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RESUMO GERAL

A recuperacdo de fésforo (P) a partir de residuos e aguas residuarias € uma necessidade
crescente no cenario atual. Nesse contexto, o uso de biocarvdo modificado com cations como
adsorventes é de suma relevancia. Tal tecnologia de modificacdo de biochar pode ser
empregada a partir de diversas matérias-primas e deve ser estudada. Os objetivos desse trabalho
foram: i) estudar diferentes biomassas impregnadas com magnésio (Mg?*) para recuperar P de
solucdo aquosa e seu potencial uso como fertilizante; ii) avaliar a impregnacdo com céations
(Mg?*, Fe** e AI**) e métodos de producio (forno mufla e forno vertical com fluxo de N2) na
adsorcéo de P e caracteristicas fisicas e quimicas dos biocarvdes; e iii) realizar a especiacédo de
P adsorvida no biochar modificado com cétions, usando a espectroscopia de absorcao de raios
X (XAS). No primeiro estudo, biocarv6es foram produzidos por pirdlise lenta a 500 °C a partir
de cama de frango (BCF), esterco de suinos (BES) e lodo de esgoto (BLE), impregnados com
+ 10% de magnésio Mg?* no biocarvio. Esses materiais foram caracterizados e a capacidade
de sorver P foi estudada. Posteriormente, avaliou-se a eficiéncia dos biocarvoes em reter e
liberar o P. BES e BCF impregnados com Mg e carregados com P apresentaram potencial para
serem reutilizados como fertilizantes fosfatados; suas eficiéncias foram iguais ou superiores ao
TSP no cultivo de milho em curto prazo, além de melhorar a fertilidade do solo para novos
cultivos. Em outro estudo, o esterco de suino foi impregnado com + 20% de Mg?*, aluminio
(APY) e ferro (Fe**) e produzido sob dois métodos de preparo (forno mufla e forno vertical sob
fluxo de N). Foi realizada uma caracterizacao fisico-quimica detalhada e foi feito um estudo
da capacidade de adsorcdo e liberacdo de P a partir de solucdo aquosa. O BES impregnado com
20% de Mg e produzido em forno mufla apresentou a maior sorcio de P (231 mg g, isoterma
de SIPS) quando comparado aos materiais impregnados com Al e Fe. O biocarvao modificado
com Fe apresentou a a menor capacidade de adsor¢éo de P, ndo possibilitando a modelagem da
adsorcdo. Os métodos de producdo (mufla - baixo Oz ou forno sob N2) ndo tiveram influéncia
significativa nas caracteristicas que regem a adsor¢éo, como grupos funcionais, area superficial,
guantidade e tamanho dos poros e formacdo de minerais. Por fim, os biocarvées modificados
com cétions e carregados com P foram analisados por espectroscopia de absorcao de raios X na
regido proxima a borda de absor¢do do P (XANES). No biocarvao nao impregnado com céations,
os fosfatos de célcio (P-Ca) foram as principais espécies quimicas, predominando a
hidroxiapatita. Ja nos biocarvdes impregnados com Al houve predominio de compostos P-Al e
o mesmo foi observado para Fe, ou seja, predominaram as espécies de P-Fe. Por outro lado,
para o biocarvdo impregnado com Mg, foram identificadas as espécies de P-Mg, mas
predominaram as espécies de P-Ca devido a quantidade de Ca no esterco de suino e a facilidade
de precipitacdo dos compostos P-Ca. O biocarvdo modificado com Mg é mais recomendado
para tratamento terciario para remocédo de P em esta¢des de tratamento de esgoto, devido a sua
alevada capacidade de adsorcéo de P e potencial de desempenho como fertilizante fosfatado
superior as fontes sollveis convencionais.

Palavras-chave: Recuperagdo de fosforo. Uso na agricultura. Fertilizante fosfatado.
Caracterizagdo. P-XANES. Biocarvéo.



GENERAL ABSTRACT

Phosphorus (P) recovery from waste and wastewater is a growing need in the current and future
scenarios. The emergence of adsorbents such as cation-modified biochar is a technology that
can be used from different feedstocks. The objectives of this work were: i) to study different
biomasses impregnated with magnesium (Mg?*) to recover P from aqueous solution and its
potential as a fertilizer; ii) to evaluate the impregnation with different cations (Mg?*, Fe** and
AI*") and production pyrolysis condition (muffle furnace and vertical furnace with N2 flow) in
the adsorption of P and physical and chemical characteristics of the biochars; and iii) to evaluate
the speciation of P adsorbed in the cation-modified biochar, using X-ray absorption
spectroscopy (XANES). In the first study, biochars were produced by slow pyrolysis at 500 °C
from poultry litter (PLB), pig manure (PMB) and sewage sludge (SSB), impregnated with +
10% magnesium Mg?* in the biochar. They were characterized and their adsorption capacity
studied. Subsequently, the efficiency of biochars in retaining and releasing P was evaluated.
The main results show that PMB and PLB impregnated with Mg and loaded with P had the
potential to be reused as phosphate fertilizers; their efficiencies were equal to or greater than
TSP in the short-term cultivation of maize, in addition to improving soil fertility for other
cropping cycles. In another study, pig manure was impregnated with + 20% Mg?*, aluminum
(AP") and iron (Fe*") and produced under two pyrolysis condition of preparation (muffle
furnace and vertical furnace under N> flow). A detailed physical-chemical characterization was
carried out and a study was made of the adsorption and release capacity of P from aqueous
solution. PMB impregnated with 20% Mg and produced in a muffle furnace showed the highest
adsorption of P (231 mg g%, SIPS isotherm) when compared to materials impregnated with Al
and Fe. The biochar modified with Fe showed the lowest adsorption capacity of P not allowing
the modeling of adsorption. The pyrolysis condition (muffle - low O2 or furnace under N) had
no significant influence on the characteristics that govern adsorption, such as functional groups,
surface area, quantity and size of pores and formation of minerals. Finally, in another study the
biochars modified with cations and loaded with P were analyzed by X-ray absorption near edge
structure (XANES). The study indicated that in biochar not impregnated with cations, calcium
phosphates (P-Ca) were the main chemical species, with a predominance of hydroxyapatite. In
the biochar impregnated with Al, there was a predominance of P-Al compounds and the same
was observed for Fe, that is, the species of P-Fe predominated. On the other hand, for the
biochar impregnated with Mg, P-Mg species were identified, but the P-Ca species predominated
due to the amount of Ca in the pig manure and the trend of precipitation of the P-Ca compounds
over P-Mg compounds. The biochar modified with Mg is more recommended for tertiary
treatment to remove P in sewage treatment plants, due to its high P adsorption capacity and
performance potential as a phosphate fertilizer superior to conventional soluble sources.

Keywords: Phosphorus recovery. Use in agriculture. Phosphate fertilizer. Characterization. P-
XANES. Biochar.
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LIST OF ABBREVIATIONS
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FIRST PART

GENERAL INTRODUCTION

Phosphorus (P) is a nutrient for plants and animals. However, it can also cause a negative
impact on the environment due to the excessive use of fertilizers, which through runoff or
leaching can reach water bodies and cause eutrophication. The main source of P for fertilizer
production is phosphate rocks, which are a finite resource. Thus, it is estimated that the demand
for P fertilizers may exceed extraction in the next 100 to 120 years (called “peak P”), so there
is a need to recycle this nutrient from other sources (CORDELL et al., 2009), such as organic
waste, sewage sludge, P-rich wastewaters, etc.

The main existing technologies to recycle P from wastewater are precipitation,
adsorption, and biological removal. Precipitation is widely used, and P can be precipitated in
the form of struvite (MgNH4PO4-6H,0). Adsorption is considered to be the most effective
method due to its high selectivity, easy operation, compact installations and reuse of the
adsorbent (XIONG et al., 2011; LALLEY etal., 2015; LOGANATHAN et al., 2014).

A number of materials are used to adsorb P, such as montmorillonite (CHANG et al.,
2016), zeolites (JIANG et al., 2013), pumice (KARIMAIAN et al., 2013), iron oxides
(GIMENEZ et al., 2007), red mud (YE et al., 2015), coir pith (KRISHNAN & HARIDAS,
2008), ash from coal burning in power plants (AGYEI, STRYDOM & POTGIETER, 2002;
CHEN et al., 2007; CHO, OH & KIM, 2005), steel slag (BOUJELBEN et al., 2008), etc. Other
materials used as adsorbent are biochars from different residues, which can adsorb toxic
elements and nutrients (e.g. P). The main advantages of biochars are low cost to obtain, reuse
of waste, good stability in the environment, high porosity, easy preparation and operation (TAN
et al., 2015; JEONG, DODLA & WANG, 2016). They can also influence the cycling of
nutrients acting on the biological, physical and chemical processes of the soil (LAIRD et al.,
2010; BIEDERMAN & HARPOLE, 2013).

Negative charges predominate on the biochar surface due to the high pH value and the

presence of oxygenated groups, which results in a low recovery capacity of P (H,PO; or HPO?)

from aqueous solutions (ZENG et al., 2013; TAKAYA et al., 2016; SHEPHERD et al., 2017).
An interesting alternative to improve the P removal capacity is the impregnation with cations

in the feedstock and subsequent pyrolysis or post-pyrolysis treatment. This creates cationic
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bridges and substantially increases the adsorption capacity of P from wastewater, and can still
be used later as a fertilizer (L1 et al., 2016).

The most used cations for the treatment of biochar aiming to retain phosphate are
magnesium (Mg?*), iron (Fe?*), and aluminum (AI**). Mg?* has been the most used cation
because it is a nutrient that can be added to the soil together with P (TAYAKA et al., 2016; (LI
etal., 2016; CUl et al., 2016; JUNG & AHN, 2016), followed by Fe?* (YANG et al., 2018; CAI
etal., 2017), and by AI** (ZHANG et al., 2012; WAN et al., 2017; NOVAIS et al., 2018). It is
desirable that the adsorbed phosphate be desorbed in synchrony with the nutrient plant demand,
so that the material has the potential to act asenhanced efficiency fertilizer. Thus, it is important
to know the chemical phosphate species formed after adsorption.

X-ray absorption spectroscopy (XAS) at the K edge using synchrotron light is a very
powerful technique for understanding P speciation in soils and other environmental matrices,
mainly using the XANES regions of the spectrum (HESTERBERG, MCNULTY & THIEME,
2017; SANTOS, HESTERBERG & ALLEONI, 2017). For example, using this technique it
was possible to observe the formation of poorly soluble P species (e.g. apatite) in biochar
produced at high pyrolysis temperature (> 600 °C) (BRUNN et al., 2017). However, despite the
widespread use of metal-modified biochars for P recovery by adsorption in recent years, to date,
no study has evaluated the P species formed using the XANES technique, nor correlated such
chemical species with their agronomic efficiency, which was carried out in this thesis.

The objective of the first chapter is to produce biochars from poultry litter, pig manure and
sewage sludge impregnated with Mg?* and verify their ability to remove phosphate from
aqueous solution. In addition, evaluate the subsequent release of the adsorbed phosphate and
study its use as a fertilizer. The second chapter aimed to study the effect of impregnation with
different cations (Mg?*, Fe®* and AIP*) and pyrolysis conditions (furnace with N2 flow and
muffle furnace) on the physicochemical characteristics of biochars and P. adsorption. The third
chapter aims to study speciation using absorption spectroscopy and X-rays in modified

biochars, in order to understand their behavior when used as fertilizers.
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Abstract

Phosphorus (P) recovery from wastewater using biochar is an alternative to P recycle and reuse.
However, the impregnation of cations for biochar production is needed to enhance P removal.
We aimed at studying the P adsorption and release capacity of biochar enriched with
magnesium (Mg?*) and its potential use as fertilizer. Biochars were produced from poultry litter
(PLB), pig manure (PMB), and sewage sludge (SSB) impregnated with MgCl..
Characterization comprised pH, electrical conductivity, total nutrient content, moisture and ash
contents, FTIR, XRD, Raman, and SEM-EDX. Phosphorus adsorption isotherms by biochars
were obtained and P desorption was also studied. A pot experiment with maize in an Oxisol
was performed with the P-loaded biochars, triple superphosphate - TSP (positive control) and
no P application (negative control). PMB showed the highest P adsorption (68.0 mg g). The
main mechanisms of P removal were through precipitation with cations, ligand exchange
reactions and electrostatic attraction on the biochar surface. The P-loaded biochars promoted
plant growth and accumulation of P in maize, which was similar or greater than TSP. In
conclusion, Mg-impregnated biochar is a sustainable option to add value to organic residues
and to recycle P to be reused as enhanced efficiency fertilizer.
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Introduction

Phosphorus (P) is an essential element for living organisms, but its sources are finite,
scarce and there is no substitute (Cordell 2008). Population growth causes an increased demand
for food production and, consequently, for phosphate fertilizers, which might cause exhaustion
of the easily mineable P reserves in the near future (lwaniec et al., 2016). Therefore, P recycling
will be increasingly important to support agriculture production and to reduce environmental
pollution pressure. A great amount of P loss occurs via improper waste or wastewater disposal,
which along with nitrogen (N), can cause eutrophication in water bodies (Ucker et al., 2012).
Therefore, there is an urgent need to recover P and reuse it safely as a fertilizer.

