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ABSTRACT: Soil nutrient availability and interpretations of nutrient contents are
based on the results obtained from specific extraction methods used in routine testing
laboratories. The development of new extraction methods and new extractants with
better accuracy is particularly important to determine the correct fertilizer rates to
be applied. For this purpose, this study aims to synthesize, characterize and evaluate
the predictive capacity of cellulose acetate film containing calcinated layered double
hydroxide (CAF-LDH-c), as a new extractant and a new method of P extraction in soils.
Different analyses techniques were used to characterize the CAF-LDH-c sample, including
X-ray diffraction, attenuated total reflectance Fourier transform infrared spectroscopy,
and scanning electronic microscopy. Soils were collected from twelve areas with different
management and initial availability of P. The soils were subjected to six rates of P and
were cultivated with plants. The predictive capacity of CAF-LDH-c, as a new extractant
of P in different soils, was evaluated and compared to Mehlich-1 (M-1), Mehlich-3
(M-3), and Mixed Exchange Resin (MER) extractants. Chemical analyses performed on
CAF-LDH-c showed that LDH in powder form was incorporated into the cellulose acetate
film. There was a linear relation between P uptake by plants and extractable soil P in the
soil by CAF-LDH-c, M-1, M-3, and MER extractants. The significant correlations between
extracted P in the soil and P uptake by plants for CAF-LDH-c showed the efficacy of the
new extractor and the newly proposed method for different types of soils. The results
from the present study confirm the possibility of using CAF-LDH-c extractant as a new
methodology to evaluate the availability of P in the soil for plant cultivation.

Keywords: layered double hydroxide, available phosphorus, bioassay, cellulose acetate
polymer.
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INTRODUCTION

The demand for Phosphorus (P) by soils and plants to support current agricultural
production requires high phosphate fertilizer applications. The massive consumption
of phosphate fertilizers in agriculture is responsible for the reduction of good-quality
phosphate rock deposits around the world, increasing the cost of fertilizer extraction
and production (Pantano et al., 2016). Thus, effective soil fertility assessment, which is
correlated with a good prediction of the availability of P in the soil, can lead to the rational
recommendation for the use of phosphate fertilizers in agriculture with the application
of the most effective rates of P.

For P, numerous extraction methods are used to evaluate the availability of this nutrient,
whose efficiency is influenced by the soil properties and management (Beegle, 2005;
Novais et al., 2007; Freitas et al., 2013), and usually, the quantity of P extracted from
the soils does not show a good correlation with plant uptake (Silva and van Raij, 1999;
Oliveira Junior et al., 2011; Freitas et al., 2013; Simonete et al., 2015).

Mehlich-1 (M-1) extractant is the most extensively used in Brazil, and numerous studies
have validated it as an appropriate extractor of available P in soils (Farias et al., 2009;
Simoes Neto et al., 2009; Steiner et al., 2012; Vieira et al., 2015; Valadares et al., 2017,
Reis et al., 2020). It is noteworthy that the acid dissolution of M-1 extractant (solution
pH = 1.2) can lead to the extraction of P-Ca forms, overestimating the quantity of P
extracted in the soil (Alcantara et al., 2008; Freitas et al., 2013; Camélo et al., 2015;
Reis et al., 2020).

The use of Anion Exchange Resin (AER), Mixed Exchange Resin (MER), or Mehlich-3
(M-3) extractants in routine testing laboratories can be an alternative to the use of M-1.
The procedure with AER and MER presents some operational difficulties, making them
little used in soil chemical analysis laboratories (Mumbach et al., 2018). Nevertheless,
most laboratories prefer to use MER, probably because of the possibility of extraction
of cations (e.g., Ca) and P simultaneously, in the same routine analysis of soil fertility.
Thus, MER can be sensitive to the P-Ca forms, making it possible to overestimate the
P availability for plants, similarly for M-1 extractants (Freitas et al., 2013). Regarding
M-3, data obtained through research, such as correlation and calibration studies, are
still incipient (Mumbach et al., 2018), making it difficult to validate the M-3 as a soil-
available P extractant (Valadares et al., 2017).

Due to the problems presented by the conventional extractants of P, further research is
needed with a focus on developing new methods that present more efficiency and better
predictive detection of P in different soils submitted to different managements. In this
sense, nanostructured materials, such as Layered Double Hydroxides (LDHs), can offer an
alternative as a new P extractant. The LDHs are inorganic solid materials characterized
by a layered structure similar to brucite mineral [Mg(OH),]. In the LDH structure, the
partial substitution of trivalent by divalent cations results in layers positively charged,
which is compensated by the presence of the anions in the interlamellar spaces. The
general formula of these materials is [M**, . M3* (OH),] (A™) , zH,O, in which M** and
M3* are the divalent and trivalent metal ions, respectively, A™ are the intercalated anion,
and z is the number of the water molecules. Especially in agriculture uses, the LDHs
are intercalated with anionic molecules such as pesticides, herbicides, and plant growth
hormones, as well as nutrients such as borate, nitrate, and phosphate, which serve as
slow-release matrices (Ghormade et al., 2011; Berber et al., 2014; Silva et al., 2014;
Bernardo et al., 2018; Castro et al., 2018a,b,c; Castro et al., 2020).

