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ABSTRACT: In alkalinized and Ca-rich composts, solubilization of apatite from
phosphate rocks (PRs) is not guaranteed; however, chelating agents and humified
substances produced during composting may alter the soluble contents and P forms of
monoammonium phosphate (MAP)-based composts. These effects may depend on the
proportions of organic wastes and P source used in the compost piles. The aim of this
study was to evaluate the effect of composting chicken manure, coffee husk, and Araxa
PR, Baydvar PR, or MAP in different proportions on the organic matter decomposition,
total N, Ca contents, and soluble P fractions in the composts. The treatments consisted
of a 3 x 4 x 2 factorial, through the combination of three P sources [Araxa PR, Bayodvar
PR, and MAP], with four mixtures in the respective proportions: 25, 40, 50, and 75 % of
P source with 37.5, 40, 25, and 12.5 % of chicken manure, and 37.5, 20, 25, and 12.5 %
of coffee husk, composted or not for 150 days. The composts with PRs showed greater
reductions in total C and water-soluble C and lower dry mass yields than MAP-based
composts. The use of MAP in mixtures ensured lower N losses compared to composts
formulated with PRs. Regardless of the mixture among chicken manure, coffee husk, and
PRs, composting increased the pH and total Ca contents and did not alter the fractions
of soluble P in water, in citric acid, and in neutral ammonium citrate plus water in the
final PR-based composts. Composting of these mixtures was not an efficient route to
solubilize P from Araxd and Baydvar PRs. Values of pH above 8 and high Ca contents
were the main factors explaining the stability and non-solubilization of the apatite of
PRs in the composts. Composting with MAP, mixed in different proportions with chicken
manure and coffee husk, reduced water-soluble P, maintained the pH of the mixtures in
the range of 5 to 7, and enriched the composts with N and P.
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INTRODUCTION

Global phosphorus (P) demand increases and reduction in phosphate rock reserves have
raised the costs of P fertilizer (Cordell et al., 2009), which reinforces the importance
of efficient use of P in Brazilian agriculture. Brazil imports more than 50 % of P used
in crop fields (ANDA, 2011). Most of the P added to soil as a fertilizer is not efficiently
used by plants, which is especially related to the intense P retention process in soil
(Roy et al., 2016). This scenario leads to a search for more efficient alternative P sources
(Christel et al., 2014). The process of formulating organo-mineral fertilizers (OMFs)
through composting mixtures of waste products with soluble fertilizers or low-grade
phosphate rocks may be an alternative for reducing P sink in Brazilian soils and for
promoting nutrient release more compatible with crop demand phases, which may
optimize crop capacity for P acquisition.

Application of phosphate rocks (PRs) in natura is not appropriate to supply the P
requirements of crops, due to the low P solubility/release in soil from these rocks; this
application does not meet P demand from plants in a timely manner (Novais et al., 2007).
Thus, Brazilian coffee farmers have been mixing phosphate rock (PR) in composting piles
with coffee husk (CH) and chicken manure (CM) as a way of producing OMFs, though they
do not know the efficiency of this process for the solubilization of P from PR (P-PR). During
composting, not only humic substances are produced, but also low molecular weight
organic acids found in CM (Pinheiro et al., 2013). Organic acids are also synthesized by
microorganisms in composting piles, and these organic substances can complex the
Ca, Fe, and Al of the PR, destabilizing the apatite from PR and increasing P solubility
(Welch et al., 2002; Vassilev et al., 2014).

The ratio between PR and waste in composting is another factor that influences
decomposition and P solubility. Bangar et al. (1985), studying P solubilization with
different proportions of PR in composting, added 25 % PR in the composting pile
and found an increase in citric acid-soluble P content after 90 days of composting a
low-grade P source with cattle manure and plant waste. The ratio among wastes is also
important, since the combination of CM, an alkaline waste rich in Ca and N, and CH,
an acid byproduct with the greatest K content among crop residues (Higashikawa et al.,
2010), may provide suitable conditions for P-PR solubilization in composting. However,
the composting process may increase the final pH of the compost (Fernandez et al.,
2016), which implies higher apatite stability (Mendes et al., 2013). Nevertheless, if
there is predominance of fungi, pH may decrease and favor P solubilization during
this process (Zayed and Abdel-Motaal, 2005). Therefore, there is a need for further
research to define suitable conditions for P-PR solubilization during composting, mainly
regarding the function of organic ligands, pH changes, and Ca content (Chien et al.,
2011). Such studies have become relevant for Brazil, especially considering that the
PRs used have different chemical and mineralogical composition, such as Araxa PR,
which is a Brazilian rock consisting of fluorapatite of igneous origin with low reactivity
(Novais et al., 2007), and Baydvar PR, which is a francolite of sedimentary origin (Bech
et al., 2010), with higher P reactivity/solubility than Araxa PR.