Phosphate rocks are the main P sources processed in the fertilizer industries, which
generally promote acid solubilization for producing highly water-soluble fertilizers. Tropical
soils, such as most Brazilian agricultural soils, are highly weathered and the clay fraction is
dominated by kaolinite, and Fe and Al oxyhydroxides, which have high P fixing capacity,
causing low P use efficiency of the soluble sources (Roy et al. 2016). It is estimated that the
intensification of agricultural production in the tropics (especially in Brazil) should
substantially increase the demand for phosphate fertilizers in the coming decades (Roy et al.
2016; Withers et al. 2018). In addition, in Brazil, about 50% of industrial phosphate is imported
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and the country does not have a well-developed P recycling system, which increases the
pressure on government agencies and industries on this environmental demand.

In this scenario, it is essential to develop technologies for P recovery, with special
emphasis on precipitation and adsorption techniques. P recovery from wastewater and other
matrices by adsorption using biochar has gained attention lately (Trazzi et al. 2016; Yin et al.
2018; Vikrant et al. 2018; Takaya et al. 2016; Cai et al. 2017; Li et al. 2016; Sheperd et al.
2016; Cui et al. 2016). Biochar is the solid product of the pyrolysis of organic waste and has
several environmental applications (Lehmann and Stephen 2015). The main advantages of
biochar are the possibility of recycling residues, high stability in the environment, high porosity,
and relatively easy preparation and operation (Tan et al. 2015; Jeong et al. 2016).

The biochar surface is dominated by negative charges due to the high pH and the
presence of oxygenated groups, which results in low P adsorption capacity of phosphate ions
(H,PO, or HPO;Z) from aqueous solution (Zeng et al. 2013; Takaya et al. 2016; Shepherd et al.
2016). An interesting alternative to improve the adsorption capacity of biochar is the
impregnation of magnesium (Mg?*) in the raw material for subsequent pyrolysis. Addition of
Mg?* creates cationic bridges, which can substantially increase the adsorption capacity of P
from wastewater with further potential to be used as fertilizer (Li et al. 2016). To date, few
studies have used this approach (Li et al. 2016; Cui et al. 2016; Novais et al. 2018; Yin et al.
2018) and none has been tested as a fertilizer in tropical soils, which are naturally poor in
nutrients, especially P and Mg (Lopes & Guilherme 2016).

Yao et al. (2013) studied tomato leaves grown in a peat-based medium enriched with
Ca and Mg, converted them into engineered biochar and observed that biochar enriched with
Mg was more efficient on the P removal from aqueous solution. Akgul et al. (2019) also
observed that Mg-impregnated biochar was the most efficient composite to adsorb P, as
compared with those impregnated with Fe, Mn and Al. Recently, Zhu et al. (2020) showed that
conversion of MgClz-impregnated corn stalks into biochar promoted the formation of pores and
decomposed into MgO nanoparticles, which adsorb PO;  mainly by rapid binding on the
external surface and the slow diffusion of adsorbed phosphate into the biochar interior. They
described the processes involved in the phosphate removal as electrostatic attraction to MgOH™
sites followed by precipitation to form Mgs(POs)2 and MgHPO..

Residues such as poultry litter, pig manure, and sewage sludge are of special interest for

testing as raw material for biochar production to use as P adsorbents, due to their high
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production in Brazil, reaching 15 million tons per year (Pinto et al. 2014; Dalodlio et al. 2017;
Ageéncia Nacional das Aguas 2017). These residues are associated with wastewater generation,
which is challenging in terms of treatment and final disposal since they are often disposed in
landfills, causing losses of P and other nutrients. Therefore, more studies are needed, focusing
on developing alternatives for recycling and adding value to these materials.

This study aimed to produce Mg-impregnated biochar from poultry litter, pig manure,
and sewage sludge for phosphate adsorption from aqueous solution and to evaluate its potential
use as fertilizer in a P-fixing tropical soil. With this approach, a sustainable technology to

recover P is proposed to reuse waste and to produce enhanced fertilizer for plant growth.

Material and methods

Biochar preparation

Poultry litter was collected in farms near Lavras, Minas Gerais state, Brazil. Pig manure
was collected in the swine sector and sewage sludge in the sewage treatment plant, both located
at the Federal University of Lavras. The biomasses were oven dried at 50 °C until constant
weight, ground in a mill equipped with a 10-mesh sieve (<0.25 mm). Later, the biomasses were
impregnated with magnesium chloride (MgCl2) solution aiming to reach ~10% of Mg in the
biochar. This Mg concentration was based in other studies that have showed great performances
of biochar on P adsorption in this range of Mg concentration (Li et al. 2016; Novais et al. 2018)
and also aiming its final use as a fertilizer (Lustosa Filho et al. 2020). For this, 50 g of each
biomass were mixed with 500 mL of 2.67 mol L™t MgCl; solution. Subsequently, the mixture
was shaken for 24 h at 120 oscillations per minute in a shaker (TE 240/1 Tecnal) and oven dried
at 80 °C.

For the production of biochars, the biomasses with and without Mg?* impregnation were
accommodated in porcelain crucibles, which were overlapped to prevent O flow and allow
pyrolysis (Bekiaris et al., 2016). The process was carried in a muffle furnace at a heating rate
of 10 °C min™! to reach 500 °C, which was maintained for 2 h (Lustosa Filho et al., 2017). After
pyrolysis, the samples were slowly cooled to room temperature, ground in a porcelain mortar,
and sieved to <0.25 mm. After processing, six biochars were produced: poultry litter biochar

(PLB), pig manure biochar (PMB), sewage sludge biochar (SSB), poultry litter biochar
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impregnated with MgCl, (PLB-Mg), pig manure biochar impregnated with MgCl. (PMB-Mg),
and sewage sludge biochar impregnated with MgCl, (SSB-Mg).

Biochar characterization

Electrical conductivity (EC) and pH were determined in triplicate according to Singh et
al. (2017). The ash and moisture contents of the biochars were evaluated by the standard method
ASTM D1762-84 (ASTM 2007). Total Mg and P contents were determined according to Enders
and Lehmann (2012). The contents of the tubes were filtered in membranes (<0.45 um) and the
elements were quantified by ICP-OES. The C content was determined in an elemental analyzer
(model Vario TOC cube, Elementar, Germany).

The microscopic features and morphology were characterized using a field emission gun
scanning electron microscopy (Zeiss EVO 50.) equipped with an energy-dispersive X-ray
(EDX) spectroscopy (IXRF Systems 500 Digital Processing). X-ray diffraction (XRD) analysis
was also carried out to identify any crystallographic structure in the samples using a CuKa
radiation (A = 0.1540 nm), operated at 30 kV and 15 mA, with Ni filter for Kf} suppression, and
detection with a scintillator of Nal and Be window. Fourier transform infrared (FTIR)
spectroscopy were recorded using a Digilab Excalibur spectrometer with a spectral range of
4000 — 400 cm™* with 32 scans and 4 cm™? resolutions. Analyses were performed on the pristine
and Mg-impregnated biochars after P adsorption. Raman analysis was performed with a
LabRAM HR Evolution spectrometer. The statistical analysis and the data were analyzed by
determining the area ratio between the D and G bands (Ipo/lg) as described in the supplementary

information.

Adsorption isotherms

Batch adsorption study was performed as described by Li et al. (2016) with
modifications. In triplicate, 100 mg of biochar samples were placed in 50-mL polypropylene
tubes and 20 mL of phosphate solution (obtained from a stock solution of 1000 mg L' of
KH,PO4) were added (5.0 g L! adsorbent dose) with the following concentrations: 5, 10, 20,
50, 100, 200, 300, 400, and 500 mg L', which were prepared using 0.01 mol L™ Ca(NOs),

background solution. The mixture was stirred for 30 min at 120 oscillations per minute and the
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pH was adjusted to 4.0 with 0.1 mol L™! HCI solution and stirred for another 24 hours at room
temperature. After this period, the equilibrium pH was recorded and extracts were filtrate in
membranes (<0.45 um, Millex HP). The concentration of P at equilibrium solution was
measured by ICP-OES.

The adsorption capacity (Q.) of the different biochars was calculated by mass balance
as expressed by equation (1):

V(Ci - Ce)
m

Qe (mgg™") = @

where V' is the volume of solution (L), C; and Ce. are the initial and equilibrium P concentrations
(mg L), respectively, and m is the biochar (adsorbent) mass (g). The data obtained were
adjusted to Langmuir and Freundlich isotherm models as described in the supplementary

information.

Desorption study

For the desorption study, the procedure described by Li et al. (2016) was followed with
modifications. A total of 200 mg of biochar was used, in which 40 mL of KH2PO4 solution
containing 300 mg L of P were added, and the mixture was properly shaken on a shaker at
120 rpm for 24 hours. After adsorption, the P-loaded adsorbent was separated from the solution
through centrifugation (1,957 g) and the supernatant was analyzed for P by ICP-OES. The
amount of adsorbed P was calculated. For desorption, three solutions were tested by adding into
the tubes, separately, 20 mL of deionized water, 2% citric acid and Mehlich-1 solution (0.025
mol L de H2SO4 + 0.05 mol L de HCI), which were shaken for another 4 hours. After, the
supernatant was filtered in blue band filter and P was measured by ICP-OES. The amount of
desorbed P was calculated. The desorption rate was calculated by dividing the desorbed amount

by the adsorbed amount.

Pot experiments

Soil sample of an Oxisol (Rhodic Hapludox) was collected in Lavras, Minas Gerais,
Brazil (915 m altitude, 21°13'34"” S and 44°58'31” W) in the subsoil layer (40 - 60 cm) of a
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small fragment forest. Samples were air-dried and passed through a 2-mm sieve for chemical
and physical soil characterization, then it was fertilized as described in the supplementary
information.

Three P-loaded biochars (PLB-Mg, PMB-Mg, and SSB-Mg) were applied aiming to
supply 200 mg kg of P, which is the recommended amount for pot experiments (Novais et al.
1991). Pots with triple superphosphate (TSP) and without P addition were carried out as positive
and negative controls, respectively. The experiment was set up as a completely randomized
design with four replicates. Then, three seeds of maize were sown per pot and five days after
germination only one plant was left and cultivated up to 21 days. After the growth period, plant
heights and stem diameter were recorded, and plants were harvested. Shoots were collected and
oven dried for 72 hours at 65 °C, dry mass production was recorded, and plant material was
ground to determine macro and micronutrient contents by ICP-OES, after nitric-perchloric acid
digestion (Malavolta et al. 1997). After cultivation, soil from each pot was air-dried, sieved (<
2 mm), and analyzed for pH, available Mg by 1 mol L™ KCI extractor and P by using the anion-
exchange resin (Raij et al. 1986) and Mehlich-1 solution (Mehlich 1953).

Statistical analysis

Normality was analyzed using the Shapiro Wilk test (Shapiro & Wilk 1965), and
homoscedasticity was verified using the variance equation test (or the Levene test) (Brown &
Forsythe 1974). The data were subjected to analysis of variance (ANOVA) and, when
significant (p < 0.05), the means were compared by the Tukey test at p < 0.05 using the
ExpDes.pt package (Ferreira et al., 2011). The Pearson correlation (r) was performed to verify
the relationship between P-uptake by plants and the P extracted by Mehlich-1 and anion

exchange resin. All analysis was done in software R 3.4.1. (R Core Team 2017).

Results and discussion
Characterization of adsorbents

The properties of the biochars before and after of impregnated with Mg are shown in
Table 1. The highest ash contents were observed in the SSB (80.3%) and SSB-Mg (66.9%),
followed by PMB (53.9%); PLB (46.1%); PLB-Mg (42.2%) and PMB-Mg (39.7%). The

highest ash content in SSB-Mg is due to the composition of this biomass, which is composed
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mainly of Al, Fe, and Si (Table S1) that are concentrated during pyrolysis. The ash contents
found in the biochar samples in this study are in the same range of those found in other studies
with similar biomasses (Novais et al. 2018; Tsai et al. 2012). Variation in biochar ash contents
are due to differences in the composition of biomasses, location of collection, and pyrolysis
temperature(Domingues et al., 2017). The moisture of the biochars ranged from 1.55 to 19.9%.
The pH of the biochars was higher for PLB and PLB-Mg, followed by PMB and PMB-Mg and
SSB and SSB-Mg The lowest pH value for SSB is due to lower levels of basic cations (e.g.
Ca?*, Mg?*, and K*) and higher levels of acid cations (e.g. Fe?" and AI**). EC followed the same
trend of the ash content since they are closely related due to salts dissolution.

Table 1. Properties of biochars from poultry litter (PLB), pig manure (PMB) and sewage sludge
(SSB) impregnated with Mg?*.

