes were observed after 9 days of seedling transplanta-
tion, where the highest amount of available P was recorded.
After 15 days, P release decreased sharply in PR treatment,

Table 1. Selected physicochemical properties of soil used in the experiment.

Particle size distribution (%) Soluble cations (cmolc kg
−1) Soluble anions (cmolc kg

−1)

Sand Silt Clay pH EC (dS m−1) OM (%) CaCO3 (%) Ca2+ Mg2+ Na+ K+ CO3
– HCO3

– Cl– SO4
–2

67.47 25.15 7.38 7.67 0.28 0.73 6.48 2.46 1.94 0.5 0.11 0.00 0.38 2.10 0.58
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while interestingly other treatments (APR-H, APR-E, and APR-
O) continued to release available P. Our results are in agree-
ment with the findings reported by Kpomblekou and
Tabatabai (2003), where they observed that low-molecular
weight organic acid treated PR can release available P for
longer periods of time. The highest P release with APR-O
and APR-E application could be due to acid-induced inactiva-
tion of Ca2+ during the activation process. The oxalic acid and
EDTA might have resulted in chelation of Ca2+ subsequently
resulting in its unavailability to bind with P in the solution,
which eventually resulted in enhanced P release (Reddy et al.
1999). Additionally, acidulation process might have reduced
the pH and increased the solubility of the PR. Marschner et al.
(1995) reported in a study that acidulation of soil solution with
organic acids (citric, oxalic, and tartaric acid) has enhanced P
solubility and availability in soil. The hydrolysis of phosphate
ions due to acidulation may result in release of OH– ions in the
solution (Equation (4), Rajan et al. 1996). The soil tries to
neutralize the higher amount of OH– ions consequently
increasing the dissolution of PR (Ghosal and Chakraborty
2012).

� Ca10 PO4ð Þ6F2 þ 12H2O ! 10Caþ2 þ 6H2PO4
� þ 2F� þ 12OH (4)

The higher P release after 9 days could be due to the presence
of water soluble and extractable P which reduced subse-
quently. It has been reported that the maximum P release
from PR can be achieved within 8 weeks, and thereafter P
release ceases due to its insoluble properties (Barnes and
Kamprath 1975; Singh et al. 1976; Al-Oud 2011). If accompa-
nied with acidulation, the duration of P release from PR can be
extended. Hence, time lag is very critical to be observed from
acidulation of PR to the maximum P release (Sinclair et al.
1993). Thus, it was suggested that activation of PR with oxalic
acid or EDTA prior to direct application in soil could signifi-
cantly increase the available P release and duration.

3.3. Lateral transport of P in soil

The calculated P diffusive mass fluxes for different PRs over
time are presented in Fig. 3. The APR-O showed maximum P
diffusive mass fluxes at all the time intervals (except 27 days),
followed by APR-E and APR-H, while PR exhibited the mini-
mum P diffusive mass flux. Lowest P diffusive flux in PR could
be due to its limited solubility compared to the activated PRs.
The diffusive mass fluxes calculated in current study are com-
parable with the P diffusive mass fluxes reported by Bhadoria
et al. (1991). The results of P diffusive mass flux indicated
maximum diffusion in L1 soil layer (adjacent to source) after
3 days of seedlings transplantation, compared to other layers.
After 9 days of seedling transplantation, the maximum diffu-
sive flux was observed in L2 suggesting that P has released
from the PRs and moving laterally from L1 to L2 and so on. It
was very interesting to notice that after 9 days of seedling
transplantation, P diffusive flux in L1 reduced by 56%, 38%,
44%, and 41%, in PR, APR-H, APR-E, and APR-O amended soil,
respectively, compared to L1 after 3 days of seedling trans-
plantation. Contrarily, P diffusive flux after 9 days in L2
increased by 347%, 440%, 480%, and 347% in PR, APR-H,Ta
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APR-E, and APR-O amended soil, respectively, compared to
3 days of seedling transplantation. Reduction in diffusive
mass flux in L1 and increment in L2 after 9 days of seedling
transplantation compared with 3 days after seedling trans-
plantation was due to transport of P from L1 to L2 and subse-
quently to the next layers (L3, L4, and L5). Similar trend was
also observed after 15 days of seedling transplantation, where
P diffusive flux reduced in L1 and L2, while increased in L3, L4,
and L5 in all PRs, compared to that after 9 days of seedling
transplantation. It was interesting to notice that P diffusive
mass fluxes were lowest in pristine PR amended soil in all
layers after 15 days, compared to APR-O, APR-E, and APR-H,
suggesting that activated PR were more efficient to release P
over longer period of time. After 27 days of seedling trans-
plantation, P diffusive mass fluxes were reduced significantly
in all the layers, in pristine and APRs (with exception of L2 of
APR-E) compared to 3, 9, and 15 days after seedling transplan-
tation. The higher P releasing capacity of APRs might be
attributed to their higher dissolution tendency due to acidula-
tion releasing higher P in soil solution.