The LDHs are nanomaterials synthesized in powder form, and these materials could
be difficult to separate from the soil samples during routine laboratory analysis. In this
way, the need to work with a very fine texture material stimulated the development of
an organic-inorganic hybrid mixture between calcined LDH (CAF-LDH-c) and cellulose
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acetate, in a film shape (Castro et al., 2018a,c). The authors used the CAF-LDH-c as a
new absorbent of P in solution, and also as a new method of assessing soil P availability
in clayey soil exposed to increasing rates of P (Castro et al., 2018a, c). In the study
using the CAF-LDH-c as an extractant of available P in clayey soil, the authors found a
high Pearson’s correlation coefficient between CAF-LDH-c and M-1, M-3, AER, and MER
extractants, and suggested CAF-LDH-c as a new routine method for determination of P
availability in the soil.

In the initial study described by Castro et al. (2018c), only a simple correlation study
has been made between the available levels of P in the soil from M-1, M-3, AER, MER,
and CAF-LDH-c extractants, without a correlation between P plant uptake and P in the
soil. The use of the organic-inorganic hybrid material composed of LDH and cellulose
acetate is an eco-friendly alternative to replace commercial extractants usually used,
since LDHs can be produced by green chemical synthesis, and cellulose acetate is a
biodegradable polymer.

Further research is needed to evaluate the predictive ability of this kind of material as
a new P extractant in different types of soils subjected to increasing rates of P, and also
with plant cultivation. For this purpose, this study aims to synthesize, characterize and
evaluate the predictive capacity of the hybrid organic-inorganic films derived from the
mixture of cellulose acetate and calcinate LDH as a new extractant and a new method of
P extraction, in soils with different management history, with the application of increasing
rates of P to the cultivation of plants.

MATERIALS AND METHODS

Synthesis of cellulose acetate film containing calcinated layered double
hydroxide (CAF-LDH-c)

Magnesium (Mg) and aluminum (Al) LDH intercalated with carbonate anions (CO,*) were
synthesized by the coprecipitation method using a constant pH value. In this method, 500
mL of an aqueous solution containing 0.2137 mol L* of Mg(NO,),:6H,0 and 0.0709 mol L*
of AI(NO,),-9H,0 was added drop by drop under into a 2500 mL solution of 0.056 mol L*
of Na,CO,. During the synthesis, the suspension formed was kept under vigorous stirring,
and the pH value was maintained at 10.0 = 0.5 using a 2.0 mol L' of NaOH solution.
After the synthesis, the solid material was washed with H,0 and dried at 25 °C, under a
vacuum in a glass desiccator. All the H,O used in the synthesis reactions and the washed
process was deionized (Milli-Q® system).

After the synthesis, the LDH was calcined in a tubular furnace for 4 h at 550 °C, under
an O, atmosphere with a constant flow of 50 mL min, and a heating rate of 10 °C min.
The calcinated LDH was stored under reduced pressure in a glass desiccator containing
silica gel. The calcinated LDH is identified as LDH-c.

Cellulose acetate film containing LDH-c was synthesized by the casting method (Soares,
1998). In this method, 3.00 g of cellulose acetate (CA) was dissolved in 30 mL of acetone
and left to stand for 24 h at room temperature (25 °C). Then, 1.50 g of the LDH-c was
added to the CA solution, and the mixture was stirred for 60 min with a magnetic stirrer
at room temperature. The formed suspension was spread on a flat glass surface and
allowed to stand for one hour for acetone evaporation. The film was named CAF-LDH-c.
CAF-LDH-c was stored under reduced pressure in a glass desiccator containing silica gel.

Characterization of materials

All synthesized materials (LDH, LDH-c, cellulose acetate film, and CAF-LDH-c) were
characterized by X-ray diffraction (XRD), attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR), and scanning electron microscopy (SEM). The XRD
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analyses were performed using Shimadzu XRD-6000 equipment, with a graphite crystal
monochromator to select Cu-Ka, radiation with A = 1.5406 A, and a step rate from
0.02° s, The 20 scan range was 4° and 70°. The ATR-FTIR spectra were obtained using
a Jasco spectrometer, model FT/IR-4100. The wavelength range used was 4000 to
400 cm?, at 4 cm? resolution, and 256 scannings. To perform SEM analyses, the materials
were deposited over a conductive double-sided adhesive tape and recovered with a thin
gold film using a Quorum Q150RS. The JEOL JSM-6010LA analytical scanning electron
microscope was used to analyze the morphologies of the materials. Energy dispersive
spectroscopy (EDS) was also performed for the micro compositional analysis of materials.

Soils and greenhouse experiment for soil test correlation

Extractable P by CAF-LDH-c, Mehlich-1, Mehlich-3, and resin was analyzed in the soils by
Reis (2016) and Reis et al. (2020). Briefly, soil samples with different textures, organic
matter (OM), P availability, phosphate buffer capacity (PBC), and from areas with different
soil management in Minas Gerais and Espirito Santo states, Brazil, were collected from
the layer of 0.00-0.20 m. Soil samples were homogenized, sieved (2 mm), and air-dried.
Soil chemical and physical properties are presented in table 1.