Properties Biochar

PLB PLB-Mg PMB PMB-Mg SSB SSB-Mg
Ash (%) 46.1+0.19 42.2+0.69  53.9+5.75 39.7+0.29  80.3+0.22 66.9+0.65
Moisture (%) 454+0.36 19.9+1.86  3.44+0.48 16.7+0.60  1.55+0.07 13.5+0.75
pH (H20) 10.7+0.02 9.93+0.01  8.02+0.11 0.84+0.01 5.55+0.02 8.45+0.08
EC (mScm?) 12.6+0.20 31.9+0.17  0.33+0.00 27.9+0.12  1.65+0.04 39.7+0,10
C (%) 40.9+0.94 26.9+0.18 44.7+0.41 23.7+0.64  10.6x0.11  5.6+0.05
Mg (g kg?) 14.1+0.41 90.1+2.12  3.25+0.06 101+2.80 3.67+0.06 98.8+3.00
P (g kg?) 36.1+1.49 19.3+0.31 10.69+0.45 4.26+0.29  6.76+0.14 3.58+0.05
Ca (g kg?) 56.8+2.04 29.4+0.68 26.5+0.24 10.8+0.07 11.3+0.34 7.45%0.25

The highest C content was observed in non-impregnated biochars, since impregnation
is the addition of salts that makes the biochar more mineral, thus reducing the C content (Table
1). Agrafioti et al. (2013) also found low C contents (6.0-14.4%) in sewage sludge biochar
samples prepared at 500 °C, which was attributed to increased volatilization of this element
during pyrolysis. The higher C content in biochars is linked to the formation of aromatic groups
and also the greater resistance of biochar to microbial degradation (Domingues et al., 2017)..
The P content in PLB-Mg was four times greater than PMB-Mg and five times greater than
SSB-Mg, showing higher potential of supplying P as a fertilizer. However, P release rate is

greatly reduced in biochar as compared to its original feedstock (Liang et al. 2014).

Adsorption isotherm and desorption

Phosphorus adsorption isotherms as well as the fitting of Langmuir and Freundlich

models for the Mg-impregnated biochars are shown in Fig 1. Both models could describe the P
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isotherm data well and, in general, the Langmuir model fitted better (R? of 0.94-0.98) than the
Freundlich model (R? of 0.86-0.99) (Table 2). The maximum P sorption capacity (qm) as
estimated by the Langmuir model was 34.5, 68.0, and 28.1 mg g™* for PLB-Mg, PMB-Mg, and
SSB-Mg, respectively (Table 2).

Table 2. Constants and correlation coefficients of Langmuir and Freundlich models for the

sorption of P in biochar impregnated with Mg?*.

Langmuir
Biochar gm(mg g1 K. (L mg?) R?
PLB-Mg 34.5 0.064 0.94
PMB-Mg 68.0 0.063 0.96
SSB-Mg 28.1 0.071 0.98
Freundlich
Biochar Ke (mg g?) n R?
PLB-Mg 2.68 1.84 0.86
PMB-Mg 4.37 1.59 0.90
SSB-Mg 3.34 2.48 0.99

PLB-Mg: poultry litter biochar with 10% of Mg, PMB-Mg: pig manure biochar with 10% of Mg, SSB-Mg: sewage sludge biochar with 10%
of Mg.

The best fit of the isotherm data to the Langmuir model indicates predominance of
monolayer adsorption, while the Freundlich model is used to describe chemisorption on a
heterogeneous surface (Vikrant et al., 2018). The Langmuir constant (K.) represents the
adsorbed adsorbent-binding energy and the Freundlich constant is related to the adsorption
capacity in multilayers, while n is related to the adsorption intensity (Luo et al., 2016). There is
a qualitative relation between the parameter n and the distribution of adsorption sites, when the
n value equals the unit all the energy adsorption sites are equivalent, and the Langmuir model
IS better suited. However, when n # 1 the distribution of the energy sites tends to vary with the
adsorption density (Meroufel et al., 2013). Thus, the higher the n value the greater the
heterogeneity of the adsorption sites. The highest n value was observed in SSB-Mg and the
Freundlich model fitted better the data (R? = 0.99) and showed the lowest qn value (28.1 mg g
1 of P) of the three biochars (Table 2). Conversely, PLB-Mg and PMB-Mg presented lower n
values and higher gm values as compared to SSB-Mg, being better fitted to the Langmuir model
(R?=0.94 and R? = 0.96). These results suggest that adsorptions probably took place mainly as
monolayers and are better distributed on the biochar surface, although other process such as

surface precipitation might have occurred as well. Despite the lowest adsorption capacity of the
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SSB-Mg, the qualitative adsorption parameters suggest a high-affinity of P adsorption, which
increases its retention in the biochar matrix and might reduce its fertilizer potential.

The most commonly employed cations to enhance biochar P adsorption capacity are
Mg, Al, Ca, and Fe. Yin et al. (2018) performed a study using soybean straw biochar
impregnated with these four cations and they concluded that Mg has the highest P sorption
capacity and, thus, it is indicated to tailor biochar for this specific purpose. The values of gm
found in this study were within the range normally found in the literature for these types of
materials (Table 3). However, it demonstrates clearly that the biomass and the pyrolysis
temperature greatly affect the P adsorption capacity. Moreover, variations in the maximum
adsorption capacity of the cation-impregnated biochar materials can be as high as two orders of
magnitude.
Table 3. Summary of the Langmuir maximum adsorption capacity of phosphate by different

adsorbents from aqueous solution.

Biomass te?%lgglrﬁlie Qm(mgg?) Modifier References
Peanut shells 700 °C 6.79 - Jung et al. 2015
Raw cypress 500 °C 58.82 MgCL.6H.0  Haddad et al. 2017
sawdust

Holm Oak 650 °C 64.6 MgCl,.6H,0 Takaya et al. 2016
Thalia dealbata 450 °C 46.56 MgCl,-alginate Cui etal. 2016
Water hyacinth 450 °C 5.07 Iron oxide Caietal. 2017
Orange peel powder 700 °C 1.24 FeCl; and FeCl; Chen et al. 2011
Sewage sludge 600 °C 153.85 CaCl; Saadat et al. 2018
Oak 500 °C 46.37 Lanthanum Wang et al. 2016
Poultry litter 500 °C 34.5 MgCl> This study

Pig manure 500 °C 68.0 MgCl, This study
Sewage sludge 500 °C 28.1 MgCl, This study

Qm: maximum adsorption capacity of phosphate

Most studies in the literature only evaluate the P adsorption capacity of the modified
biochars and highlight their capacity to remove P from aqueous solution. However, it is of
primary importance to study the P desorption profile of such materials to evaluate their potential
fertilizer value. Therefore, we evaluated the P desorption in the biochars using distilled water,
2% citric acid and Mehlich-1 solution (Fig 1d). The water-soluble P represents the readily
available fraction either for plant uptake or leaching, depending on the soil conditions, while
the citric acid and Mehlich-1 solutions represent the potentially plant available P fraction since
plants usually acidify the rhizosphere and solubilize P (Li et al., 2008). For all extractors, P-
loaded PMB-Mg presented higher desorption value followed by P-loaded PLB-Mg and P-
loaded SSB-Mg. Mehlich-1 solution caused the highest desorption values (28.0 and 28.6%) for
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PLB-Mg and PMB-Mg, while 2% citric acid desorb more P in the SSB-Mg (8.7%). Generally,
the lowest desorption values indicate that there is a strong interaction between adsorbent and
adsorbate (Li et al. 2016). The P extraction in water was 1.5% for PMB-Mg, 1.3% for PLB-
Mg, and 0.7% for SSB-Mg, which indicate that only a small P fraction is readily available and
this can be positive for application in highly P-fixing soils (Lustosa Filho et al., 2017). The low
P desorption in water is due to the very mild extraction as compared to the high P binding
energy in such surface types (Novais et al., 2018). Thus, an actual plant growth test is needed

to confirm their potential fertilizer value and to compare with conventional fertilizers.
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Figure 1. Phosphorus adsorption isotherms (a, b and c) and percentage of desorption (d) in

biochar samples impregnated with Mg?*
Notes: Error bars represent the standard deviations of the treatment mean replicates (n=3)
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PLB-Mg: poultry litter biochar with 10% of Mg, PMB-Mg: pig manure biochar with 10% of Mg, SSB-Mg: sewage sludge biochar with 10%
of Mg.

Scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

SEM-EDS images of the Mg-impregnated P-loaded biochars are shown in Fig 2. The
SEM images for PLB-Mg, PMB-Mg, and SSB-Mg show differences in the structure and size
of the biochar grains (Fig 2a, d, and g). The EDS spectrum mapping revealed a uniform Mg
distribution (Fig 2b, e, and h), which was closely associated with P distribution (Fig 2c, f, and
i) and reveal that Mg on the biochar surface is the P binding agent. Although Mg and P are
closely linked, the mechanism of P adsorption will be further explored by other techniques

along the text.

Figure 2. SEM images of biochars (a), (d) and (g) and SEM mapping of Mg (b), (¢) and (h) and
P (c), (f) and (i) respectively to PLB-Mg-P, PMB-Mg-P, and SSB-Mg-P biochars.
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In Fig S1 are shown the peaks of the main elements found on the biochars surface before
and after the impregnation and adsorption of P. The high intensity of Mg peaks shows the
success of the Mg?* impregnation (Fig S1 and Table S1). PLB showed intense peaks of Cl and
K prior to impregnation, which was confirmed by the XRD analysis as Sylvite (KCI) (Fig 4).
After Mg impregnation and P adsorption, it was observed a strong peak of Si, probably due to
the dissolution of soluble salts (e.g. KCI) and the concentration of insoluble Si compounds in
the resulting biochar. PMB showed a greater variety of peaks with prominence of Mg (Fig S1d),
which is the result of its element rich composition (Table S1) SSB is mainly composed of Al
Si, and Fe and has a very low C content, which is expected for sewage sludge composition (Li
et al. 2018; Agrafioti et al. 2013).

For PLB and PMB, there was an increase in C and O contents with Mg impregnation
and P adsorption, while for SSB it was the opposite. The increase in O content suggests that
more functional-groups contents are presented on the modified biochars (Cui et al. 2016).
Surface oxygen functional groups influence the adsorption of cationic metals in the biochar
surface (Uchimiya et al. 2011). It was observed that the higher is the O content on the pristine
biochars surface (SSB > PLB > PMB), the lower is the P adsorption, probably due to the
negative character that prevent P adsorption even in Mg impregnated materials.

Biomass and biochar composition explain its behavior regarding P adsorption. Thus, the
choice of biomass should be made in order to observe the purpose of use, preparation
procedures and availability of biomass, in order to obtain a specific biochar for each use (Xiao
et al. 2018). In this study, the composition of the biomass influence on the biochar P adsorption

capacity and in its fertilizer potential value, as it will be further discussed.

Raman analysis

Raman spectroscopy is an ideal technique for characterization of carbon materials. In
the Raman spectra, the area ratio between D-band and G-band (Ip/lg), and crystallite size (La)
of pristine biochars and Mg-impregnated biochars after P adsorption are shown in Fig S2. All
biochar curves exhibited two relatively broad bands in Raman shifts at 1353-1361 and 1588-
1591 cm™ (Fig S2a). The G and D-bands correspond to the in-plane vibrations of the structures
connected to sp? with structural defects (G-band) and the graphite carbon structures connected
to sp? (G-band) (Guizani et al. 2017). The D-band represents the amorphous or disordered
carbon, while the G-band indicates the presence of C crystallites (Zhang et al., 2015).
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The Ip/lc ratios calculated by the Lorentzian function of each sample were 3.29, 3.16,
3.15, 3.34, 3.33, and 3.02 for PLB, PLB-Mg-P, PMB, PMB-Mg-P, SSB, and SSB-Mg-P,
respectively (Fig S2b). The increase of Ip/lg ratios can indicate the increasing proportion of
condensed aromatic ring structures having defects or that graphitic carbon is disordered
(Guizani et al. 2017; Chia et al. 2012). However, the area ratios Ip/lg observed in this study
were similar and did not allow us to conclude if there was an increase in amorphous C. This is
probably due to the lack of sensitivity of the intensity ratio of the D and G bands as indicator
of the degree of organization of the amorphous carbon (Potgieter-Vermaak et al., 2011).

The crystallite sizes (La) were: 7.16, 7.72, 7.68, 6.75, 5.54, and 5.90 nm for PLB, PLB-
Mg-P, PMB, PMB-Mg-P, SSB, and SSB-Mg-P, respectively (Fig S2c). For the PLB and PMB,
there was no significant difference in crystallite size. However, when compared to SSB they
presented higher crystallite size. The SSB and SSB-Mg-P presented lower crystallite size,
which indicates an increase of amorphous C. The smaller crystallite size (La) in the biochars of
sewage sludge is due to the presence of higher amounts of Fe, Al, and Si (Table S1). The Raman
analysis detects the C=C draw, but in materials rich in these metallic elements the substitution
of a C by some of these elements take place, causing a decrease in the crystallite size (Ribeiro-
Soares et al., 2013).