In addition to the use of PRs, another way to produce OMF is the application of soluble
phosphate fertilizers, such as single superphosphate (SSP), triple superphosphate (TSP),
and monoammonium phosphate (MAP) in the composting pile. These soluble phosphate
fertilizers and their phosphate accompanying cation do not differ in P solubility, since the
water-soluble P fraction constitutes 85-90 % of the total P, and the remaining fraction
of P is soluble in citrate (Chien et al., 2011). The soluble P form found in MAP is mainly
NH,H,PO,, and this fertilizer has the highest P content, about 22 % (IPNI, 2017), which
implies lower cost per kilogram of P in relation to SSP and TSP. For these reasons, MAP
is the P source most used in OMF production in Brazil, and it enriches the compost with
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N. However, little is known about the N-MAP losses during the composting process and
the changes in P forms and solubility of MAP-based final composts.

Both high water-soluble P content and the acidity of soluble phosphate fertilizers promote
rapid P release to the soil solution, which favors precipitation of P with Fe and Al and
adsorption of phosphate to soil colloids (McLaughlin et al., 2011), contributing to reduced
efficiency of P fertilizer use by crops in Brazilian soils (Prochnow et al., 2006). Composting
can reduce water-soluble P content through P complexation by organic anions, forming
organo-metallic complexes (Gerke, 2010; Urrutia et al., 2014) and maintaining compost
pH close to neutrality. The use of SSP in composting promoted slow decomposition of
organic matter, reduced the volatilization of N-NH,, and maintained pH values close to
7 in the final compost (Yang et al., 2015). Therefore, the magnitude of solubilization,
precipitation, and organic complexation reactions that can alter P solubility in the final
compost is probably conditioned by changes in pH and Ca contents, which are controlled
by the ratio among the P source, CM, and CH.

Given the several production routes for OMF and compost formulations used in Brazil,
the main hypotheses of this study are: (i) increased CM proportions in PR compost piles
increase Ca content and pH in the final compost, which prevents the solubilization
of apatite, even in humified composts rich in organic ligands; and (ii) in composts
formulated with MAP, an increased proportion of CM decreases water-soluble P without
altering citrate-soluble P, and also provides an acidic character to the final compost,
which reduces N losses during composting. Thus, the aims of this study were: i) to
evaluate C forms, dry matter and N losses, pH, and total Ca content in mixtures of P
sources, CM, and CH composted for 150 days; ii) to evaluate the effect of composting
on soluble P forms in the PR mixtures; iii) to evaluate the changes in P solubility in
water, in citric acid, and in neutral ammonium citrate of the mixtures composted with
MAP; and iv) to determine the N, P,0;, and K,O (NPK fertilizer equivalent) contents
of the composts formulated.

MATERIALS AND METHODS

Organic wastes, phosphorus sources, and the composting process

Chicken manure (CM) was collected in poultry facilities located at the Department of
Animal Science, and coffee husk (CH), in a postharvest facility found at the Department
of Agriculture, both located at the Federal University of Lavras (UFLA), Lavras, MG,
Brazil. These waste products were dried in a forced air oven for 72 h at 60 °C, then
ground in a Wiley mill and passed through a 1 mm mesh sieve. Mineral P sources, Araxa
phosphate rock (Araxéa PR), Baydvar phosphate rock (Bayévar PR), and monoammonium
phosphate (MAP) were purchased from commercial establishments and from fertilizer
companies. Araxa and Baydvar PRs were used in composting with particle size <0.25 mm,
while MAP was used in the granulated form. The organic wastes and mineral P sources
were characterized in relation to the main chemical and physicochemical properties
(Table 1, Figure 1). The main chemical groups present in organic wastes and in P sources
were identified by the attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy (Figure 1), which were interpreted according to Silverstein et al. (2005)
and Berzina-Cimdina and Borodajenko (2012).

Mixtures of 500 g of organic wastes and mineral P sources were stored and incubated
in polyethylene bags, which constituted the experimental unit. Deionized water was
added to mixtures of organic wastes and P sources to maintain moisture close to 70 %
of the maximum water retention capacity of each mixture throughout the 150 days of
incubation. The plastic bags containing waste-P source mixtures were composted in
greenhouse conditions and inserted in hard polyethylene pots with 3 L capacity covered
with aluminum foil. Bags containing mixtures were opened daily for 15 minutes to allow
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Table 1. Chemical properties of phosphate rocks, monoammonium phosphate, and organic waste samples used in composting