Table 1. Chemical and physical properties of the soils used in the study

Soil Brazilian

Classification Soil =il ==l pH(H,0)® P Rem-P oM T \'} Clay
Taxonomy management 2
System
mg dm-3 mg L? g kg cmol_dm? %
d1 Latossolo Oxisol Area _W|thout 515 1.0 43 711 8.84 13.0 66.6
Vermelho cultivation
LVd2 Latossolo 0 Area with 6.92 39.4 8.3 435 9.94 69.6 52.3
Vermelho cultivation
Latossolo . Area with
Lvd3 Vermelho Oxisol cultivation 6.78 50.9 8.9 48.7 9.96 81.2 55.7
CXbd Cambissolo o tisol  Area without 5 - 0.4 28.8 105 3.02 4.9 24.1
Haplico cultivation
Lvdf LGWOEEOND gy PAGRWINELT g 3.8 11.4 44.8 9.98 22.9 49.0
Vermelho cultivation
PVd Argissolo ooy Areawithout g 4, 05 108 17.7 4.17 8.0 62.0
Vermelho cultivation
LAd A 7.9 44.1 15.2 6.38 73.0 22.0
Amarelo cultivation
Latossolo )
LVAd1 Vermelho-  Oxisol ~ Aréd without ¢ ¢ 0.7 12.6 15.2 4.37 39.4 55.0
cultivation
Amarelo
Latossolo Area without
LVAd2 Vermelho- Oxisol R 5.54 0.5 21.9 2.5 0.98 12.1 16.0
cultivation
Amarelo
Argissolo Area with
PVAd1 Vermelho- Ultisol - 5.91 96.5 25.0 22.4 9.38 60.7 49.1
cultivation
Amarelo
AU Area with
PVAd2 Vermelho- Ultisol o 6.02 21.4 26.1 23.7 9.51 65.1 45.5
cultivation
Amarelo
Argissolo .
PVAd3 Vermelho-  Ultisol ~ Area with 5.42 115 27.1 26.3 8.7 39.3 40.6
cultivation
Amarelo

1 soil:water at a ratio of 1:2.5; P: Mehlich-1 extractant; Rem-P: remaining phosphorus; OM: organic matter; T: cation exchange capacity at pH = 7;
V: base saturation. Data from Reis (2016) and Reis et al. (2020).
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Afactorial 12 x 6 was established with twelve soil samples (Table 1) and six rates of total
P. A complete randomized block design with four replicates was used in this experiment.
For this, pots with a soil capacity of 2.0 dm-3 were used. Lime was applied to the soil to
achieve a base saturation of 50 %. Then, the soil was wetted to 80 % of field capacity
(FC) and incubated for 18 days.

The soils were distributed into groups, according to remaining-P (Rem-P), correlated
with the PBC, and the rates of P were calculated for each group according to Alvarez V
et al. (2000). The application was made according to the levels 0.0, 0.5, 1.0, 2.0, 3.0,
and 5.0 of the P calculated rate. The rate calculated for soils Lvd1, LVd2, and LVd3 was
37.4 mgdm,and 0.0, 18.7, 37.4, 74.8, 112.2, and 187.0 mg dm- of P were applied. The
PVd, Lvdf, and LVAd1 soils received 0.0, 16.0, 32.0, 64.0, 96.0, and 160.0 mg dm- of P,
according to the rate calculated of 32.0 mg dm3. The soil LVAd2, PVAd1, PVAd2, PVAd3,
and CXbd presented the rate calculated of 27.4 mg dm3, and received 0.0, 13.7, 27.4,
54.8, 82.2, and 137.0 mg dm3 of P. For LAd soil, the rate calculated was 20.0 mg dm-3
and 0.0, 10.0, 20.0, 40.0, 60.0, and 100 mg dm of P were applied.

A mixture of commercial Triple Superphosphate and Baydvar Reactive Phosphate sources
were used, whose proportions are 80 and 20 % of the mixture, respectively. The design
of the P location fertilizer in the pots is presented in Reis (2016) and Reis et al. (2020).

Immediately afterward, seven seeds of corn (Zea mays L.) were sown per pot. After four
and six days, seedlings were thinned to the four most uniform ones in each pot. Further
liquid basal nutrients were applied according to Alvarez V et al. (1999). After 45 days of
cultivation, corn plants were harvested by cutting the stems at the soil surface. Plant
biomass was dried at 65 °C for 72 h, weighed to obtain dry matter (DM) and ground.
Plant tissue P content was determined by nitric-perchloric digestion (3:1) and nutrient
content was performed according to Braga and Defelipo (1974).

Soil samples were collected from the upper middle of the pot to obtain a composite
sample between the region that received P in a localized form and the region that did not
receive P. The soil sampling after corn cultivation was previously described by Reis (2016)
and Reis et al. (2020). The samples were dried and sieved (2 mm). The determination of
soil P availability was performed by M-1 (Mehlich, 1953), M-3 (Mehlich, 1984), and MER
(van Raij et al., 2001) extractants. Additionally, the available P in the soil was extracted
by CAF-LDH-c.