Infrared spectroscopy (FTIR)

The FTIR spectra of the biochars before and after impregnation with Mg and P
adsorption are shown in Fig 3. For PLB, impregnation with Mg and P adsorption increased the
functional groups, while SSB showed a more significant reduction in the number and size of
the peaks. This fact may have occurred because SSB characteristic have low C content and high

inorganic contents (ash) (Arai and Sparks, 2001).



31

NH N .
_MEGH‘L\, & |_(|r-"" I ..__,\'.'* Phosphate groups

= B SSB

= S all

= o '

L oL

= o

=) b

= o

g i il PMB-MgP |

Sl PMB |

= I :
SRR PLB-Mg-P i
1t PLB i

T T T T T T ' 1
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)
Figure 3. FTIR spectra (4000-500 cm™) of poultry litter biochar (PLB); pig manure biochar
(PMB), sewage sludge biochar (SSB) before and after impregnation with Mg and adsorption

with P.
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The discrete band observed at 3743 cm™ was identified as Mg-OH in PMB-Mg-P and
SSB (Cui et al. 2016). The characteristic CO2 band shown in all biochars corresponds to
atmospheric CO> during the analysis. Hydroxyl bands (-OH) were observed in SSB at 3695 cm”
!, Bands related to aromatic amines (N-H) at 3542 and 3480 cm™ in PMB-Mg-P and at 3542,
3480, and 1646 cm™ in PLB-Mg-P were observed. Bands at 1548 and 1365 cm™ in PMB and
at 1538 cm™ in PMB-Mg-P indicated the presence of secondary amides (Silverstein et al. 1994).

The highest intensities bands were found in the region below 1029 cm, indicating the
presence of phosphate groups. Bands related to presence of calcium phosphate dibasic dihydrate
(CaHPOQ4-2H,0) was found at 528 cm™* for PMB and SSB-Mg-P and at 871, 782, 522, and 576
cm? for PLB-Mg-P (Bekiaris et al., 2016). Other phosphorus groups such as O-P-O were
observed at 538 cm™ for SSB and at 545 cm™ for PMB-Mg-P, corroborating the results found
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by Novais et al. (2018). Bands of P-OH groups were found at higher intensity bands in the region
at 1000 cm™. This group occurred at 1029 cm™ for PMB and PLB, and at 1010 cm for SSB-
Mg-P (Bekiaris et al., 2016). Bands at 914 cm™ for SSB and SSB-Mg-P, at 1020 cm™* for SSB,
and at 985cm™ for PLB-Mg-P correspond to the of P=0 (Gunes et al., 2015).

It was observed the formation of many phosphate functional groups bonded to O (O-P-
O, P-O, P=0), which probably occurred due to the increase of O in the biochars after
impregnation. Bands of -OH present in SSB may have contributed to the adsorption of P, since
they disappear after adsorption (Jiang et al., 2018). The presence of Ca in all biomasses
contributed to the formation of CaHPO4.H.O clusters in all biochars. In PLB-Mg-P, it was
observed a higher expression of this band (Bekiaris et al., 2016), which is related with its richer

Ca composition as compared to the other biomasses (Table 1).

X-ray diffraction

The X-rays diffractograms of biochars before and after Mg impregnation and adsorption
with P is shown in Fig 4. In pristine PLB, it was observed the formation of sylvite (KCI) at
28.4° and 40.5° 26 (Fig 4a). Moreover, many characteristic peaks of calcite (CaCOz) were
observed at 29.4°, 39.4°, 43.2° 47.5°, and 48.5° and a peak of quartz (SiO2) at 26.7°. In PLB-
Mg-P, it was observed an expressive quartz peak at 26.6°, followed by lower peaks at 20.8°,
36.5°, 39.4°,40.2°, 42.2°, and 45.7°. There was also the formation of diopside (CaMgSi2Os) at
29.3° and 35.6° with the addition of Mg. Phlogopite [KMgs(SisAl)O10(OH)2] was also
identified at 8.8°.
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Figure 4. Diffractograms of (a) poultry litter biochar (PLB); (b) pig manure biochar (PMB) and
(c) sewage sludge biochar (SSB) before and after impregnation with Mg and adsorption with

P. The symbols are for: * Quartz; € Calcite; A Sylvite; o Phlogopite; ¢ Diopside; ® Dolomite;
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o Struvite-K; A Brushite; ¥ Bobierrite; V Periclase; X Akimotoite; X Hercynite; e Foggite; &
Berthierine

As for PMB (Fig 5b), peaks at 20 = 26.6° and 24.8° are related to the presence of quartz
(Si0O2), while peaks at 12.3° and 30.1° indicate the formation of bobierrite-like compound (or
syhthetic bobierrite) [Mg3(PO4)2.8H.0] (Gong et al. 2017). Peaks at 30.9° and 41° are related
to the presence of dolomite-like compound (or synthetic dolomite) [CaMg(COs)-], and at 20.8°
of struvite-K-like compound [KMg(PO4)s.6H20]. In PMB-Mg-P, increased peaks of struvite-
K and dolomite and decreased the peaks of quartz (Fig 4b) were observed. There was also the
formation of brushite-like compound (CaHPO4.2H20) at 11.7° and 23.1°, akimotoide-like
compound (MgSiOz) at 25.9° and 34.2°, periclase-like compound (MgO) at 37.1° and 43.1°,
and calcite-like compound at 29.3° and 39.6° (Li et al. 2017).

For SSB, it was observed high peaks of quartz at 20.8°, 26.6°, and 39.4° (Fig 4c). There
was also the formation of hercynite (Fe?*Al.O4) and periclase in less expressive amounts. For
SSB-Mg-P, there was a dilution in quartz formation and the formation of berthierine [(Fe?*,
Fe3*, Al) (Si, Al)202(OH)a], at 20 12.5°, 25°, and 35.7°, and foggite [CaAl(PO4) (OH)2-2H20]
at 20.94° and 33.2° (Fig 4c).

XRD analysis showed the interaction of Mg?* with P, forming several Mg-P synthetic
minerals (e.g. periclase, bobierrite, diopside, struvite-K, akimotoide, and phlogopite). Most of
the P-Mg compounds were formed in the biochar of poultry litter and pig manure. For the
biochar of sewage sludge, there was greater formation of Fe and Al compounds bound to P due
to the higher content of these elements (Table S1). Phosphorus reacts preferentially with
trivalent cations such as AI** and Fe** and form (hydro)oxides in relation to bivalent cations
such as Mg?*, AI** and Fe®** (hydro)oxides, which are displaced by PO, forming a high energy
covalent bond (Rajapaksha et al., 2016). This characteristic explains the low P desorption in
SSB-Mg (Fig 1d).

It was also observed the formation of Ca-P compounds such as brushite, dolomite, and
calcite, which can be observed with greater intensity in PMB due to the higher Ca content in
pig manure biomass (Table S1). Ca?* is a common cation found in the studied biomasses and it
is also used in modified biochars for P recovery in aqueous systems (Akgul et al. 2019; Marshall
et al. 2017; Jung et al. 2016).

The difference in the formed minerals among samples is mainly due to the difference in

biomass composition (Table S1). The minerals found are similar to those found by Xiao et al.
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(2018) and Novais et al. (2018). The highest Mg-P mineral diversity occurred in the PMB-Mg-
P, which was also the biochar that presented the highest adsorption capacity (Table 2),

suggesting that precipitation was also a mechanism involved in the process (Yao et al., 2013)

Adsorption mechanism

The impregnation of biochars with cations such as Mg?*, Ca?*, Fe?*, Fe®*, and AI** has
the function of modifying the surface of the biochar creating new binding sites (Vikrant et al.,
2018). The analyzes suggest that the adsorption mechanisms involved in this study were
precipitation of P with Mg, Ca, K, Al, Fe cations, ligand exchange reactions on the surface of
the biochar and electrostatic attraction.

The high pH of the Mg-impregnated biochars favored the formation of precipitates,
including bobierrite, brushite, and struvite-K (Cui et al. 2016). This mechanism was more
expressive in the biochar of pig manure (PMB-Mg-P), which presented the greatest variation
of Mg-P and Ca-P minerals (Fig 4).

In the biochar of poultry litter (PLB-Mg-P), no clear evidence of precipitation with P
was observed, suggesting that the main adsorption mechanism was ligand exchange reaction
between the deprotonated O atoms and P. This evidence is supported by the fact that PLB-Mg-
P was the material that presented the highest oxygen groups (Table S1) by FTIR analysis and
the highest numbers of O-P-O peaks (Fig 3).

As for the sewage sludge biochar, there was formation of Al-P precipitates (Fig 4),
which occurred due to the affinity of P to trivalent cations such as AI®*. Akgiil et al. (2019)
showed that AI**-impregnated biochar have lower P adsorption capacity as compared with Mg-
impregnated biochar. P-OH, P=0, and O-P-O groups were also observed in SSB-Mg-P (Fig 3),
suggesting that ligand exchange reactions also took place, most likely as a secondary P
adsorption mechanism.

The electrostatic attraction is the mechanism that predominates in modified biochars
(Vikrant et al. 2018) since the negatively charged P is attracted by some positive charge on the
surface. This mechanism probably occurred in all studied biochars. Vikrant et al. (2018) stated
that electrostatic attraction of phosphate to MgO-hydroxylated on the surface, forming
binuclear complexes.

Factors such as pH, chemical composition of the biomass, concentration of the cationic

elements (mainly Al, Fe, Ca, and Mg), and P concentration of the solution (Akgl et al., 2019a)
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will directly affect the formation of functional groups and precipitation of minerals on the
biochar surfaceThis directly interferes in the P adsorption capacity and also its potential reuse

as fertilizer that will be discussed below.

P-loaded biochar on maize growth

The potential reuse of biochars after P adsorption as a phosphate fertilizer was evaluated
in a pot experiment for the growth and nutrition of maize (Fig 5), and for improving soil fertility
(Fig S3). The P-loaded biochars performed equal or greater than triple superphosphate— (TSP)
and always greater than to the negative control treatment (without P addition). PLB-Mg-P
caused higher dry mass production, while PMB-Mg-P and SSB-Mg-P did not differ to TSP.

For plant height, there was no difference among treatments, except for the negative control.
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Figure 5. Shoot dry matter (a), plant height (b), P (c) and Mg (d) uptake by maize after 21 days
under fertilization with poultry litter biochar (PLB), pig manure biochar (PMB), and sewage
sludge biochar (SSB), after impregnation with Mg and adsorption with P, triple superphosphate
(TSP), and no fertilizer (control).

Notes: Means followed by the same letter do not differ among themselves, according to the Tukey test (p < 0.05).

Error bars represent the standard deviations of the treatment mean replicates (n=4)

Phosphorus uptake was higher in plants fertilized with PLB-Mg-P (1.41 mg pot™) when
compared with SSB-Mg-P (0.91 mg pot™) and the negative control (0.51 mg pot™) (Fig 5c).
PMB-Mg-P (1.09 mg pot™) and SSB-Mg-P did not differ to TSP (0.96 mg pot?) regarding P
uptake. This means that compared to TSP, the plants fertilized with P-loaded biochar samples
can uptake equal or higher amounts of P.

Similarly, Mg uptake followed the same trend of P uptake (Fig 5d). Phosphorus and Mg
have a synergistic effect, which may have been the case in this study and also observed in other
studies (Lustosa Filho et al. 2020; Li et al. 2016). Magnesium acts as an enzymatic activator in
almost all phosphorylative enzymes, bridging ATP and/or ADP and the enzyme molecule. The
synergistic effect causes the absorption of P to be maximal in the presence of Mg because it
activates the ATPase of the membrane responsible for the ionic absorption (Marschner 2012).
This might help to explain the better performance of plants fertilized with P-loaded and Mg-
impregnated biochars as compared to control pots (positive and negative).

The different P-solubility of the biochar samples also likely played a role in P
availability for plant uptake. The composition of the feedstock and consequently the biochar,
cause the formation of low water-soluble P minerals, which need a longer contact time for the
solubilization by the root system to occur. However, the results of our study show that even in
a short-term experiment the P-loaded biochar samples were able to supply P as efficiently as a
conventional soluble P source.

The small changes in soil pH are due to the high buffering capacity of this soil and due
to the alkaline nature of the biochar fertilizers (Fig S3a). Due to the Mg enrichment in the
biochars, there were higher residual levels of Mg?* in the treatments with biochars when
compared with the controls (TSP - positive and without P - negative) (Fig S3b). Residual
available P showed the same trend either extracted with resin or Mehlich-1 (Fig S3c and S3d),
except that resin extract a higher P level as compared to the other biochar treatments, which

also correlate better with plant P uptake (Fig S4).
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The correlation between the P extractors (Mehlich-1 and resin) and the accumulation of
P in plants (Fig S4) showed that resin presented a better correlation (r = 0.750) when compared
with Mehlich-1 (r = 0.645). Resin extract P by exchange reactions and it is not greatly altered
by the soil treatments. Therefore, it could be considered a better option to evaluate available P
in biochar-treated soils, as observed by Wang et al. (2014). Mehlich-1 is an acid extractor and
its extraction capacity is reduced in soils of high buffering capacity (Novais et al. 2015) or
treated with alkaline materials such as biochar, which are alkaline in nature and might cause a
reduced extraction capacity as observed in this study.