Application of oxalic acid and EDTA might have released H+

ions to the soil solution, which might have adsorbed on func-
tional groups of surfaces of layer silicate hydroxylated – e.g.,
silanol, aluminol – and/or to the hydroxyl groups of Al or Fe
oxides, resulting in reduced P adsorption in soil (Essington

2015; Nishanth and Biswas 2008). Moreover, organic acid
anions have potential to chelate with Ca2+, Fe2+, Fe3+, and
Al3+, resulting in higher phosphate solubility (Sagoe et al.
1998; Vassilev et al. 2006). Yan et al. (2016) reported that
application of organic amendments could increase mobile P
fraction resulting in enhanced P transportation. The results of
the current study suggested that activation of the PR with
oxalic acid and EDTA prior to direct application could signifi-
cantly enhance the P releasing efficiency. Activation of P with
organic acid does not only enhance maximum P release capa-
city of PR, but also extends the P releasing period, maintaining
a continuous P supply to the plants. However, it is very critical
to calculate the capacity, kinetics, intensity, and diffusivity of P
released from a particular PR prior to direct application to soil.
Higher amounts of P released beyond plant needs could
possibly transport laterally to nearby waterbodies. The same
can also happen with P releasing from PR for longer period of
times where the surplus P might end up in adjacent water-
bodies, resulting in water contamination.

3.4. Temporal release of trace metals in soil

Temporal release of AB-DTPA-extracted trace metal contents at
each time interval is shown in Table 4. The results revealed that
release of Cd, Co, Cu, and Cr from different PRs was lowest

Table 3. Selected physiochemical characteristics and mineralogy of the phosphate rock.

Particle size distribution (%)

Property pH EC (dS m−1) Minerals <0.002 mm 0.002–0.05 mm >0.05 mm

7.39 0.80 CFAp HAp CHAp Q Ap 4.02 3.02 92.96

CFAp: Carbonate fluorapatite, HAp: Hydroxyapatite, CHAp: Carbonate hydroxyapatite, Q: Quartz, Ap: apatite