. P soluble in Total content
Material pH(Cacl,) EC Water Citric acid NAC+H,0 P N K Ca
dsm™* g kg?
Araxa PR 6.9 0.1 0.1 26.6 5.7 126 nd nd 329
Bayovar PR 6.5 2.2 0.2 41.1 9.7 134 nd nd 361
MAP 4.1 71.5 219 225 235 237 110 nd nd
CM 7.1 11.6 5.4 23.9 17.9 34.2 30.2 28.4 134
CH 4.6 8.1 1.0 1.1 1.2 1.2 17.3 42.4 3.4

EC: electrical conductivity; NAC+H,0: soluble P in neutral ammonium citrate plus water; Araxa PR: Araxa phosphate rock; Bayévar PR: Bayévar
phosphate rock; MAP: monoammonium phosphate; CM: chicken manure; CH: coffee husk; nd: not determined. pH, EC, contents of P soluble in water,
in citric acid, in NAC+H,0, and total P content were determined according to the official methods described in Brasil (2014). Total N content by method
of Tedesco (1995), and contents of K was quantified by flame emission photometer and Ca by atomic absorption spectrophotometry, after sample
digestions with nitric:perchloric acids (4:1).

P-0

MAP

Bayovar phosphate rock
Arom=atic-C
C-H O-H

Chicken mw

Coffee husk \NM

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm)

Araxa phosphate rock

Figure 1. The ATR-FTIR spectra and the main chemical groups recorded for the coffee husk, chicken
manure, Araxa phosphate rock, Baydvar phosphate rock, and monoammonium phosphate (MAP) samples.

gas exchanges, and all plots were revolved in a sequential manner to optimize composting
until the end of the incubation period.

Experimental design

A 3 x 4 x 2 factorial arrangement was chosen, in which three P sources (Araxa PR,
Baydvar PR, and MAP) were combined with four mixtures of CH and CM with P sources at
different proportions (Table 2) under two incubation conditions: without composting and
150 days of composting. A completely randomized design with three replicates was used.

Chemical and physicochemical analyses

At the end of the 150 days of composting, the composted mixtures were dried in a
forced air circulation oven for 72 h at 60 °C and weighed to determine dry matter. The
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Table 2. Treatment description and their acronyms for each mixture among P sources (Araxa
phosphate rock, Baydvar phosphate rock, or monoammonium phosphate), chicken manure (CM),
and coffee husk (CH), dry mass-based

Treatment/acronyms P source - P Chicken manure Coffee husk
%

P25:CM37.5:CH37.5 25 37.5 37.5

P40:CM40:CH20 40 40 20

P50:CM25:CH25 50 25 25

P75:CM12.5:CH12.5 75 12.5 12.5

mixtures were then ground in a Wiley mill and sieved (<1 mm) to evaluate pH in a
0.01 mol L™ CaCl, solution, and electrical conductivity (EC) in a compost:water ratio of
1:5 (w/v). Water-soluble P contents were determined in the composts after successive
washings with deionized water in 1 g of compost until a final volume of 250 mL. Citric acid
(CA)-soluble P was extracted stirring the mixtures with a 2 % citric acid (CA) solution for
30 min, in a compost:solution ratio of 1:100 (w/v). In addition to these fractions, neutral
ammonium citrate plus water-soluble P (NAC+H,0O-soluble P) was extracted by boiling
the sample with neutral ammonium citrate solution (pH 7) in a compost:solution ratio of
1:50 (w/v). Total P was determined after digestion of mixtures with concentrated nitric
acid and, subsequently, with concentrated perchloric acid. These analytical procedures
were performed according to the official methods described in Brasil (2014). The P
fractions in composts were quantified by inductively coupled plasma optical emission
spectrometry (ICP-OES, Spectro Blue, Spectro Analytical Instruments, Germany). Each of
the contents related to the soluble P fractions were relativized individually in relation to
total P according to equation 1, on which calculation of the soluble P index was based.

soluble P content
total P content

Soluble P index (%) = ( ) x 100 Eq. 1
The soluble P index was calculated for soluble P fractions in water, CA, and NAC+H,0 in
order to equalize the content effect intensified by loss of mass at the end of composting
and to determine the relative proportion of soluble P in relation to total P content, which
allowed comparison of the P contents of one composted mixture with another.

Composts were also subjected to nitric-perchloric digestion in a 4:1 ratio (nitric
acid:perchloric acid) for determining total K contents in a flame emission photometer
and Ca by atomic absorption spectrophotometry. Total N content was determined by
the Kjeldahl method after sulfuric acid digestion of the compost sample, based on the
methodology proposed by Tedesco et al. (1995), which allowed estimation of N loss at
the end of composting, according to equation 2:

DM, x N,
N loss (%) = 100 - 100 x (—)
DM, X N,

in which DM, and DM, are the respective dry matters (g) of the compost at the beginning
and at the end of composting, and N, and N, are the initial and final N contents (g kg™),
respectively.