Dai et al. (2016) concluded that biochar can be a viable alternative for recycling P from
agricultural residues, compared to the direct application of biomass, being a sustainable source
with maximum efficiency and minimum P loss. The combined use of an organic matrix and a
mineral source of P may be an effective strategy to decrease the adsorption of P in tropical soils
since the organic matrix negatively charged can reduce the adsorption of anions (Jiang et al.,
2015).

This behavior indicates that P-loaded biochar is considered an innovative technology to
recycle P from wastewaters and have potential for reuse as fertilizers (Fig S5). Further studies
are needed to evaluate the P availability of these biochars for a longer period and with other

crops and soil types.

Conclusions

The use of poultry litter, pig manure, and sewage sludge biomasses enriched with Mg?*
for biochar production and recovery of P from aqueous solution is a promising technology. The
highest P adsorption capacity was obtained for the pig manure biochar (PMB-Mg), which
reached 68 mg g*. The main mechanisms of P removal were through precipitation with cations
(Mg?*, Ca2*, and AI*"), ligand exchange reactions, and, to a lesser extent, electrostatic attraction
on the biochar surface. All Mg-impregnated and P-loaded biochars presented potential to be
reused as phosphate fertilizers; their efficiencies were equal or higher to TSP in a short-term
plant growth, which improved soil fertility for further cultivations. Cation-modified biochar is
a sustainable option to add value to organic residues and recycle P to be reused as an enhanced

efficiency fertilizer.
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Appendix A. Supplementary Information

PHOSPHORUS RECOVER USING MAGNESIUM-ENRICHED BIOCHAR AND ITS
POTENTIAL USE AS FERTILIZER

RAMAN SPECTRUM AND DATA ANALYSIS

Raman analysis was performed with a LabRAM HR Evolution spectrometer. The
backscattering configuration was used with a 50x objective lens in an Olympus BX41
microscope. The samples were excited by a 532 nm green laser and the power at the sample
was kept lower than 5 mW to avoid sample heating and degradation. Each spectrum was
collected point-by-point in a backscattering configuration from 100 to 3200 cm™ with
acquisition time of 10 s and with 10 accumulations. The Raman measurements were performed
at three different points on each sample.

For statistical analysis, the procedure for the baseline exclusion used to all spectra was
the exclusion of a linear baseline between 800 and 2000 cm™ according to the procedure
described by Ribeiro-Soares et al. (2013). The data were analyzed by determining the area ratio
between the D and G bands (Io/lg), and also the relation of the G band full width at half
maximum (I'c) with the estimated crystallite size of these carbonaceous materials. The fitting
procedure was performed by using two Lorentzian peaks. The crystallite size was estimated by
equation 1 (Ribeiro-Soares et al., 2013).

496

La(nm) = =755

)

where La is the estimated crystallite size and I'g is the full-width at half maximum.
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ADSORPTION ISOTHERMS
Langmuir and Freundlich isotherm models were used to simulate the adsorption
isotherm experimental data, which are expressed as equations (2) and (3):

Langmuir model:

-1 _ quL
Q.(mgg™) = T+K,.C. Eq. (2)

Freundlich model:
Q. (mg g™ = Kp.CP Eq. G)

where Qe is the amount of adsorbate adsorbed at the equilibrium (mg g1), K. is the Langmuir
equilibrium constant (L mg™), K is the Freundlich equilibrium constant (mg g2), gm is the
maximum adsorption capacity of the adsorbate (mg g2), Ce is the adsorbate concentration at

the equilibrium solution (mg L), and n is the Freundlich nonlinearity constant.

SOIL CHARACTERIZATION AND FERTILIZER INFORMATION

The Oxisol was characterized by a very low level of available P (0.41 mg kg%, Mehlich-
1 soil test) (Mehlich 1953), high clay content (640 g kg*) (Bouyoucos 1951), and pHwater Of
4.8; Ca** and Mg?* concentrations were 0.24 and 0.10 cmol kg™t (KCI 1 mol L™ extractor),
respectively (Chapman 1965) and soil organic carbon was 11.8 g kg™* (Walkley and Black
1934). In order to evaluated the P-loaded biochars as fertilizers, 200 g of soil was placed into
clean and sterilized plastic pots and mixed with CaCOs + MgCO3 at a Ca/Mg molar ratio of
3:1, aiming to increase the soil base saturation to 70%. Soil was wetted to 80% of field capacity
and incubated for 30 days to correct soil acidity. In sequence, soil material was air-dried,
homogenized, and fertilized with the following nutrients: N, K, S, Zn, Mn, Fe, Cu, B, and Mo,
which were applied at the rates of 100, 100, 40, 4.0, 3.66, 1.55, 1.33, 0.81, and 0.15 mg kg2,
respectively, to ensure a proper fertility condition for optimum plant growth in pots (Novais et
al. 1991).
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Table S1. EDX elemental content before and after impregnation with Mg and adsorption with

P.
Element PLB PLB-Mg-P PMB PMB-Mg-P SSB SSB-Mg-P
%

C 9.54 25.38 10.3 13.8 1.73 0.74
@) 24.2 30.15 11.5 26.6 28.6 26.2
Na 1.90 30.15 - - 0.23 -
Mg 2.48 9.24 1.28 20.4 0.60 7.00
Al 0.45 0.30 9.27 2.19 25.8 19.0
Si 3.34 20.1 10.2 2.28 21.2 14.3
P 3.58 3.18 8.05 9.02 0.89 8.53
S 1.02 0.29 0.78 - 2.45 0.03
Cl 18.6 7.50 - 10.6 - 2.53
K 26.6 0.28 6.87 0.54 0.57 1.11
Ca 8.31 3.59 141 8.19 1.72 5.64
Fe - - 20.4 6.46 15.2 14.3
Ti - - 3.84 - 1.03 0.62
Mn - - 0.71 - - -
Cu - - 1.06 - - -
Zn - - 1.73 - - -
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Figure S1. SEM-EDX of poultry litter biochar (A-B); pig manure biochar (C-D) and sewage

sludge biochar (E-F) before and after impregnation with Mg and adsorption with P.
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Fig S2. Raman spectra of biochars from poultry litter (PLB); pig manure (PMB) and sewage
sludge (SSB) before and after impregnation with Mg and adsorption with P (A), calculated
integrated area ratio of the D and G bands (Ip/lc) (B), and estimated crystallite size (La) of

carbonaceous materials (C).
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Fig S3. pH value of soil (A), Mg (B), P resin (C) and P Mehlich-1 (D) after maize growth under
poultry litter biochar (PLB), pig manure biochar (PMB), sewage sludge biochar (SSB), after

impregnation with Mg and adsorption with P, triple superphosphate (TSP) and no fertilizer
(control).

Notes: Means followed by the same letter do not differ among themselves, according to the Tukey test (p < 0.05).
Error bars represent the standard deviations of the treatment mean replicates (n=4)
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Figure S5. Growth of maize fertilized with P adsorbed biochar
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Abstract

Phosphorus (P) recycling from wastewater using biochar is an alternative to build a sustainable
P circular economy. Due to negative surface charge of biochar, cation impregnation is needed
to enhance its P removal capacity. However, the efficiency of different cations under different
pyrolysis environment is still not completely understood. We aimed at studying the P adsorption
and release capacity of biochar enriched with aluminum (AI®*), iron (Fe*"), and magnesium
(Mg?*) prepared under different pyrolysis conditions (Air-limited and Na-flow). Biochar
samples were produced from pig manure (PMB) impregnated, separately, with 20% of AICls,
MgCl,, and FeClz solution on either in an air-limited adapted muffle furnace or in a furnace
under No-flow. The synthesized materials were characterization by pH value, electrical
conductivity, total nutrient, moisture, ash, specific surface area (Sget), pore volume, FTIR,
XRD, and SEM-EDX. Phosphorus adsorption was studied by kinetics models and adsorption
isotherms, and desorption was also assessed. The biochar impregnated with Mg?* and produced
in the muffle furnace, obtained the maximum P adsorption (231 mg g%, SIPS isotherm), with
100% of this adsorbed P being released in acidic solution (Mehlich-1 and Citric acid 2%). The
pyrolysis conditions had small or no influence on the biochar characteristics that govern P
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adsorption, such as chemical functional groups, surface area, quantity and size of pores and
formation of synthetic minerals. Therefore, it is possible to produce biochar in a simpler way,
without using a carrier gas when it comes to P adsorption studies. The main mechanisms of P
removal were through precipitation with cations, surface complexation, protonation process,
ligand exchange reactions and electrostatic attraction on the biochar surface. In conclusion, Mg-
impregnated biochar is a sustainable option to add value to organic residues and to recycle P to

be reused as enhanced efficiency fertilizer.

Keywords: recycling, metals, activation; impregnation

Highlights
e Biochars of pig manure were produced under N»-flow (PMB-N2) and air-limited
pyrolysis (PMB-M).
e Biochars impregnated with Al, Fe and Mg were produced under different pyrolysis
conditions.
e Biochar impregnated with Mg and produced in the furnace muffle showed maximum
removal rate (231 mg g).

e The pyrolysis conditions had small influence on the phosphate adsorption.
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1. Introduction

Phosphorus (P) is an essential nutrient for plants and a finite resource. Most phosphate
fertilizers used in the agriculture come from phosphate rocks, which are concentrated in a few
countries such as Morocco, Russia, China, and USA, increasing the pressure for improving the
use efficiency and recycling of this nutrient. Moreover, due to the population increase there is
a higher demand of phosphate fertilizers in order to meet the increased demand for food and
fibers (Schroder et al., 2011).

Currently, there is a great effort towards improving P management with techniques
aimed at recycling and recovering P from wastes and wastewaters (Nesme and Withers, 2016),
and, in this context, biochar is a promising adsorbent material for this purpose (Xiang et al.
2020). Biochar is the solid product of biomass pyrolysis in the absence or low availability of
oxygen (Lehmann and Joseph, 2009). The interest in biochar has been growing in recent years
due to several environmental applications such as retention of organic (e.g. pesticides) and
inorganic contaminants (e.g. heavy metals), and also in carbon sequestration (Rodriguez-
Narvaez et al. 2019). The applications of biochar depend on its properties, such as functional
groups, surface area and porosity, which depend on its conditions of preparation and production
(De Gisi et al. 2016). Recent studies with biochar have focused on the optimization of
production processes to reduce environmental costs, reduce energy consumption, and enhance
its applicability (Luo et al. 2015; Chen et al. 2020).

Most researchers report the biochar production by using N flow as a carrier gas, which
is intended to remove gases formed during pyrolysis and thereby obtaining a "cleaner" biochar,
which might influence characteristics such as porosity, surface area and chemical functional
groups (Zhu et al. 2018). Muffle furnaces adapted to prevent air-flow is also a common method
used to produce biochar (Gonzaga et al., 2017; Thines et al. 2017; Tan et al. 2018). Bekiaris et
al. (2016), for instance, produced biochar in different temperatures in a muffle furnace using
two crucibles by placing one upside down on the top of the other, where the biomass was
compacted inside, creating a filled cavity. This way, there is no entry of oxygen (O2) and allows
gases to be released during pyrolysis. This condition is considered more rudimentary, since it
does not require any equipment adapted for N> flow. The absence of a carrier gas can cause the
gases produced on the surface of the biochar to overlap, which can accumulate in the pores and

thereby reduce the porosity and specific surface area (Buss et al. 2016).
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Biochar surface is usually dominated by negative charges due to the high pH value and
the presence of oxygenated groups, which leads to a low P recovery capacity from aqueous
solutions (Zeng et al. 2013; Takaya et al. 2016; Shepherd et al. 2017). To overcome this low
recovery, an alternative is the impregnation of raw material with cations for subsequent
pyrolysis. Cations additions creates cationic bridges and substantially increase the P adsorption
capacity from wastewater (Li et al. 2016; Nardis et al. 2020). The most used cations for the
treatment of biochar aiming to recover phosphate are magnesium (Mg?"), iron (Fe?*), and
aluminum (APP*) (Zhang et al. 2012; Cui et al. 2016; Jung & Ahn, 2016; Li et al. 2016; Cai et
al. 2017; Wan et al. 2017; Novais et al. 2018; Yang et al. 2018).

There are several studies on biochar impregnated with metals for P adsorption, but few
researchers compared biochar impregnated with different cations and especially, produced
under different atmospheres - muffle furnace (low O2) and a furnace under N (without O2). We
hypothesized that biochar produced under N2 flow will increase the porosity and consequently
will increase the P adsorption capacity when compared with that prepared in muffle furnace.
Also, impregnation with cations modifies the properties of the biochar and increase the
adsorption of P under the influence of different atmospheres.