Figure 2. Temporal dynamic of phosphorus (P) released from various phosphate rocks on cumulative basis (PR: phosphate rock, APR-H: HCl activated phosphate
rock, APR-E: EDTA activated phosphate rock, and APR-O: oxalic acid activated phosphate rock). (Different letters above bars represent significant difference at
p < 0.05 among various treatments and bars with same letters represent no significant difference).
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(<0.8 mg kg−1), Pb and Ni was medium (0.002–1.10 mg kg−1), and
Fe, Mn, and Zn was higher (0.4–12 mg kg−1) in all the studied
metals. The release of available Fewas higher (2.41, 6.19, 3.13, 5.12,
and 5.80mg kg−1, after 0, 3, 9, 15, and 27days, respectively) among
all the trace metals, followed by Mn (0.48, 6.10, 1.52, 2.02, and
2.99 mg kg−1, after 0, 3, 9, 15, and 27 days, respectively) and Zn
(0.90, 1.26, 101, 1.24, and 1.15mg kg−1, after 0, 3, 9, 15, and 27days,
respectively). It was very interesting to notice that the maximum
concentrations of Fe, Mn, and Zn were released during initial
3 days after seedling transplantation, and decreased subsequently.
The Fe releasewas 2.6, 1.3, 2.1, and 2.4 fold higher after 3, 9, 15, and
27 days, respectively, compared to release at 0 days. Likewise, Mn
release was 12.8, 3.2, 4.2, and 6.2 fold, and Zn release was 1.4, 1.1,
1.4, and 1.3 fold higher after 3, 9, 15, and 27 days, respectively,
compared to their release at 0 days. Due to higher release of Fe,
Mn, and Zn among the studies trace metals, these metals were
selected for diffusion mass flux calculations. The release of Fe, Mn,
and Zn followed different trends under pristine and APRs applica-
tion. On cumulative basis, the APRs released higher amounts of Fe,
Mn, and Zn compared to pristine PR. The availability and solubility

ofmetals in the soil depends on various factors such as pH, organic
matter, cation exchange capacity, and mineralogy of the soil
(Schmidt 2003; Li and Shuman 1996). A negative correlation has
been established between pH and soil metals mobility; however,
amending the soil with EDTA or acidulation with organic acids
has been reported to enhance metal mobility and solubility
(Sukreeyapongse et al. 2002; Bang and Hesterberg 2004). The
EDTA has been used in various studies as chelating agent to
enhance phytoextraction of trace metals (Evangelou et al. 2007).
Themechanism involved in increasingmetal phytoavailability due
to EDTA is notwell knownyet due to its dependenceonmetal type
and speciation; however, a generally accepted hypothesis is the
formation of highly stable EDTA-metal complexes (Wenzel et al.
2003; Sarret et al. 2001). Likewise, low molecular weight organic
acids such as oxalic acid due to their complexing characteristics
play a vital role in solubilizing the tracemetals in soil via influencing
microbial activities, chelation, acidulation, and oxidation reduction
reactions (Marschner et al. 1995; Uren and Reisenauer 1988;
Krishnamurti et al. 1997; Nigam et al. 2001). Similar results have
also been reported by a number of scientists suggesting that EDTA

Figure 3. Temporal changes of diffusive mass flux of P in unsaturated soil in micro-block system after amending with various phosphate rocks (PR: phosphate rock,
APR-H: HCl activated phosphate rock, APR-E: EDTA activated phosphate rock, and APR-O: oxalic acid activated phosphate rock. M is amount of metal diffused in mg,
L is distance in cm, and T is time in seconds).
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and organic acids have potential to mobilize tracemetals in soil by
chelation and complexation (Heil et al. 1996; Blaylock et al. 1997;
Huang et al. 1997).