Eq. 2

Contents of total P, CA-soluble P, and NAC+H,O-soluble P of each composted mixture
were also converted to P,Os, and the total K to K,0, using multiplicative factors of
2.29 and 1.20 respectively, for each nutrient. These conversions were carried out to
characterize the composts and to calculate their NPK fertilizer equivalent, through the
sum of the contents of N, CA-soluble P,O5 for mixtures with PRs or NAC+H,0-soluble
P,Os for mixtures with MAP, and K,O.

Water-soluble C (WSC) in composts was extracted using the same analytical procedure
chosen for water-soluble P determination, and total C and WSC were determined using a
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dry combustion analyzer (Elementar, Vario Cube model, Germany). The main spectroscopic
features of the compost were also identified by ATR-FTIR in a spectrometer of the Bruker
Vertex 70v series. The spectra of each mixture refers to the mid-infrared region, from
400 to 4000 cm™, with a of 2 cm™ resolution.

Statistical analysis

Data were subjected to analysis of variance, and means were compared by the Tukey
test (p<0.05). Statistical analyses were performed through the computer program R
3.0.3 (R Core Team, 2014) using the ExpDes package (Ferreira et al., 2013). Principal
component analysis (PCA) was also performed by grouping the infrared spectral information
of each compost, specifically in the region of higher absorption frequency of phosphate
and nitrogen groups (800 to 1500 cm™), to verify clustering of the composts in regard
to physicochemical properties. Another PCA was performed to check for the existence
of multiple and linear relationships among the factors studied (compost, incubation,
and P sources) and compost properties, such as pH, EC, total N contents, Ca and C,
water-soluble C, and soluble P fractions. In both PCAs, the vegan package (Oksanen et al.,
2015) installed in the R 3.0.3 program was used (R Core Team, 2014). In addition, linear
regression analyses were carried out to predict soluble P contents from EC values only
for composts formulated with MAP.

RESULTS AND DISCUSSION

C and N changes and compost properties

Total C contents of composts reduced significantly (p<0.05) after 150 days of incubation
(Figure 2). The total remaining C varied among the different composted mixtures, ranging
from 57 to 70 % with phosphate rocks (PRs) and from 78 and 90 % in composts produced
with monoammonium phosphate (MAP). The carbon losses in mixtures with PRs were
similar to those verified by Dias et al. (2010), in which 54 % of total C remained in compost
piles of poultry manure and coffee husk (CH), mixed at a 1:1 proportion, after 210 days
of incubation. Water-soluble C (WSC) contents exhibited smaller variations in relation
to total C, but with similar patterns, except in mixtures composted with MAP, in which
only the compost with 25 % of MAP showed a significant reduction (p<0.05) in WSC.
In general, composts with CH tend to maintain higher WSC contents than other organic
matrices in decomposition, due to a higher amount of phenols and soluble carbohydrates
in CH (Dias et al., 2010).

Reductions in total C and WSC contents of composted matrices are associated with microbial
oxidation of organic substances to CO,, indicating increased decomposition of organic matter
(OM) (Gémez-Brandén et al., 2008; Wichuk and McCartney, 2010) and, consequently, loss
of dry matter from composted mixtures (Table 3). Decrease in WSC contents has also been
associated with the degree of compost maturation, considering that, during composting,
the C processed by decomposers is converted to C-humic substances with a higher degree
of condensation and, therefore, with more chemically stabilized C and less water-soluble C
(Dias et al., 2010; Wichuk and McCartney, 2010). Thus, the reduction in WSC contents and
the increase in C-humified contents are important properties for evaluating the progress
and intensity of the composting process (Dias et al., 2010).

Losses of dry matter from the composts are related to the proportion of mineral P sources
used in the mixture (Table 3). The magnitude of reductions in dry matter, and total C
and WSC contents of the composts were greater with PRs than in composted materials
formulated with MAP (Figure 2). This indicates that the presence of MAP, a readily available
P source, decreased the OM decomposition rate and, consequently, the C-CO, flow to
the air during composting. According to a study carried out by Yang et al. (2015), low
decomposition of kitchen waste was found with the addition of 10 % single superphosphate
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Figure 2. Total C and water-soluble C contents in composted mixtures (150 days of incubation) and non-composted mixtures (without
incubation) for different proportions of chicken manure (CM), coffee husk (CH), and Araxa phosphate rock, Bayévar phosphate rock,
or MAP. LSD: Least Significant Difference by the Tukey test (p<0.05) for compost and incubation.