Therefore, the objective of this work was to evaluate the effect of biomass impregnation
with different cations (Mg?*, Fe* and AI**) and pyrolysis conditions to prepare biochar (furnace
with N2 flow and muffle furnace) on their physicochemical properties and their consequent

influence on P adsorption capacity.

2. Material and methods
2.1 Biomass preparation

Pig manure was collected in a farm near Lavras, Minas Gerais state, Brazil (21°13'34"
S and 44°58'31"” W). The feedstock was oven dried at 50 °C until constant weight, ground in a
mill equipped with a 10-mesh sieve (<0.25 mm) and stored in plastic recipients. The amounts
of macro and micronutrients in the biomass were determined using ICP-OES, after nitric-
perchloric digestion. The nitrogen was determined by Kjeldahl method after sulfuric acid
(Malavolta et al. 1997). Later, the material was impregnated with magnesium chloride
(MgCl..6H20), (Synth, 98%) iron chloride (FeCls.6H.0) (Vetec, 98%) and aluminum chloride
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(AICI3.6H20) (Merk, 97% ) with prepared solutions aiming to reach 20% of Mg, Fe and Al in
the biochar, according to Li et al. (2016) with modifications. For this, 50 g of pig manure was
mixed with 150 mL of each solution (MgCl., FeClz and AICI3), by shaking for 24 h at 120
oscillations per minute in a shaker (TE 240/1 Tecnal) and then oven dried at 80 °C to constant

weight.

2.2 Biochar production

The biochar samples were produced under two different atmospheres. Firstly, pig
manure without and with Mg?*, Fe®* and AI** impregnation were tightly accommodated in
porcelain crucibles, which were overlapped to prevent O, flow and allow pyrolysis in a muffle
furnace (Bekiaris et al. 2016). The same materials were pyrolyzed in a horizontal furnace
EDG/FT-HI series under N2 atmosphere (200 mL min™). In both furnaces, the materials were
subjected to a heating rate of ~10 °C min™ up to reach 500 °C, with 2 h of holding time (Lustosa
Filho et al. 2017). After pyrolysis, the samples were slowly cooled to room temperature inside
the furnaces, ground in a porcelain mortar, and sieved to <0.25 mm. The pig manure biochar
samples are herein identified with a code comprising the feedstock (PMB), the pyrolysis
conditions (M — muffle furnace or N2 — horizontal furnace under N2 flow), and the impregnated
cation (Mg, Fe, Al). Therefore, the produced materials were as follows: PMB-M, PMB-N2,
PMB-M-Mg, PMB-N2-Mg, PMB-M-Al, PMB-N2-Al, PMB-M-Fe and PMB-N>-Fe.

2.3 Biochar characterization

The values of electrical conductivity (EC) and pH were determined, in triplicate,
according to Singh et al. (2017). The ash contents were evaluated by the standard method
ASTM D1762-84 (ASTM, 2007). Total amounts of Al, Ca, Fe, Mg, and P were determined
according to Enders and Lehmann (2012). The C amount was determined in an elemental
analyzer (model Vario TOC cube, Elementar, Germany). The specific surface area (Sget) and
pore volumes were determined by N> adsorption/desorption analysis at 77 K using a
Micromeritics ASAP 2420. The point of zero charge (pHpzc) of the adsorbent was determined
by the pH drift method, as described by Bayazit and Kerkez (2014).

Microscopic features and morphology were characterized using a field emission gun
scanning electron microscopy (SEM) (LEO EVO 40 XVP - Carl Zeiss) equipped with an
energy-dispersive X-ray (EDX) spectroscopy (Brunker - Quantax EDX) to measure the percent
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of elements on the surface of the materials. Fourier transform infrared (FTIR) spectroscopy was
recorded using a Digilab Excalibur spectrometer with a spectral range 4000—-400 cm™* with 32
scans and 4 cm™ resolutions. X-ray diffraction (XRD) analysis was also carried out to identify
any crystallographic structure in the samples using a CuKa (A = 0.1540 nm) radiation, operated
at 40 kV and 40 mA, with Ni filter (Bruker D8 Advance Davinci). XRD patterns were identified
on a program MATCH 3.8.3.151.

FTIR and XRD analyzes were performed on biochar samples without and with Mg?*,
Fe3* and AIP* impregnation and analyses with SEM-EDX were also measured after P

adsorption.

2.4 Batch adsorption experiments

Batch adsorption study was performed as described by Li et al. (2016) with
modifications. Briefly, 500 mg of biochar samples were placed in 50 mL polypropylene tubes
and 20 mL of phosphate solution (KH2PQO4) was added (i.e. 25.0 g L™ of adsorbent dose) with
different P concentrations (0, 10, 20, 50, 100, 200, 300, 400 and 500 mg L™ for PMB-Fe; 0, 10,
20, 50, 100, 200, 300, 400, 500, 800, 1000, 2000, 3000 and 4000 mg L"* for PMB-AI, 0, 10, 20,
50, 100, 200, 300, 400, 500, 800, 1000, 2000, 3000, 4000, 5000, 8000 and 10000 mg L for
PMB-Mg), which were prepared using 0.01 mol L Ca(NOs). as background solution. The
mixture was stirred for 24 h at 120 oscillations per minute at room temperature. After this
period, the extracts were filtered in membranes (<0.45 pum, Millex HP). To evaluate adsorption
kinetics, 60 mg of each biochar were mixed with 30 mL of a solution containing 50 mg L of
P, and the mixture was stirred and filtered at predetermined regular time intervals (0, 10, 20,
30, 60, 120, 240, 480, 960, and 1440 min) (Cui et al. 2016). All experiments were performed
in triplicate using deionized water (Milli-Q) and blank samples were included in each batch to
check any cross contamination. The P concentration at equilibrium solutions was measured by
ICP-OES. All reagents were of analytical grade and used without further purification.

For the desorption study (extration) 200 mg of biochar were added in 40 mL of KH2PO4
solution containing 500 mg L of P. After adsorption, the P-loaded adsorbent was separated
from the solution through centrifugation (4340 g-force) and the P concentration was
determinated in the supernatant to calculate the amount of adsorbed P. Then, three solutions
were tested for P extration, i.e. 10 mL of deionized water, 2% citric acid or Mehlich-1 solution
(0.025 mol L de H2SO4 + 0.05 mol L de HCI). These solutions were added separately to the
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tubes, which were shaken for another 4 h. After, the supernatant was filtered in blue band filter
(Unifil C42, blue band of slow filtering) and P was measured by ICP-OES. The amount of

desorbed P was calculated by dividing the desorbed amount by the adsorbed amount.

2.5 Isotherm and kinetics models
The adsorption capacity (Q.) of the different biochar materials was calculated by mass
balance as expressed by equation (1):

V(¢ —C)
m

Qe (mgg™") = 1)

where V' is the volume of solution (L), C; and Ce. are the initial and equilibrium P concentrations
(mg L), respectively, and m is the biochar (adsorbent) mass (g).

Langmuir, Freundlich and SIPS (Langmuir-Freundlich) isotherm models were used to
fit the experimental data, using the Origin 8.0 software, which are expressed as equations (2),
(3) and (4):

Langmuir model:

qm- KL

Qe(mg g™") = T+ K.C @)
Freundlich model:
Q. (mgg™) = Kp-Ce% (3)
SIPS model:
Qe(mg g™") = Gm ke, @)

1+kC)s

where Q. is the amount of adsorbate adsorbed at the equilibrium (mg g), K. is the Langmuir
equilibrium constant (L mg™), K is the Freundlich equilibrium constant (mg g?), gm is the

maximum adsorption capacity of the adsorbate (mg g™), Ce is the adsorbate concentration at
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the equilibrium solution (mg L), n is the Freundlich nonlinearity constant and Ks and ns are
the SIPS constants.

For Kinetics study, pseudo first-order, pseudo second-order and intra-particle diffusion
(Weber-Morris, 1963) models were used for assessing the reaction order of P adsorption onto

biochar samples, which are expressed as equations (5), (6) and (7):

Q: = qe(1—e~M1t) (5)
_ qikat

Qt - 1+qek2t (6)

Q= Ktz +C ()

In which Q is the amount of P adsorbed (mg g) at time t, ge is the amount of P adsorbed
(mg g%) at equilibrium time, ki (h?), k2 (g mg™ h™%), and Ki (g mg™* h™0®) are constants of the
pseudo first-order, pseudo second-order and intra-particle diffusion models, respectively

(Simonin, 2016). The C is constant related to diffusion layer thickness (mg g™).

2.6 Statistical analysis

To check for differences between pyrolysis conditions the data of chemical properties
and P desorption were analyzed by normality using the Shapiro Wilk test (Shapiro and Wilk,
1965), and homoscedasticity was verified using the variance equation test (or the Levene test)
(Brown and Forsythe, 1974). Also, data were subjected to analysis of T-student (significant (p
< 0.05) using software R 3.4.1. (R Core Team, 2017).

3. Results and discussion

3.1 Effect of cation impregnation and pyrolysis conditions on biochar physicochemical

properties

The chemical characteristics of biochar produced under different pyrolysis conditions

and impregnated with different cations are presented in Table 1. The pH values ranged from
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1.6 to0 9.8, with Fe-impregnated biochar being the most acidic and non-impregnated biochar had
the highest pH values. The pH value was not affected by the biochar pyrolysis conditions. The
higher pH value of pristine biochar (PMB) and biochar impregnated with Mg (PMB-Mg) is due
to the release of alkaline groups during pyrolysis, since these are rich mainly in Ca and Mg
(Mukherjee and Lal, 2016) (Table 1). The relatively lower pH value of the biochar impregnated
with Al may be related to the lower release of alkaline groups, and the higher formation of acid
groups during pyrolysis (Yin et al. 2018). PMB-Fe biochar have acid characteristics probably
due to the source used (FeCls.6H20), which upon contact with water is hydrolyzed and
generates an acid reaction, producing HCI (equation 8) which has a pH value of 1.5-2.0 (Lussiez
and Beckstead, 1997).
FeCls + H,O — FeOCI + 2HCI (8)
The impregnation and pyrolysis conditions of biochar influenced the yield of the
biochar, which was lower in the biochar without impregnation (Table 1). There was less yield
in biochar samples produced in the muffle furnace, except for PMB-AI. The presence of O;
(muffle), even at low concentrations, may have accelerated the biomass carbonization by drastic
combustion, increasing aromaticity and decreasing yield compared to the use of N2 (Luo et al.
2015).
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Table 1. Chemical properties of the pristine and cation-impregnated biochar produced in muffle furnace (M) or under N2 flow (N>).

. Biochar

Properties PMB-M  PMB-N, PMB-M-Mg PMB-N»-Mg PMB-M-Al PMB-N>Al  PMB-M-Fe  PMB-N-Fe
Yield (%) 30°£09  40°£02  39°+03 55 %06 68" +0.6 39" 0.0 55" +0.3 50"+ 0.3

pH (waten 0777+ 001 9.68™+003 925"+001 9.25"+001 523°+006  564°+005  166°+001  1.70"+001
CE(mScml) 076°+00  006°+00  479°+003 454'+001 176003  217°+0.02  424'+001  5.01"+0.02
C (%) 57074280 448™+070 255%+005 269™+025 249'+020 234020  185™+005  18.8™+0.25
Ash (%) 3920409  364°+01  47.9%:05  4425+08  475°+03 45401 47801  47.0%+03
Ca (g kg) 65.7°+05 958" +07  220°+03  144'+01  322%+03  320%+0.1  327°+03  32.9%+03
Mg (gkgl)  470™+004 4.83%+005 169" +2 149°+5  202%+002 231"+011  207°+00l  2.44°+001
Fe (g kg) 399" +008 589™+048 063°+019 044%+009 557 +014  382°+012  115m™+2 1137+ 3

Al (g kg™) 3770 +021 481°+044 069009 052°+009  168™ 2 1717 + 1 0.48%0.06  0.42%+0.03

Notes: ns - not significant. * Significant at 5% probability (p <0.05) by the T-student test. The test compares pyrolysis conditions (M-muffle and N2- with N flow), inside
each impregnated cation. Values are average + standard error (n=3).
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There was a large variation on the C content (18.5% to 57.9%) among the biochar
materials, and this was affected by both cation impregnation type and pyrolysis conditions
(Table 1). The pristine biochar had the highest C content, and the Fe-impregnated biochar the
lowest. The lower C content can be attributed to the increase in the metals Al, Fe, and Mg in
the biochar, which act as activators causing an increase in the release of volatile carbonic gases
produced during a pyrolysis (Yin et al. 2018; Zhang et al. 2012). Among the pyrolysis
conditions, the biochar produced in the muffle furnace showed lower C content in PMB-Mg
and PMB-Fe compared to biochar prepared under N2 flow, while PMB and PMB-AI had lower
C content under N2 flow.