Extractable P by CAF-LDH-c

In Erlenmeyer flasks of 125 mL capacity were added 1.0 g of soil samples, 1.0 g of
CAF-LDH-c, and 25 mL of H,0. The films used were all kept at the same thickness of 135
+ 10 um. The Erlenmeyer flasks were stirred for 16 h in a mechanical reciprocal shaker
at 180 rpm in a closed environment. After stirring, the CAF-LDH-c were separated from
the soils using a tweezer and washed with deionized H,O to remove soil sediments
that adhered to the films. Then, the CAF-LDH-c was transferred to Erlenmeyer flasks of
125 mL, and the extractant solution of ammonium chloride in hydrochloric acid (NH,CI
0.8 mol L*in HCI 0.2 mol L) of 20 mL was added. This extractant solution was prepared
according to the method proposed by van Raij et al. (2001). The Erlenmeyer flasks were
stirred in a closed environment for one hour in a reciprocal shaker at 180 rpm. The
extracts for the P determination were analyzed according to the method proposed by
Braga and Defelipo (1974).

Statistical analysis

Regression analyses between soil available P by CAF-LDH-c as a function of P rates
applied were adjusted. The recovery rates of P (RRP) from CAF-LDH-c in each soil were
also obtained through the linear coefficient of these regression equations. The critical
levels of P (CLP) for each soil were calculated by replacing the recommended rates of P
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(Table 3) in the regression equations between available P by CAF-LDH-c as a function of
the rate of P applied to each soil.

Pearson’s correlation coefficient between P uptake by plants and extracted P from all
extractants was performed for each soil, as well as a general Pearson’s linear correlation
between soil-available P by M-1, M-3, MER, and CAF-LDH-c extractants for all soils. The
R environment was used in the statistical analysis (R Development Core Team, 2016).

RESULTS

The diffractograms of LDH, LDH-c, cellulose acetate film, and CAF-LDH-c are presented in
figure 1. The diffractogram of LDH (Figure 1a) shows diffraction basal peaks (00/) marked
as (003), (006), and (012), with 26 degree values at 11.4, 22.9, and 34.6, respectively. The
LDH-c XRD shows basal peaks marked as (111), (200), and (220) (Figure 1b), with 35.2,
43.1, and 62.6 20 degree values, respectively. The cellulose acetate film diffractogram
(Figure 1c) presents two centered peaks with lower crystallinity at 26 degree values of
9.5 and 17.3. The diffractogram of CAF-LDH-c shows diffraction peaks marked as +(003)
and #(111), with 260 degree values at 11.3 and 35.1, respectively (Figure 1d).

IlOOO cps * (d)

* ©
*
) *
o
L
>
=
& s (b)
1) o
£ ~N
o
[ |
M.,
=
8 (a)
© ~
o —
= SS9 » —~
P — omg
~ 9 — —
j\ W/\l—'\:/\i
1 l 1 l 1 ' 1 l 1 1 l 1
10 20 30 40 50 60 70

20 (degree)

Figure 1. Diffractograms of (a) LDH, (b) LDH-c, (c) cellulose acetate film, and (d) CAF-LDH-c. *:
Al signal of the sample holder; #: MgO signal; +: LDH signal; l: peaks referring to the presence
of MgO.
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The ATR-FTIR spectra of LDH, LDH-c, cellulose acetate film, and CAF-LDH-c are shown
in figure 2. The LDH presented bands in the wavenumber at 3400, 1650, 1360, 850,
and 630 cm? (Figure 2a). For LDH-c, the spectrum shows bands at 850 and 670 cm*!
(Figure 2b). The ATR-FTIR spectra of cellulose acetate film presented peaks at 3400, 1748,
1360, 1249, and 1032 cm! (Figure 2c). Similar to cellulose acetate film, the CAF-LDH-c
presented bands in the wavenumber of 3400, 1748, 1360, 1249, and 1032 cm (Figure 2d).

The morphologies of the LDH, LDH-c, cellulose acetate film, and CAF-LDH-c were analyzed
by SEM images (Figure 3). The LDH presented shaped agglomerated particles, such as
hexagonal platelets, similar to rose sand (Figure 3a). For LDH-c there are hexagonal
platelets and also densely packed particles (Figure 3b). The surface morphology of
CAF-LDH-c showed the LDH-c uniformly spread on the polymeric film of cellulose acetate
(Figures 3c and 3d).

As expected, the extractable P by CAF-LDH-c increased with the increase of P rates applied
in the soils (Table 2). Extractable P by CAF-LDH-c had a positive linear relationship as a
function of applied P rates to each soil (Table 3). The coefficients of the linear regression
models show the influence of the buffer capacity of soils on extractable P by CAF-LDH-c,
from 0.0564 in LVd1 (the highest P buffer capacity) to 0.4636 in PVAd3 (the lowest P

buffer capacity).
o)
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m o
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Figure 2. Attenuated total reflectance Fourier transform infrared spectroscopy spectra of LDH
(a), LDH-c (b), cellulose acetate film (c), and CAF-LDH-c (d).
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Figure 3. Representative images of SEM of LDH (a), LDH-c (b), and CAF-LDH-c (c and d).