Table 3. Dry matter and N losses in mixtures with chicken manure, coffee husk, and Araxa phosphate rock (PR), Baydvar PR,
or monoammonium phosphate (MAP), after 150 days of composting

Dry matter loss N loss
Compost . B B .
Araxa PR Bayovar PR MAP Araxa PR Bayovar PR MAP
% %
P25:CM37.5CH37.5 12.2 aA 12.0 aA 5.8 aB 11.0 cA 10.1 dA 0.7 aB
P40:CM40:CH20 10.5 abA 8.4 bB 4.9 aC 28.3 bA 26.3 cA 0.4 aB
P50:CM25:CH25 9.6 bA 8.6 bA 5.1 aB 32.0 bA 31.1 bA 0.1aB
P75:CM12.5:CH12.5 5.2 cA 5.0 cA 2.1bB 44.8 aA 42.5 aA 1.1aB

Means followed by the same letter, lowercase for compost (column) and uppercase for P source (row), are not statistically different by the Tukey
test (p<0.05).

in the composting pile, since 78 % of total C remained in the final compost. It is known
that single superphosphate improves N retention in compost (Prochnow et al., 2001).
Therefore, the use of soluble P sources may promote retention of C, which increases dry
matter yield in the final compost in relation to PR-based composts. Lee et al. (2009) also
observed slow decomposition of swine manure after mixing KH,PO, in different proportions
in the composting pile, which was attributed to inhibition of decomposer activity due to
increased addition of soluble salts to the compost piles.

At the beginning of incubation, the pH values of mixtures containing PRs were in the range
of 6.5 to 8, and when composted, the mixtures had pH close to 10 (Figure 3). In MAP-based
composts, only mixtures with 25 and 40 % of P fertilizer increased the pH at the end of the
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Figure 3. pH in CaCl, and total Ca content in composted mixtures (150 days of incubation) and non-composted mixtures (without
incubation) for different proportions of chicken manure (CM), coffee husk (CH), and Araxa phosphate rock, Bayévar phosphate rock,
or MAP. LSD: Least Significant Difference by the Tukey test (p<0.05) for compost and incubation.

incubation, to values of 6.7 and 6.1, respectively. These values were lower than the pH values
of the PR-based composts. The OM decomposition rate is regulated by pH, and pH controls
microbial activity as well, since fungi act more effectively in the decomposition processes under
acidic conditions and bacteria under a neutral to alkaline environment (Gémez-Brandén et al.,
2008; Vassilev et al., 2014). Nitrogen loss is also regulated by pH, since ammonia (N-NH;)
volatilization increases when pH values reach the alkaline range (Wichuk and McCartney, 2010).
This is the reason why composts with PRs lost more N than MAP-based composts (Table 3).
It may be inferred that adding MAP to compost piles is a suitable strategy for retaining N-NH,*
in the final compost, probably related to lower NH; volatilization due to the lower pH of these
mixtures. Trends found in this study for N losses during composting are in agreement with
results obtained by Yang et al. (2015) when superphosphate was added to compost piles.

Total Ca contents increased in mixtures treated with PRs after incubation, especially in
composts with higher proportions of organic wastes, which may be related to the effect
of concentration caused by loss of mass in the compost produced (Figure 3). In mixtures
with MAP, the total Ca contents were not affected by incubation (p>0.05), probably due
to the lower loss of mass than losses found for PR-based composts (Table 3). Absence
of Ca in MAP explains the lower Ca content in composts produced with MAP than the
contents in composts formulated with PRs.

Compost P fractions

The indices of P soluble in water (H,0-P), in citric acid (CA-P), and in neutral ammonium
citrate plus water (NAC+H,0-P) did not increase in mixtures with Araxa and Bayévar
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PRs after 150 days of composting (Figure 4). Thus, there was no solubilization of P-PRs
at the end of composting; on the contrary, there was a reduction in CA-P when Baydvar
PR was added to mixtures at the rate of 40 and 50 %. This effect is mainly related to
high pH values found for composts with PRs, which reached values close to 10, and
high Ca contents (Figure 3). These chemical changes in the mixtures composted with
PRs characterize an unsuitable environment for P-apatite solubilization, considering
that these conditions favor the formation of stable precipitates between P and Ca,
increasing the chemical stability of apatite (Mendes et al., 2013). Thus, even in an
environment rich in organic matter, the effect of organic compounds in solubilizing
P-apatite is overcome by other chemical factors, such as the high pH values and Ca
contents in the compost pile. Although chicken manure (CM) has greater content of low
molecular weight organic acids than other wastes (Pinheiro et al., 2013), the alkaline
characteristic and the high Ca content, especially in the form of CaCO; of this waste
(Higashikawa et al., 2010), may also explain the low P-PR solubilization after 150 days
of composting.