The largest specific surface area (Fig. 1) was found in the PMB-N2-Mg (33.78 m? g ),
followed by PMB-M-Mg (23.76 m? g%), which was 3-4 times larger than other biochar samples.
The relatively low specific surface area found may be due to the fact that there was no chemical
activation process such as acid washing after pyrolysis for pore cleaning and biochar
functionalization (Penido et al. 2019).
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Fig. 1. Nitrogen isotherms of biochar samples, BET surface areas (Sget) and the total pore

volume (Pvolume). Notes: The specific surface area (Sger) was calculated based on BET method. Pyoiume Was the
total pore volume of pores less than 333.89 nm in diameter at P/Po= 0.995 in single-point desorption.

The Sger found in the biochar impregnated with Mg was similar to that found for
sugarcane harvest residue biochar (27.22 m? g') impregnated with 20% Mg (Li et al. 2016).
For biochar impregnated with Al, the surface area was up to forty times lower than that obtained
in a poplar chip biochar impregnated with 20% Al (418 m? g*) (Yin et al., 2018). The biochar
impregnated with Fe also had lower surface area values than those reported in the literature for
biochar of forestry wood waste impregnated with 26% Fe (223 m? g1) (Sun et al. 2019). In

general, biochars from ash-rich residues (e.g. manures and sludges) tend to have a much lower



64

surface area than those produced from wood biomass (Hassan et al., 2020). The different types
of raw material respond heterogeneously to the different pyrolysis conditions due to variations
in the composition such as quantity of minerals, lignin, cellulose and hemicellulose (Clemente
etal., 2018).

The difference in values found in Sger, Pvoume (Fig. 1) and pore distribution (Fig. 2) is
different from the values related in the literature due to differences in the feedstock used,
production process, metal level in the impregnation, source of mineral salt, pH of the reaction,
feedstock nutrient content, type of pyrolysis oven, pyrolysis atmosphere, among other factors
(Luo et al. 2015; Rawal et al. 2016).
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Fig. 2. Pore size distribution of biochar samples using dV/dlog (r) vs r plots.

Magnesium impregnation did not substantially increase the area (Fig.1) but had a major
contribution to the increase in total pore volume (Pvoiume) (Fig. 2). Such fact was not observed
whn biochars were impregned with Al and Fe. The pore distribution shows that in all biochar
samples there is a predominance of mesopores of size between 20 and 500 A (IUPAC, 2014).
However, the treatment with Mg developed a greater amount of mesopores.

The greater pore volume in the PMB-Mg biochar may have been caused by the effect

of Mg on the decomposition of the biomass altering the path of the decomposition. MgCl; alters
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the cellulose pyrolysis reaction pathways present in the biomass, causing an improvement in
the crosslinking of hydroxyl groups releasing water during heating. This process results in a
more crosslinked cellulose and consequently producing a more porous biochar (Liu et al. 2015).
During the pyrolysis, the MgCl> is converted to MgO and crystals formed on the surface of the
biochar can promote the blockage of the smaller pores, resulting in a biochar with a greater
amount of mesopores (Fig. 2) (Zhu et al. 2020).

The low Sger with consequent low Pyowme Value in the biochar samples impregnated
with Al and Fe may have been caused by the collapse of the pore system in the presence of
metals, which, unlike Mg, did not interact with cellulose (Akgul et al. 2019; Batista et al. 2018).

3.2 Phosphorus adsorption studies using cation-modified biochar
3.2.1 Batch adsorption experiments

The P adsorption isotherms are shown in Fig. 3 and the fit parameters for Langmuir,
Freundlich, and SIPS are shown in Table 2. The highest adsorption capacity was obtained for
PMB-M-Mg, followed by the sequence PMB-N2-Mg > PMB-M-AIl > PMB-N2-Al > PMB-N:-
Fe > PMB-M-Fe. The maximum adsorption capacity estimated by the Langmuir model was
324 mg g™ for PMB-M-Mg, and 226 mg g* for PMB-N2-Mg, which is much higher than when
the biochar was impregnated with Al (39.6 mg g* for PMB-M-Al and 23.4 mg g for PMB-
N2-Al). The pyrolysis conditions influenced the adsorption capacity, and the biochar produced
in the muffle promoted greater adsorption of P. According to Chacon et al. (2020) the use of an
inert gas in the production of the biochar is important, however, the presence of oxygen (muffle
furnace) increases the biochar's ability to accept electrons, consequently increasing the
adsorption of anions such as phosphate.
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Fig. 3. Adsorption isotherms of biochar samples impregnated with different cations and
prepared in muffle furnace (M) or under N2 flow (N2).

Fe-impregnated biochar showed the lowest P adsorption and did not fit Langmuir,
Freundlich and SIPS models (Fig. S1). This low adsorption capacity may be due to the pH value
of the biochar PMB-M-Fe and PMB-N>-Fe (~1.7) being higher than their pHpzc (1.0) causing
a predominance of negative charges and thus an electrostatic repulsion that inhibit P adsorption
on the biochar surface (Fig. S3). The impregnation with Fe promotes an increase in the
dominant mineral phase in the biochar in the form of oxide (Fig. S5), in addition to increasing
the functional groups (discussed in later sections), which increases the biochar's ability to
donate electrons (Chacon et al. 2020). This feature decreases the biochar's ability to adsorb P,
in addition to the low Sget and the porosity of this biochar (Fig. 1).

The Langmuir model proposes that adsorption occurs homogeneously on the entire
surface of the adsorbent, and supposedly the P affinity is equally distributed over the biochar
surface, whereas the adsorption constant (Kr) of the Freundlich model suggest that the

adsorption occurs differently on the surface of the biochar (Table 2). The values of 1/n
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(Freundlich Isotherms) in all biochar samples were lower than 1, and this index describes the
distribution of the active sites and consequently to the adsorption capacity (Table 2). Low 1/n
values (< 1) indicate that the adsorption intensity is favorable (Ahmad et al. 2017).

Table 2. Langmuir, Freundlich, and SIPS isotherm parameters for P adsorption on Mg and Al
impregnated biochar.

Isotherm models
Biochar Langmuir Freundlich SIPS
Om KL R? Ke 1/n R? Om Ks n R?
PMB-M-Mg 324.17 17.78 0.98 0.62 0.63 0.95 231.27 0.68 1.49 0.99
PMB-N>-Mg 226.29 29.13 0.96 1.08 0.55 0.89 167.21 0.13 179 0.98
PMB-M-Al  39.35 0.001 0.90 159 0.38 0.78 33.33 1.72 222 094
PMB-N,-Al 2344 0.73 0.87 8.13 0.15 0.82 27.16 0.26 0.49 0.90

SIPS model showed the best fit to the adsorption data, according to the determination
coefficients (R?) (Table 2). This model is generally the best to explain heterogeneous adsorption
systems (Foo and Hameed, 2010), because it is a combination of the Langmuir and Freundlich
models, which indicate that adsorption is controlled by different mechanisms that is generally
the case for biochar (Fang et al. 2020; Penido et al. 2019), due to the heterogeneity of the
material as confirmed by SEM-EDX (Fig. 9) and XRD (Fig. 10) analyzes.

In the SIPS, isotherm the value of ns represents the heterogeneity degree of the
adsorption sites. The closer to zero the more heterogeneous are the sites (Ayawei et al. 2017).
The PMB-N2-Al showed the lowest ns value, while the PMB-M-AI showed the highest ns value.
This difference in the ns values indicates that the pyrolysis furnaces modify the biomass
differently, and for the biochar samples impregnated with Mg this difference was smaller. The
SIPS model reduces the limitation of increased adsorbate concentration associated with the
Freundlich model, which in high adsorbate concentration predicts that the dominant model is
the monolayer adsorption indicated by the Langmuir model (Foo and Hameed, 2010). In view
of this fact, one can infer that the biochar samples impregnated with Mg have more

homogeneous sites when compared with the Al-impregnated biochar.

3.2.2 Point of zero charge (pHpzc) and pH from P adsorption

The pH value of the aqueous solution can affect the phosphate speciation, consequently
altering the adsorption. Fig. 4 shows the initial (pH;) and final (pHs) pH values of the solution

containing phosphate in contact with the biochar samples.
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The point of zero charge (pHezc) is a pH value in which the charge density on the surface
of the biochar is neutral (Kosmulski, 2011). The pHpzc values for pristine biochar are 7.4 for
PMB-M and 8.0 for PMB-N.. The values for the modified biochar are 10.4 for the PMB-M-Mg
and 10.6 for the PMB-N2-Mg. While for PMB-M-Al and PMB-N2-Al is 6.2 and for PMB-M-
Fe and PMB-N,-Fe is 1.0. The biochar samples that showed the highest pHpzc values were due
to the predominance of dominant basic groups on the biochar surface. These basic groups
promote a greater presence of positive charges on the surface of the biochar. The surface is
supposed to be positively charged when the pH value < pHpzc and negatively charged when the
pH value > pHpzc. Since the predominant charge on the biochar surface is a factor that
coordinates adsorption, the predominance of positive charges favors the adsorption of anions
such as phosphate (Oh et al. 2012).

In samples of biochar impregnated with Mg and Al (Fig. 4), the values of the phosphate
solution are below the pHpzc value. Therefore, the surface of the modified biochar was
positively charged and the electrostatic attraction between the biochar and negatively adsorbate
(PO3) is favored. The difference in pH of adsorption and pHPZC is greater in PMB-Mg,
resulting in a more protonated biochar and, consequently, a greater amount of positive charges
and, therefore, greater adsorption of P (Zhu et al., 2020).

The biochar samples impregnated with Mg showed higher P adsorption values (Fig. 3),
which is partially explained by the reactions that take place on the surface of Mg-impregnated
biochar. As reported by Zhu et al. (2020), when the pH increases from 5 to 12, the phosphate is
deprotonated (HsPO4 - H,PO; - HPO3 - POJ). At pH values between 5 and 10, H,PO}, and
HPO; species are more strongly adsorbed by MgOH* by electrostatic attraction. The H*
protons resulting from the deprotonation of phosphate in aqueous solution are consumed by the
MgO contained on the surface of the biochar, as shown in reaction (9) below:

= MgO + H* — = MgOH* (©)

This reaction promotes an increase in the pH value of the medium and below the pHpzc
keeping the biochar surface constantly positively charged and consequently adsorbing larger
amounts of P (Yao et al. 2011).
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Fig. 4. Initial pH (pHi), final pH (pHf) from P adsorption and pHpzc values in samples biochar
modified.

In the PMB-AI it is observed that the difference in the pH value of the solution and the
pHpzc is smaller when compared with the PMB-Mg. This smaller difference indicates that less
intensity of positive charges is created, thus occurring less electrostatic attraction, consequently
less P adsorption.

In biochar samples impregnated with Fe, the pH value of the solution containing
phosphate is greater than the pHpzc value (Fig. S3), making the biochar surface negatively
charged, thus causing electrostatic repulsion between the surface charges and the phosphate
contained in the solution. As shown previously, the biochar samples impregnated with Fe
adsorbed small amounts of P (Fig. S1). The low pHpzc value of the biochar impregnated with
Fe may be due the amount of Fe impregnated as well as the source used (FeCls), which when
in contact with water generates an acid reaction as shown previously (eg. 8). Due to the presence
of oxyhydroxides formed during the production of the biochar, the charges generated are pH-
dependent charges, that in contact with water cause a hydroxylation on the surface and thus
depending on the pH of the solution create of positive or negative surface charge (Kosmulski,
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2011). In general, oxyhydroxides have a greater positive charge with a reduction in pH,
generated by an increase in the capacity of anion retention. However, as shown by Lawrinenko
etal. (2017), in acid pH values, Fe oxides behave in the opposite way having a low capacity of

anion retention.

3.2.3 Desorption experiment

The P desorption (extraction) was evaluated in deionized water, 2% citric acid and
Mehlich-1 solution (Fig. 5). Fe-impregnated biochar was not included due to its low and erratic
adsorption profile, as discussed previously. Water-soluble P represents the readily available
fraction for plant absorption, but also is the fraction that is readily leached in sandy soils or
fixed in clayey and oxide-rich soils. Mehlich-1 and citric acid available P represent the fractions

that are potentially available to plants through rhizosphere solubilization.

120
B Water

I Mehlich-1 ns
I Citric acid 2%

100

80 -

60

40

Desorption (%)

20

0 -

i N N N

Fig. 5. Phosphorus desorption (%) using different extractants (water, Mehlich-1 and citric).

Notes: ns - not significant (p > 0.05). * Significant at 5% probability by the T-student test (p < 0.05). The test
compares the pyrolysis conditions (M-muffle and N.- with N, flow), inside each cation-impregnated biochar.
Average of 3 replicates.
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The desorbed P fraction was higher in the Mg-impregnated biochar when compared with
Al-impregnated biochar, regardless of the extractant (Fig. 5). Generally, lower desorption
values indicate a strong interaction between adsorbent and adsorbate. The lower percentage of
P desorption of biochar samples impregnated with Al is due to the high binding energy of P
with the formed Al oxides and hydroxides (Fig. 10B), which is favored in medium with acid
pH value (Biederman and Harpole, 2013). When comparing the extractors studied, the lower
extraction capacity of citric acid (CeHgO7) when compared with the Mehlich-1 solution was
due to the lower acidifying power, being considered a low molecular mass acid that, when
dissociated, forms organic carboxylic acids -COOH that reacts and releases H™ protons.
However, the number of protons released by citric acid is lower than those released by the
Mehlich-1 solution. Citric acid is efficient in solubilizing Ca and Mg phosphate compounds,
but it has low solubilization capacity of Al and Fe phosphates (Wei et al. 2010).