The RRP and critical level of P (CLP) from CAF-LDH-c extractant are presented in table 3.
The RRP average for all soils considering CAF-LDH-c extractant was 24.1 %. The lowest
RRP value was 5.6 %, obtained for the LVd1 soil which is considered the most buffered
soil (Rem-P of 4.3 mg L - Table 1). However, the highest RRP from CAF-LDH-c was for
PVAd3, LAd, and PVAd?2 soils, with values of 46.4, 33.6, and 30.5 %, respectively. These
soils have a lower phosphate buffer capacity, Rem-P of 27.1, 44.1, and 26.1, respectively
for PVAd3, LAd, and PVAd2 soils (Table 1). When the cultivated and uncultivated soils
were grouped separately, the average RRP from CAF-LDH-c of the cultivated soils was
higher than the soils from uncultivated areas (29.7 and 20.1 %, respectively).

The CLP from CAF-LDH-c extractant was estimated by regression equations (Table 3). The
CLP for this extractant ranged from 13.20 mg dm-3 (LVd1 soil) to 46.37 mg dm (PVAd1
soil) (Table 3). In general, the higher CLP was obtained in soils collected in cultivated
areas with higher initial soil-available P (LvVd3 - 50.9 mg dm-3 of P, PVAd1 - 96.5 mg dm-3
of P, PVAd2 - 21.4 mg dm of P, and PVAd3 - 11.5 mg dm- of P). The CLP values for LVd3,
PVAd1, PVAd2, and PVAd3 soils were 38.27, 46.37, 30.50, and 34.17 mg dm-3, respectively.

Pearson’s linear correlations between shoots P uptake and soil extractable P for each
soil from CAF-LDH-c extractant were performed to evaluate the predictive capacity of
the CAF-LDH-c as a new extractant (Table 4). The linear relationship between P uptake
and soil extractable P in the soil by CAF-LDH-c was verified by the positive Pearson’s
correlation coefficient, in which for all soils the coefficients ranged from 0.66 (p<0.05)
for LVd2 soil to 0.99 (p<0.05) for PVd and CXbd soils.

Additionally, Pearson’s linear correlation between shoot P uptake and soil extractable
P from CAF-LDH-c extractant for all soils and respective P rates applied were achieved
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Table 2. Soil extractable P from CAF-LDH-c extractant as a function of applied rates of P to each soil in the respective levels of P

Soil Level of P

0.0 0.5 1.0 2.0 3.0 5.0 Mean

mg dm-3

Lvdl 3.4 4.3 6.4 9.9 11.5 13.5 8.2
Lvd2 22.0 23.9 37.1 43.6 54.0 66.0 41.1
Lvd3 27.7 30.5 33.6 37.6 58.9 63.8 42.0
CXbd 1.8 3.7 5.7 8.5 10.5 28.2 9.7
Lvdf 5.8 6.9 9.9 14.8 20.8 30.4 14.8
Pvd 1.4 4.7 8.2 10.8 18.3 50.7 15.7
LAd 4.7 5.0 8.4 13.5 16.0 39.2 14.5
LVAd1 2.3 7.1 14.2 18.4 28.4 37.8 18.0
LVAd2 3.2 5.8 7.6 9.9 21.1 24.4 12.0
PVAd1 44,7 51.1 55.9 59.8 62.3 84.3 59.7
PVAd2 14.6 18.8 28.4 34.8 46.1 55.7 33.0
PVAd3 5.5 9.1 10.8 16.5 24.3 72.7 23.1
Mean 11.4 14.2 18.8 23.1 31.0 47.2 24.3

The P rate of the soils LVd1, LVd2, and LVd3 was 37.4 mg dm3. PVd, LVdf, and LVAd1 was 32.0 mg dm. LVAd2, PVAd1, PVAd2, PVAd3, and CXbd was
27.4 mg dm3 and LAd was 20.0 mg dm3. The application was made according to the levels 0.0, 0.5, 1.0, 2.0, 3.0, and 5.0 of the calculated rate.

Table 3. Regression equations between extracted P by CAF-LDH-c and rates of P applied to each soil, the recovery rate of P, and
critical level of P

Soil Equation R? RRP % CLP
mg dm-3
Lvdl y =4.12 + 0.0564"x 0.92 5.6 13.20
Lvd2 y = 23.80 + 0.2416™x 0.96 24.2 23.80
Lvd3 y =26.81 + 0.2123"x 0.91 21.2 38.27
CXbd y =0.25 + 0.1805"x 0.92 18.1 18.76
Lvdf y =5.05 + 0.1585""x 0.99 15.9 20.86
Pvd y =-2.16 + 0.2908"x 0.91 29.1 26.94
LAd y =1.56 + 0.3363"x 0.93 33.6 19.75
LVAd1 y =4.53 + 0.2202"x 0.97 22.0 28.61
LVAd2 y = 3.36 + 0.1648"x 0.93 16.5 19.06
PVAd1 y =45.96 + 0.2611"x 0.95 26.1 46.37
PVAd2 y =17.03 + 0.3049"x 0.96 30.5 30.50
PVAd3 y =-1.20 + 0.4636"x 0.87 46.4 34.17