3.5. Lateral transport of Fe, Mn, and Zn in soil

The diffusive mass fluxes calculated for the lateral transport of
Fe, Mn, and Zn are presented in Fig. 4. The APR-E and APR-O
were found to diffuse higher amounts of Fe, Mn, and Zn
contents at all the times compared to APR-H and PR. After
3 days of seedling transplantation, the maximum concentra-
tions of the diffusive mass fluxes of Zn were observed in L1
(Fig. 4A), which transported to other layers (L2, L3, L4, and L5)
within next 9 days. It was very interesting to notice that after
15 and 27 days of seedling transplantation, Zn diffusive mass
flux was reduced in all the layers compared to the diffusive
mass fluxes after 9 days. The reduction in Zn diffusion mass
fluxes from 15 to 27 days was might be due to transportation
toward root of wheat plants, which have grown up enough
and have taken up the Zn. Another possible reason for
reduced Zn release after 15 days could be the adsorption of
Zn onto soil particles. After 27 days, the ability of PR and APR-
H to release Zn was reduced significantly, while that of APR-E
and APR-O still continued to release Zn (Fig. 4A). A similar
trend was also observed in case of Mn and Fe diffusive mass
fluxes with a little variation (Fig. 4B,C). After 3 days, the max-
imum amounts of Mn and Fe diffusive mass fluxes were
observed in L1, which were further moved to other layers
with passage of time. The highest diffusive mass fluxes of
Mn and Fe were observed after 9 days in all the layers,
which was reduced significantly to the minimum after 15
and 27 days because of plant uptake. Similar to the Zn, APR-
O and APR-E were observed to release significant amount of
Fe and Mn throughout the study period. The higher release of
Zn, Mn, and Fe in APR-O and APR-E application could be due
to complexation and chelation properties of oxalic acid and
EDTA with toxic metals (Heil et al. 1996; Blaylock et al. 1997;
Huang et al. 1997). Role of organic acids and chelating agents
on the desorption, solubility, and mobility of trace metals in

soil has also been studied by Khodadoust et al. (2005) and
Schwab et al. (2005); however, the lateral transport of these
metals to nearby waterbodies or groundwater is still unclear,
because metal transportation depends on metal speciation,
organic acid type, and the environmental conditions.

3.6. Effect of PR application on plant growth and
nutrient uptake

The variations in length and dry matter contents of root and
shoot of wheat plants are presented in Fig. 5. The results revealed
that plant growth was significantly (p < 0.05) influenced by the
application of APRs compared to the pristine PR. The highest
shoot and root lengths were exhibited under the application of
APR-O (31.32 and 16.51 cm, respectively), followed by APR-E
(25.74 and 14.55 cm, respectively) and APR-H (18.64 and
8.51 cm, respectively), while the minimum in PR (15.44 and
6.98 cm, respectively), after 27 days of seedling transplantation
(Fig. 5A). Amending the soil with APR-O, APR-E and APR-H
increased shoot length by 102.88%, 66.76%, and 20.75%, respec-
tively, and root lengths by 136.59%, 108.45%, and 21.92%,
respectively, compared to PR after 27 days. A similar trend was
observed in case of dry matter production (Fig. 5B), resulting in
highest shoot and root dry matter production under APR-O
application (0.56 and 0.37 g, respectively), followed by APR-E
(0.49 and 0.31 g, respectively) and APR-H (0.38 and 0.24 g,
respectively), while minimum under PR application (0.32 and
0.19 g, respectively) after 27 days. Shoot dry matter was
increased by 76.25%, 53.91%, and 17.34%, while root dry matter
was increased by 92.39%, 61.68%, and 25.98% in APR-O, APR-E,
and APR-H, respectively, compared to PR after 27 days. The
enhanced plant growth (shoot and root lengths and dry matter
contents) could be attributed to higher P and trace metal release
and transportation to the root of plants. The P and trace metals
such as Fe, Mn, and Zn were taken up by the wheat plants and
served as nutrients for the wheat, resulting in increased plant
growth. The uptake of these nutrient elements is presented in
Fig. 6. It is clear from the results that application APRs has
improved the uptake of P, Fe, Mn, and Zn significantly

Figure 4. Temporal changes of diffusive mass flux of heavy metals in unsaturated soil in micro-block system after amending with various phosphate rocks (PR:
phosphate rock, APR-H: HCl activated phosphate rock, APR-E: EDTA activated phosphate rock, and APR-O: oxalic acid activated phosphate rock. M is amount of P
diffused in mg, L is distance in cm, and T is time in seconds).
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(p < 0.05) by plant biomass. The APR-O application showed the
maximum uptake of P (2973.98 μg plant−1), Fe (652.51 μg plant-
−1), Mn (79.67 μg plant−1), and Zn (76.77 μg plant−1) after 27 days
of seedling transplantation. The application of APR-O, APR-E, and
APR-H increased the uptake of P by 394.33%, 280.06%, and
143.53% and uptake of Fe by 714.78%, 188.00%, and 83.00%,
respectively, as compared to PR (Fig. 6A,B). It was interesting to