In alkaline medium, the capacity of organic acids to complex metals and their
production are reduced due to low fungal activity, reducing the potential for P-PR
solubilization (Chatli et al., 2008; Wei et al., 2011). In acidic conditions, fungal activity
is optimized, as well as the production of organic acids, which favors complexation
of cations associated with PRs, reducing the activity of these ions and altering the
saturation point of the solution, therefore increasing PR dissolution (Welch et al.,
2002; Mendes et al., 2013). Thus, fungi are superior to bacteria in solubilizing P due
to greater production of organic acids and, consequently, higher acidification in the
surrounding medium (Chatli et al., 2008). Acidification is the main factor regulating
the PR dissolution rate. In addition to complexation of cations, organic acids may
contribute to reduction in effective pH. According to Kpomblekou-A and Tabatabai
(1994), organic acids, such as citric and oxalic acids, are as efficient in PR solubilization
as sulfuric acid.

Zayed and Abdel-Motaal (2005) inoculated A. niger and T. viride in sugarcane bagasse
and PR composting and found that the action of these fungi reduced pH from 8 to 4.8,
and increased water-soluble P content. However, Biswas and Narayanasamy (2006)
found a reduction in water-soluble P and a small increase, less than 1 %, in citrate-
soluble P in composts inoculated with A. awamori, which may be related to the species
of fungus used in the inoculation. Vassilev et al. (1996), using a solid-state fermentation
system with beet waste, PR, and A. niger, found pH values from 3 to 3.5 with 76 %
solubilization of P-PR. In addition, the release of other chemical elements present in
PRs, such as fluorine, can influence this process; fluorine inhibits microbial activity
and can reduce P solubilization by 50 % (Mendes et al., 2013). Mixing elemental S with
PR and inoculation with A. thiooxidans can also be used to acidify the medium and
solubilize P (Stamford et al., 2016), which may be an alternative for increasing P-PR
solubility during composting.

The biggest effects on P solubility indices were observed for MAP composts (Figure 4).
Reductions in CA-P and H,0-P were found in mixtures composted with MAP, mainly
when this P source was added at rates of 40 and 50 %. Such reduction in water-soluble
P may be related to the formation of more stable phosphate compounds, or even due to
complexes formed between organic ligands and P. Organic-P complexes can be formed
through cationic metal bridges, such as Ca’*, which reduces the water solubility of the
soluble P fertilizer, but it does not prevent plants from acquiring this form of P (Gerke,
2010; Urrutia et al., 2014). The NAC+H,0-P also reduced in the composted mixture when
MAP was added at the 40 % rate; however, this soluble P form did not change when the
rate was at 50 %, and it increased in the mixtures when MAP was added at rates of 25
and 75 %. Reduction in H,0-P and maintenance or increase in NAC+H,0-P, as observed
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Figure 4. Indexes of soluble P in citric acid, in water, and in neutral ammonium citrate plus water (NAC+H,0) of each composted
mixture (150 days of incubation) and non-composted mixture (without incubation) for different proportions of chicken manure (CM),
coffee husk (CH), and Araxa phosphate rock, Bayévar phosphate rock, or MAP. LSD: Least Significant Difference by the Tukey test
(p<0.05) for compost and incubation. ns: not significant.

in the mixture composted with 25 and 50 % MAP, may represent an improvement in the
chemical properties of organo-mineral fertilizers (OMF).

Low solubility of P fertilizer in water and high solubility in citrate is an effective strategy
in protecting P against reactions that may cause soil P retention (Urrutia et al., 2014).
This effect may be particularly beneficial for Brazilian tropical soils, which have low
pH and predominance of kaolinite and Fe and Al oxides in the clay fraction. In these
highly weathered soils, it is not uncommon for P to be adsorbed at content of more than
2,000 mg kg™, considering a 0.00 to 0.20 m soil depth (Novais et al., 2007). Thus, fertilizers
with lower water-soluble P contents can be more efficient in supplying P to plants in soils
with high P adsorption capacity (Prochnow et al., 2006) due to a gradual release of P that
is more synchronized with the phases of higher P requirement by crops (Urrutia et al.,
2014), especially in long-cycle crops or perennials. Another improvement of MAP in

Rev Bras Cienc Solo 2018;42:e0170079




’r-
‘
Y\

Maluf et al. Is composting a route to solubilize low-grade phosphate rocks and improve...

composting is the pH value in compost (Figure 2) higher than the pH of conventional
MAP fertilizer (Table 1). This effect on the pH of compost also minimizes precipitation of
P-Fe and P-Al and P adsorption in soil minerals, which occur in the surroundings of soluble
fertilizer granules applied to the soil, as reported by McLaughlin et al. (2011). Moreover,
the application of P in soil along with OM can increase P fertilizer use efficiency by plants
(Roy et al., 2016), considering that organic compounds act in blocking P adsorption sites
on the colloid surface (Wang et al., 2016).