RRP: Recovery rate of P. CLP: Critical level of P. ** and *** indicate significant effect at 1 % and 0.1 %, respectively.

and compared to M-1, M-3, and MER extractants. The Pearson’s correlation coefficient
for CAF-LDH-c, M-1, M-3, and MER extractants were 0.74 (p<0.05), 0.81 (p<0.05), 0.82
(p<0.05), and 0.62 (p<0.05), respectively (Figure 4). Furthermore, a general Pearson’s
linear correlation was also performed between the soil extractable P from all extractants
considering all soils and levels of P applied. There was a high Pearson’s correlation
coefficient between extracted P by M-1, M-3, MER, and CAF-LDH-c extractants (Table 5).
The Pearson’s correlation coefficients were 0.87 (p<0.001) for CAF-LDH-c and M-1, 0.89
(p<0.001) for CAF-LDH-c and M-3, and 0.84 (p<0.001) for CAF-LDH-c and MER (Table 5).
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Table 4. Pearson’s correlation coefficients between P uptake by plants and extracted P by M-1, M-3, MER, and CAF-LDH-c extractant

according to soils

Soil M-1# M-3# MER* CAF-LDH-c
Lvdl 0.98™ 0.98™ 0.98™ 0.97™
Lvd2 0.82° 0.81° 0.83" 0.66"
Lvd3 0.85" 0.86" 0.80° 0.83"
CXbd 0.93" 0.92" 0.87 0.99°
Lvdf 0.92° 0.92° 0.86" 0.91™
Pvd 0.94™ 0.96™ 0.97™ 0.99
LAd 0.98* 0.96™ 0.96™ 0.97
LVAd1 0.97" 0.99™ 0.98™ 0.96™
LVAd2 0.97" 0.99™ 0.97™ 0.98™
PVAd1 0.87 0.93™ 0.96™ 0.96"
PVAd2 0.97" 0.96™ 0.95™ 0.88"
PVAd3 0.98™ 0.98™ 0.92" 0.98™

*, ¥k and *** indicate significant effect at 5 %, 1 %, and 0.1 %, respectively. #: Data from Reis (2016) and Reis et al. (2020).

Table 5. Pearson’s correlation coefficient between extracted P by M-1, M-3, MER, and CAF-LDH-c extractant for all soils and applied

doses of P
M-1# M-3# MER* CAF-LDH-c
M-1 - 0.98™ 0.90™ 0.87™
M-3 - - 0.91™ 0.89™
MER - - - 0.84™

“*indicate significance at 0.1 %. #: Data from Reis (2016) and Reis et al. (2020).

DISCUSSION

Cellulose acetate film containing calcinated layered double hydroxide (CAF-LDH-c) can
be used as a measure of P extraction in soils. The diffractogram of LDH in figure la
presents the characteristic profile of the hydrotalcite-like structure, with basal peaks
(003), (006), and (012) with 26 degrees values at 11.4, 22.9, and 34.6, respectively.
The repetition of the basal peaks (003) and (006) is related to the stacking of the LDH
layers (Edafiol et al., 2020), and this diffraction result is expected for crystalline LDH
with good structural organization and a purity phase. The basal spacing calculated by
Bragg’s equation (n A = 2d,,,sin 6) was 7.75 R (Figure 1a). This value is expected for
carbonate anions intercalated into MgAI-LDH (Bernardo et al., 2018; Zhang et al., 2018;
Seidi et al., 2021). The LDH-c shows peaks referring to the presence of MgO, indicated
in figure 1b as (111), (200), and (220). In this type of LDH, the calcination process using
appropriate temperature and atmosphere may produce the crystalline MgO, and also
other amorphous compounds, such as oxides and mixed oxyhydroxides (Santos et al.,
2017a,b). The diffractogram of cellulose acetate film had two centered semi-crystalline
peaks, matching with findings of Emam et al. (2021) and Sharma et al. (2021) (Figure
¢). The diffractogram of CAF-LDH-c had a low-intensity peak related to the plane (003)
from LDH, and also presented a (111) peak attributed to the MgO plane. This peak
occurs because of the intercalation of carbonate anions present in the air into the LDH-c
interlayer present in the film. The contamination of CAF-LDH-c with CO,* occurs due to
the contact of this material with carbon dioxide in the air.

The broadband in the region of 3400 cm™* from LDH, cellulose acetate film, and CAF-LDH-c
(Figures 2a, 2c, and 2d, respectively) is due to the O-H stretching of the H,O molecules
and/or hydroxyl groups (Castro et al., 2018; Larosa et al., 2018; Castro et al., 2020). The
intense band around 1650 cm for LDH (Figure 2a) occurs due to the O-H stretching of
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the hydroxyl groups and/or H,0 molecules (Dib et al., 2021). The bands at 1360, 850,
and 630 cm™ presented by LDH, are associated with vibration modes of CO,* intercalated
absorbed anions (Zhang et al., 2018; Guo et al., 2020; Fajrina et al., 2021). For LDH-c
(Figure 2b), the bands at 850 and 670 cm? are attributed to vibration modes of Al-O
and Mg-0 of Mg(Al)O (Santos et al., 2017a,b; Zhu et al., 2018). The band at 1748 cm™!
for cellulose acetate film and CAF-LDH-c is typical of the formation of cellulose acetate
and is due to the stretching of C=0 groups (Brum et al., 2012; Berber et al., 2014; Imam
et al., 2020; Lee et al., 2021). The band at 1249 cm is due to the stretching of C-O of
the 0-(C=0)-CH, (Brum et al., 2012). The region in the wavenumber range from 1360
to 1370 cm (Figures 2¢ and 2d) for cellulose acetate film and CAF-LDH-c are related to
C-H bending (Chen et al., 2021). The band at 1032 cm is associated with C-O stretching
(Emam et al., 2021).