notice that Mn uptake was increased by 92.09% and 15.80%
under APR-O and APR-E application, respectively, while it
decreased by 10.04% under APR-H, compared to PR application
(Fig. 6C). This trend was even different in case of Zn uptake,
where it increased by 14.53% under APR-O application, while
decreased by 28.37% and 23.44% under PAR-H and APR-E appli-
cation as compared to PR (Fig. 6D). The higher uptake of P and

Figure 5. Amendments (PR: phosphate rock, APR-H: HCl activated phosphate rock, APR-E: EDTA activated phosphate rock, and APR-O: oxalic acid activated
phosphate rock) effects on average length and dry matter of root and shoot of wheat plant grown in a soil micro-block system. (Different letters above bars
represent significant difference at p < 0.05 among various treatments and bars with same letters represent no significant difference).

Figure 6. Amendments (PR: phosphate rock, APR-H: HCl activated phosphate rock, APR-E: EDTA activated phosphate rock, and APR-O: oxalic acid activated
phosphate rock) effects on uptake of phosphorus, Fe, Mn, and Zn to the wheat plants grown in a soil micro-block system. (Different letters above bars represent
significant difference at p < 0.05 among various treatments and bars with same letters represent no significant difference).
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trace metals due to EDTA and oxalic acid could be due to the
complexation and chelation of these elements into bioavailable
forms. Another possible reason for higher nutrients uptake could
be due to the possible reduction in soil pH after amending with
acidulated PRs resulting in enhanced bioavailability of the P, Fe,
Mn, and Zn (Kayser et al. 2000; Ghoneim et al. 2017). The increase
in metal uptake after the application of low molecular weight
organic acids and EDTA has already been reported by many
researchers (Alkorta et al. 2004; Usman and Mohamed 2009;
Evangelou et al. 2007; Komarek et al. 2008). An increase in
metal uptake by plants after EDTA and oxalic acid APRs (APR-O)
could be due to solubilization, mobilization, and chelation
(Baldantoni et al. 2011; Chen et al. 2004; Grcman et al. 2003;
Gheju and Stelescu 2013). Therefore, it can be stated that oxalic
acid and EDTA APRs (APR-E) are more efficient in releasing
nutrients from PR subsequently resulting in higher nutrient
uptake and growth of the wheat plants. The direct application
of activated PR to soil can enhance nutrient release and mobility
resulting in improved crop growth. Moreover, it is very critical to
estimate themaximumnutrient release capacity and duration for
a particular PR when activated with a specific organic acid or
EDTA to enhance crop production and to avoid lateral transport
and buildup of toxic metals in the soils.

4. Conclusion

The PR was activated with HCl (APR-H), EDTA (APR-E) and oxalic
acid (APR-O), and tested for their capabilities to release soil
available P and trace metals in a soil micro-block system.
Additionally, the lateral transport of P and trace metals (Fe,
Zn, and Mn) in soil under unsaturated conditions was investi-
gated. The effects of the amendments on the uptake of P, Fe,
Mn, and Zn, and wheat plant growth were explored over a
period of 27 days. Results revealed that APR-O and APR-E were
the most efficient amendments in releasing and transporting
higher amounts of P, Fe, Mn, and Zn in the soil for longer time
periods compared to pristine PR. The similar treatments
resulted in improved plant growth by enhancing lengths and
dry matter production of shoot and root of wheat plants. The
enhanced plant growth under APR-O and APR-E applications
resulted in higher uptake of P, Fe, Mn, and Zn to the wheat
plants. Therefore, it was concluded that activation of raw PR
with EDTA or low molecular organic acids such as oxalic acid
could release higher amounts of P and some trace metals over
a longer period of time compared to raw PR, resulting in higher
crop production when applied directly to soil as amendments.
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