Infrared spectroscopic features of compost

Principal component analysis divided the composts into two groups, distinguishing the
clusters of composts with PRs from those produced with MAP, due to the contrast in ATR-FTIR
spectral signatures. In each group of mixtures, little variation was identified between
the composted and non-composted (Figure 5). Thus, each group was represented by the
average spectrum of the mixtures related to P source, with identification of absorption
bands according to the assignments found in Silverstein et al. (2005) and Berzina-Cimdina
and Borodajenko (2012). Spectral bands between 3400 and 3200 cm™, and 1640 cm™
represent O-H bonds. Weak peaks at 2918 and 2850 cm™ were observed in mixtures
composed of PRs, which are associated with aliphatic C-H groups of humic substances
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Figure 5. Principal component analysis (PCA) of absorption bands and mean spectra of ATR-FTIR
and main chemical groups recorded for the mixtures with Araxd phosphate rock (a), Bayévar
phosphate rock (b), 25 and 75 % of MAP (c), and 40 and 50 % of MAP (d) composted (150 days of
incubation) and non-composted (without incubation).
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(Stevenson, 1994). Absorption bands at 1460 and 870 cm™ found in mixtures with PRs
are represented by CO,* groups; whereas bands at 1100, 1000, 600, 560, and 470 cm™
are associated with PO,> groups through the P-O bond. Changes were not observed in the
PO,* groups between mixtures composted and non-composted with PR, which reinforces
non-alteration of the soluble P fraction indices (Figure 4), demonstrating absence of P
solubilization from PR at the end of composting.

In the spectra generated for MAP composts, bands of P=0 and P-OH bonds were
identified at 1270 and 890 cm™, respectively (Figure 5). Changes in the spectra of
composted mixtures were only found in composts with 40 and 50 % of MAP, in relation
to non-composted mixtures. These composts had poorly defined spectral bands at 1010
and 968 cm™, which are related to symmetrical vibrations of P-O bonds; for that reason,
the average spectrum of mixtures with 40 and 50 % MAP is presented separately. These
bands may be associated with the formation of phosphate compounds with greater
stability or complexes among composting organic anions and PO,> groups, since these
composted mixtures were the only ones that reduced H,0-P and CA-P, and they had
the lowest NAC+H,O-P of all the MAP composted mixtures (Figure 4). An increase in
the absorption bands between 3200 and 2800 cm™ and between 1440 and 1400 cm™
were found in mixtures composted with 40 and 50 % of MAP, which are associated
with N-H bonds.

Organo-mineral fertilizers

Composts had different chemical properties, mainly due to the P source used in the mixture
(Figure 6). Contents of soluble P fractions, total N, and values of electrical conductivity
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Figure 6. Principal component analysis (PCA) for P source (clustering), type of compost, incubation,
and evaluated chemical variables: pH, total contents of Ca, K, N, C, and water-soluble C (WSC);
indexes of P soluble in water (H,0-P), in citric acid (CA-P), and in neutral ammonium citrate plus
water (NAC-P), and electrical conductivity (EC).
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(EC) were positively related to MAP-based composts (Figure 6). Composts formulated with
Araxa and Baydvar PRs had similar chemical properties and were positively related to pH
values and total Ca contents. However, soluble P fraction indices were inversely related
to Ca contents and pH. Therefore, using acidic agro-industrial waste with low Ca content
may be a reliable strategy for improving solubilization of low-grade phosphate rocks. Along
with that, the use of inputs that favor maintenance of the final compost with pH below
5 (Welch et al., 2002; Vassilev et al., 2014; Stamford et al., 2016) is a practice that may
be used to increase P-apatite solubilization. It is also necessary to investigate whether
composted mixtures increase the solubility of chemical elements potentially inhibitory
to fungal activity, such as fluorine found in PRs (Mendes et al., 2013). The study of the
liquid phase of materials under decomposition is another aspect that deserves attention
to investigate changes in pH values and in Ca** and P contents during composting.

Principal component analysis indicated a high correlation between EC and indices of
soluble P fractions in MAP-based composts (Figure 6). The degree of association of
these variables shows that EC can be used to predict the contents of H,0-P, CA-P, and
NAC+H,0-P of MAP composts (Figure 7). The use of EC to estimate each soluble P fraction
of MAP-based composts is relevant because the analytical procedures used to measure
soluble P contents are more costly and laborious than EC determination.