CAF-LDH-c

r=0.742
70 + o0

Py
o
o t f ; i i
(@)]
£
9 - MER
2 r=0.626
> —+ »
o
o

0 : : : : : : | : : : : : : |
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Extracted P (mg dm™)

Figure 4. Pearson’s correlation coefficient between extracted P by CAF-LDH-c, M-1, M-3, and MER extractants for all soils and applied
rates of P and P uptake by plants. M-1, M-3, and MER: Data from Reis (2016) and Reis et al. (2020).
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The agglomerated particles shaped like hexagonal platelets making the rose sand
structure is typical for LDH material (Figure 3a), which agreed with the previous results
from Wang et al. (2013), Yang et al. (2019), and Suescum-Morales et al. (2021). The
LDH-c showed both hexagonal platelets making the rose sand structure and regions with
densely packed particles, as a result of the thermal treatment applied (Figure 3b). The
interaction between cellulose acetate and LDH-c showed the simultaneous presence of
precursor materials in the synthesized CAF-LDH-c (Figures 3¢ and 3d). The CAF-LDH-c
showed a coating and distribution of LDH-c in the cellulose acetate matrix, indicating the
physical protection of LDH-c and the cellulose acetate polymeric net. Physical protection
is important because, in the present study, the film is being used to extract P from the
soil, so the film was shaken with the soil as described in the methodology. Thus, the film
characteristics showed high stability after agitation with the soil. The EDS analyses from
LDH and LDH-c showed a higher presence of Mg, Al, and O, as expected. Conversely, for
CAF-LDH-c there is a higher presence of C, O, Mg, and Al, for which the C is due to the
cellulose acetate polymeric net.

The CAF-LDH-c extractant was sensitive to P rates applied in all different types of soils
used in this study since there was a linear increase of soil extractable P from CAF-LDH-c
extractant with the increase of P rates applied (Tables 2 and 3). Furthermore, CAF-LDH-c
extractant was shown to be suitable for comparing soils with high and lower initial soil
available P in cultivated and uncultivated areas, respectively. This was the first step
to validating the predictive capacity of CAF-LDH-c as a new extractant of P in different
soils. Previous research reported by Reis et al. (2020) with the same type of soils used
in the present research showed that the P rates applied influenced the available P from
M-1, M-3, and MER extractants. However, the model that best fit the data was linear
and quadratic for M-1 extractant, while for M-3 and MER extractants the model that
best fit the data was linear (Reis et al., 2020). These results showed that M-3, MER, and
CAF-LDH-c extractants were the most promising extractants to assess the availability
of P in different soils subjected to increased rates of this nutrient.

Through the linear equations between the extracted P by CAF-LDH-c and rates of P
applied, the RRP was obtained from the linear coefficient of the equations. The recovery
rate of P by extractants can be changed by soil characteristics or management, such as
phosphate buffer capacity, initial P availability, and phosphate fertilization. The recovery
rates allow estimating the rates to increase the availability of nutrients in the soil (Maluf
et al., 2015). Therefore, to ensure a rational recommendation of phosphate fertilizers, it
is important to recognize which soil properties influence the nutrient recovery capacity
of an extractant.

The RRP from CAF-LDH-c was influenced by each type of soil, phosphate buffer capacity,
and the initial P availability in soils. The lowest and highest recovery rates by CAF-LDH-c
were obtained in soils with higher and lower phosphate buffer capacity, respectively
(Tables 1 and 3). The sensitivity of extractants to phosphate buffer capacity is not only
characteristic of those whose mechanism is based on acidic dissolution, e.g., M-1 and
M-3, but also of extractants that have an ion-exchange mechanism, such as MER (Novais
and Smyth, 1999; Novais et al., 2007; Freitas et al., 2013; Mumbach et al., 2020). It
is noteworthy that CAF-LDH-c extractant has a mechanism of extraction based on ion
adsorption, which explains the sensitivity of this extractant to phosphate buffer capacity.
In many cases, the adsorption process in LDH can be realized by ion-exchange reactions
between intercalated anions and the anions usually present in the soil, such as phosphate,
carbonates, nitrates, borates, etc. since the ion replacement can lead to better stability
of the LDH structure (Miyata, 1983; Costantino et al., 2014). In addition, in the specific
case of this research, the material used for phosphorus adsorption was calcinated LDH
incorporated into cellulose acetate polymer. After the calcination process, the LDHs can
be converted into oxyhydroxides, and the adsorption of P from soil solution is due to
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“LDH memory effect” (Bendinelli et al., 2016; Bernardo et al., 2016; Cosano et al., 2016;
Santos et al., 2017b).