Among the different composts studied, mixtures with MAP produced OMFs with the highest
fertilizer values. The composted mixture with 50 % MAP, 25 % CM, and 25 % CH can
be highlighted. After 150 days of composting, this compost showed pH of 5.5 and 18 %
reduction in H,0-P, and it kept the same NAC+H,0-P determined in the initial compost,
without incubation. This profile of P fractions in the compost mentioned may indicate
a more gradual release of P in relation to P from conventional MAP fertilizer. Moreover,
this composted mixture had 18 % total P or 41 % P,05 and 28 % NAC+H,0-soluble P,0s.
In addition to P, this and other composts have N and K (Table 4).

In order to improve capacity to act as nutrient sources to crops, there should be an
increase in NPK fertilizer equivalent, since this index quantitatively indicates the available
content of N, P,0s, and K,O in the composted mixtures (Table 4). In composts formulated
with Araxa PR, the increase in the proportion of P source in the mixture and the decrease
in organic wastes reduced the NPK fertilizer equivalent of the composts, which indicates
that the fertilizer value of composts is more related to CM and CH than to proportions
of low-grade rocks in the compost. In MAP composted mixtures, the enrichment of NPK
levels in the compost is more dependent on the P source than on the organic wastes.
Increasing MAP in the composted matrices assures higher capacity of the OMFs produced
in supplying N, P, and K to plants, and possibly a more gradual release of P than the use
of conventional MAP fertilizer as an exclusive source of N and P.
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Figure 7. Contents of P soluble in water, in citric acid, and in neutral ammonium citrate plus water (NAC+H,0) as related to electrical
conductivity of different mixtures, composted or not, of chicken manure, coffee husk, and monoammonium phosphate (MAP).
: significant at 0.01 % probability.
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Table 4. Total N, P,0s, and K,O contents, contents of citric acid-soluble P,O5 for mixtures with phosphate rocks, and neutral ammonium
citrate plus water-soluble (NAC+H,0) P,0Os for mixtures with monoammonium phosphate, and NPK fertilizer equivalent, followed by
standard error, after 150 days of composting

Compost N Total P,0; Soluble P,0; K,0 NPK fertilizer equivalent”
%
Araxa phosphate rock

P25:CM37.5CH37.5 1.6 £0.03 15.8 +0.10 3.7 £0.04 3.2 £0.07 8.5 +0.10
P40:CM40:CH20 1.2 £0.01 20.6 £0.27 3.9 £0.04 2.9 £0.11 8.0 £0.12
P50:CM25:CH25 0.9 £0.03 24.1 £0.07 3.7 £0.08 2.3 +£0.15 6.9 +0.20
P75:CM12.5:CH12.5 0.5 +£0.02 30.8 £0.38 4.0 £0.03 1.2 £0.03 5.7 £0.05
Baydvar phosphate rock
P25:CM37.5CH37.5 1.6 £0.01 17.3 £0.10 4.6 £0.23 3.5 £0.07 9.7 £0.17
P40:CM40:CH20 1.2 £0.07 24.0 £0.59 4.8 +0.07 2.9 £0.14 8.9 +0.12
P50:CM25:CH25 0.9 £0.01 26.5 £0.63 5.4 £0.17 2.6 £0.05 8.9 +0.21
P75:CM12.5:CH12.5 0.5 +0.01 33.8 £0.37 8.7 £0.15 1.3 +0.03 10.5 £0.12
Monoammonium phosphate (MAP)
P25:CM37.5CH37.5 5.1 £0.02 22.2 £0.12 16.9 £0.36 3.9 £0.19 25.9 £0.58
P40:CM40:CH20 6.2 +0.05 39.7 £0.18 25.8 £0.20 2.9 £0.03 34.9 £0.24
P50:CM25:CH25 7.2 £0.06 40.8 £0.41 28.1 £0.27 2.4 £0.09 37.7 £0.23
P75:CM12.5:CH12.5 9.4 £0.17 42.7 £0.09 42.2 +0.37 0.9 £0.01 52.5 £0.52

W NPK fertilizer equivalent (%): sum of N, citric acid-soluble P,O, for composts with phosphate rocks or NAC+H,0-soluble P,0s for composts with
MAP, and K,O contents.

CONCLUSIONS

Regardless of the proportions of chicken manure, coffee husk, and Araxa or Bayovar
phosphate rocks, composting is not a suitable route to solubilize P-apatite. Increased
Ca contents and pH values in composted mixtures favor stabilization of phosphate rock,
instead of solubilizing apatite, and contribute to higher N losses during composting.

Use of MAP instead of low-grade phosphate rocks in composting increases dry matter
yield, decreases N losses, maintains compost pH in the range of 5 to 7, and raises the
compost NPK fertilizer equivalent.

Electrical conductivity can be used as a predictor of P contents soluble in water, in citric acid,
and in neutral ammonium citrate plus water of the composted mixtures formulated with MAP.
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