In the soils collected in cultivated areas in which P fertilization is a common practice,
there was a higher initial availability of P, therefore, in these soils, the P recovery
capacity of the extractant is higher than in the soils from the uncultivated areas. When
soils were grouped according to the area in which they were collected, the average RRP
from CAF-LDH-c was 29.7 and 20.1 % for cultivated and uncultivated areas, respectively
(Table 3). Previous studies presented by Reis et al. (2020), Souza et al. (2017), and
Mumbach et al. (2018), using M-1, M-3, and MER extractants, showed that the recovery
capacity of the extractants is greater in soils from cultivated areas compared to soils
from uncultivated areas. Thus, the results of the present study agreed with the previous
studies reported in the scientific literature and showed that the CAF-LDH-c extractant was
sensitive to P recovery in cultivated and uncultivated soils since the average recovered
by this extractor was higher in cultivated soils.

The critical level of P calculated for CAF-LDH-c extractant (Table 3) also showed the
sensitivity of this extractant to initial soil availability of P. In general, the critical level
was higher for cultivated soils with higher initial available P content. The results from the
present study agreed with previous research studies presented by Souza et al. (2017)
and Mumbach et al. (2018).

The approach used in the methods regarding the predictive capacity of the P availability
was made by Pearson’s linear correlation between the P uptake by plants and the
availability of P in the soil by each extractant. This is explained because the plant’s
nutrient uptake is a measure that is less affected by concentration or dilution effect on
the total P absorbed, due to the greater or lesser growth of the plants, as occurs with
the content of P in the tissue. There was a linear relationship between P uptake and
soil extractable P in the soil by CAF-LDH-c, M-1, M-3, and MER extractants (Table 4). It
is important to obtain extractants whose contents of nutrients extracted from the soil
correlate significantly with the plant’s nutrient uptake (Simdes Neto et al., 2009). Thus, all
extractants used in this study had a satisfactory predictive capacity for the P availability
in the soil. Specifically for CAF-LDH-c, the significant correlations between extracted P
in the soil and P uptake showed the efficiency of the method for different types of soils.
Wide efficiency in soils with different properties is a required design in a new extractor
(van Raij and Feitosa, 1980; Simdes Neto et al., 2009). Although all extractants have
been efficient, the use of CAF-LDH-c is an ecologically friendly alternative to replace
the commercial extractants typically used, since LDHs can be produced from green
synthesis, and cellulose acetate is a biodegradable polymer. Furthermore, LDHs applied
as extractors allow a faster analysis in the laboratory in comparison with MER because
they do not present all the operational difficulties presented by resin extractants.

The general correlation between the P content extracted in all soils and the plant nutrient
uptake gives information about the range of the extractant in relation to different types
of soil. Therefore, greater correlations could mean less influence of soil properties on the
extraction capacity of the nutrient by the extractant. It was observed that the highest
correlation coefficients were obtained when the extractors used were M-1 and M-3,
followed by CAF-LDH-c and, finally, MER (Figure 4).

Another possibility to evaluate the predictive capacity of a new extractant is to compare
the total extracted in the soil with the other extractants most used in routine testing
laboratories and research (Eckert and Watson, 1996). Thus, a general correlation between
the P content extracted in all soils for CAF-LDH-c, M-1, M-3, and MER extractants was
investigated (Table 5). The correlation between the P extracted from soil was highly
significant among all extraction methods used (Table 5). The significant correlation of
the P in the soil from CAF-LDH-c, with those extractants usually used by routine testing
laboratories, shows the possibility of using this extractant as a new routine method.
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Several studies showed only a significant correlation between the usual extractors, and
also showed the correlation between plants’ P uptake and P availability in the soil from
extractants (Bonfim et al., 2003; Rolim et al., 2008; Farias et al., 2009; Simonete et al.,
2015). In the present study, in which the aim was to evaluate a new extractor to access
the availability of P in the soil, CAF-LDH-c was shown to have the predictive capacity
for the P availability in the soil, P in the plant, and P recovery from other conventional
extractors. Usually, in research for soil fertility, field calibration experiments are necessary
after greenhouse correlations studies to validate the new extractant. Thus, additional
experiments using CAF-LDH-c as an extractant of P in field conditions are being performed
by the authors.

CONCLUSIONS

A new accurate method to evaluate P in soil was developed. This method has a sensitivity
to the phosphate (P) buffering capacity of soils as shown through the availability of P in
the soils, by the P recovery rate capacity, and the critical level of P. Significant correlations
of the extractable P from CAF-LDH-c with Mehlich-1, Mehlich-3, Mixed Exchange Resin,
and P uptake by plants demonstrated the possibility of using this extractant as a new
methodology to evaluate the availability of P in the soil for plant cultivation.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://www.rbcsjournal.org/
wp-content/uploads/articles xml/1806-9657-rbcs-47-e0220140/1806-9657-rbcs-47-
€0220140-suppl01.pdf.
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