In the biochar samples impregnated with Mg, the greater release of P is due to the lower
binding energy of P-Mg, where there is a greater presence of P in the form of pyrophosphates
and Ca and Mg orthophosphates, such as CaHPO4 and Mgs(P0O4)2.8H20 (Li et al. 2019).
Although the Mehlich-1 solution is a combination of strong acids (0.0125 mol L H2SO4 + 0.05
mol L HCI), they are added at low concentrations. This combination of acids simulates the
solubilization of P by the roots, which promote hydrolysis reactions of P species formed in
PMB-Mg to reuse phosphate, thus extracting higher levels of P (McBeath et al. 2007).

As for the pyrolysis conditions, PMB-M-Al showed slightly higher P values soluble in
water and in citric acid, whereas for PMB-N2-Al the highest value was obtained for Mehlich-1.
As for the Mg-impregnated biochar, there was a significant difference only for the extraction
with Mehlich-1. PMB-M-Mg showed higher levels of Mehlich-1 and citric acid soluble P, while
PMB-N2-Mg showed greater P solubility in water.

3.2.4 Kinetics study

In all biochar samples the P adsorption was fast in the first 4 h becoming slower until
reaching after this time (Fig. 6). In all models studied, it is possible to observe that the pyrolysis
conditions did not influence on the amount of P adsorbed and the equilibrium time. The pseudo-
first order and pseudo-second order were used to simulate the adsorption kinetics. The pseudo-
second order model showed the best fit (R?) in all biochar samples. The sorption parameters of

the biochar that showed adjustment are shown in Table 3. The biochar impregnated with Fe
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(PMB-M-Fe and PMB-N-Fe) did not show a trend of P adsorption (Fig. S2), consequently it
did not fit the studied models.
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Fig. 6. Kinetics of phosphate adsorption on modified biochar data fitting for pseudo-first
order and pseudo-second order.

The pseudo-second order model suggests that the chemisorption process is the
predominant mechanism in comparison to the physical adsorption suggested by the pseudo-first
order model (Tran et al. 2017). As previously shown, electrostatic attraction is a mechanism

involved in the adsorption of P on the surface of the modified biochar.

Table 3- Kinetic parameters of phosphate adsorption onto selected biochar samples obtained
from different models.

Pseudo-first order Pseudo-second order

Biochar % Ky R? % Ky R?
PMB-M-Mg 23.318 0.036 0.829 24.716 0.002 0.913
PMB-N2-Mg 24.024 0.024 0.880 25.006 0.004 0.913
PMB-M-AI 16.209 0.026 0.736 17.608 0.002 0.850
PMB-N2-Al 13.920 0.035 0.634 14.992 0.003 0.766

Porous adsorbents tend to present adsorption in multiple linear regions following the
Weber-Morris model or intra-particle diffusion model (Tran et al., 2017). This model is used to

describe how adsorbate is diffused into the pores of adsorbent particles. In Fig. 7 is shown that
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at zero contact time, P adsorption is low, but fast in all biochar samples. Subsequently, there is
an increase in the adsorption rate (green line), which can be attributed to the greater number of
binding sites for phosphate and by the abundance of ions. The biochar samples impregnated
with Mg (Fig. 7A and 7B) showed a faster adsorption in this phase when compared with the
biochar impregnated with Al (Fig. 7C and 7D).
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Fig. 7. Kinetics of phosphate adsorption on modified biochar data fitting for Weber-Morris
model (Intra-particle diffusion).

The third stage of adsorption is characterized by the red line and shows reduced
adsorption. This step is the intra-particle phase in which the phosphate molecules are
transported into the pores along the surface. In the biochar impregnated with Mg this step was
reached more quickly than in the biochar impregnated with Al, however the amount of P
adsorbed is lower in the latter than in the former. The lower P adsorption in the biochar
impregnated with Al may be due to the smaller volume of pores it presents (Fig. 2) and also
due to the lower amount of mesopores, which can make it difficult to approach P in the smaller
pores (Zhu et al. 2020).
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3.3 Characterization of P-loaded biochar
3.3.1 FTIR

FTIR analysis is an important analysis to identify functional groups responsible for ion
adsorption (Bekiaris et al. 2016). There was no significant difference in the formation of
functional groups when comparing the pyrolysis conditions of biochar production (Fig. 8). The
functional groups found in biochars and their respective vibrational modes are shown in table
4. There is a greater abundance of functional groups in the biochar impregnated with Mg,
followed by Al and Fe, compared to the pristine biochar. This result indicates that impregnation

is an efficient method for generating functional groups in biochar (Wang et al. 2015).
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Fig. 8. FTIR spectra (4000-500 cm™) of pristine biochars, impregnated with Al, Fe, and Mg,

and adsorption with P. Notes: 2Phosphorus group: P-H angular deformation, P-H, P-O-C and PO4*
(inorganic) complex band.

O-H groups of alcohols and associated phenols were observed by hydrogen bonding
(3400 - 3200 cm™). The bands in 1640 and 1550 cm™* were assigned to groups of primary and
secondary amines. C-O bonds (1300-1000 cm™) and sharp C=C bands (1680-1620 cm™) were
found. The P adsorption promoted an increase in phosphate groups, mainly in biochar
impregnated with Mg that might help to explain its higher P adsorption capacity. Bands of P-H
(2450-2280 cm™), angular deformation of PH, (1100-1080 cm™) were found and P-O-C
connections between 800-750 cm™. A complex band of PO3~ (inorganic) was observed at bands
between 1100-1000 and 580-540 cm™.



Table 4 - Functional groups, wavenumbers
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and vibrational mode of infrared bands from

biochars.
Functional Group frequenc;_/1 Assignment”

group wavenumber (cm™)

O-H 3400 — 3200 Alcohols ﬁnd phenols assfociated with
ydrogen bonding

N-H 1640-1550 Primary and secondary amines
C-O0 1300 — 1000 Carbonyl group

C=C 1680 — 1620 Alkenyl
P-H 2450 — 2280 Phosphonic derivatives
PH: 1100 -1080 Angular deformations
P=0 1050 — 900 Organic phosphates

P-O-C 800 — 750 Aromatic phosphates
PO,* 1100 — 1000 and 580 — 540 complex band (inorganic)

“Interpretation of the bands - Bekiaris et al. (2016); Silverstein et al., (2014); Coates (2004); Colthup and Grasselli

(1992).

The increase in functional groups, mainly compounds containing O and H, indicate that

there was an increase in these elements, mainly forming compounds of P-O and P-H. This result

confirms that possibly ligand exchange and hydrogen bonding are mechanisms of P adsorption

on the surface of modified biochar (Inyang and Dickenson, 2015).

3.3.2 SEM-EDX

SEM-EDX analysis of P-loaded biochar samples are shown in Fig. 9. SEM analysis

shows that the pyrolysis conditions did not alter the morphology of the biochar. The

impregnation with cations made the biochar more flocculated when compared with the non-

impregnated biochar, which have a flatter surface (Fig. 9A and B).
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Fig. 9. SEM micrographs) and EDX elemental maps of modified biochars.

The EDX analysis indicates that P is evenly distributed on surface of the pristine
biochar. For the impregnated biochar, Al, Fe, and Mg are well distributed over the entire surface

and P seem to overlap the cations as sorption sites.

3.3.3 XRD

Several peaks of crystalline materials (synthetic minerals) were clearly observed in the
X-ray diffraction (XRD) spectra in all studied biochar samples (Fig. 10). The pristine biochar
(Fig. 10A) showed mainly quartz (SiO2) and calcite like-compound (CaCOgz). There was also
the formation of Ca-P compounds, such as monetite (CaHPOs), hydroxyapatite
[Cas(PO4)3(OH)] and brushite [CaHPO4-2(H20)]. Calcium is the element at the highest

concentration in the feedstock and consequently in the pristine biochar (Table S1).
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Fig. 10. XRD patterns of different biochars.
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o

Hydroxyapatite; Alron phosphate; Alron phosphate dihydrate; @Korshunorvskite; eKovdorskite, V

Magnesiowuestite;
#Wollastonite.

e Magnetite;

+Monetite;

#Newberyite;

*Quartz;

nStrengite;

&Variscite;

The main crystalline phases formed in the Al-impregnated biochar (Fig. 10B) were

berlinite (AIPO4) and chloroaluminite (AICIsOs) in PMB-M-AI and berlinite, andaluzite
[Al>(SiO4)O] and akermanite (Ca2MgSi207) in the PMB-N2-Al. After P adsorption in the PMB-
M-Al there was the formation of augelite [Al2(PO4)(OH)z], berlinite (AIPO4) and variscite

[AIPO4-2(H20)]. Quartz peaks were also observed in this P-loaded biochar while it was not

observed in the PMB-M-Al, which might have occurred because Si became more concentrated

when in contact with the aqueous solution of the adsorption process due to its low water
solubility. In the P-loaded PMB-N2-Al was also identified augelite [Al2(PO4)(OH)s], berlinite
(AIPQO4), gibbsite AI(OH)s and quartz peaks.

For the PMB-M-Fe biochar (Fig. S5) the identified minerals were composed of Ca, Fe,

P and Si, such as brushite [CaHPO4-2(H20)], dolomite [CaMg(COs)2], wollastonite (CaSiOz),
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FeCl2-2H20 and Fe30s. In the PMB-N2-Fe there was the formation of FeClz-2H,0, dolomite
and hydroxyapatite. And after P adsorption (PMB-M-Fe-P) it was observed the formation of
very intense brushite and strengite peaks [Fe3*PO4-2(H.0)]. As previously presented, this
biochar showed the lowest P adsorption (Fig. S1) and through XRD is shown that P bound in
greater quantity to Ca (brushite) when compared with Fe (strengite). The biochar produced
under N2 flow (PMB-N2-Fe-P) the minerals formed were iron phosphate (FePOs); iron
phosphate dihydrate (FePO4-2H20), magnesiowuestite (Feo4Mgo.sO), magnetite (FesOs) and
hydroxyapatite.

The highest amounts of peaks were identified in the biochar impregnated with Mg (Fig.
10C). The main peaks observed contained Ca and Mg in the PMB-M-Mg as dolomite,
newberyite [Mg(PO3)OH-3(H.0)], chloromagnesite (MgCl.) and quartz peaks. The P-loaded
Mg-impregnated biochar showed mainly peaks of akermanite (Ca:MgSi2O7), bobierrite
[Mg3(PO4)2-8(H20)], kovdorskite [Mg2PO4(OH)-3H20], newberyite, dolomite and
hydroxyapatite. In the biochar produced under N> atmosphere (PMB-N2-Mg), most of the
identified ones were peaks containing Mg in the form of korshunovskite [Mg.CI(OH)z-4(H20)],
bobierrite and akermanite. After P adsorption (PMB-N2-Mg-P) there was the formation of P
peaks linked to Mg such as newberyite and cattiite [Mgs(POa)2-22(H20)], with the formation

of brushite, dolomite and quartz.

3.4 Adsorption mechanisms

The main mechanisms of phosphate adsorption by modified biochar are protonation
processes, surface complexes, physical adsorption in the pores, electrostatic attraction and
precipitation (Li et al. 2016).

The kinetics study indicated that in the Mg-impregnated biochar (PMB-Mg), chemical
adsorption first occurred, in which, electrostatic attraction probably occurred by the positive
charges created by MgOH®, attracting the phosphate charges available in the solution. The
formation of MgOH™ from the MgO compounds that consume the H* released in the solution
keeps the pH of the solution always lower than the pHpzc value of the biochar, so it remains
protonated, increasing the affinity with phosphate anions (Zhu et al,. 2020). Concurrent with
this process, FTIR analysis (Fig. 8) showed that part of the P was complexed on the surface by

the functional groups contained in the biochar. One possibility is that the O-H clusters present
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in the impregnated biochar (3400-3200 cm™) that disappeared after adsorption, it may also have
bound to Mg and formed MgOH" groups.

As the contact time of the phosphate solution increases the biochar P moves into the
larger pores and successively into the smaller pores as the layer to be diffused is broken (Wu et
al. 2009), the physical adsorption mechanisms then start taking action, as indicated by the
pseudo-first order and intra-particle diffusion models (Fig. 6 and 7). For the biochar
impregnated with Al, the kinetic results indicate that intra-particle diffusion and chemical
adsorption were mechanisms involved. The FTIR analysis shows that few phosphate groups
were formed by surface complexes.

Another mechanism involved in P adsorption is precipitation, identified in the XRD
analysis (Fig. 10). For the biochar impregnated with Mg (PMB-Mg) the main minerals formed
were newberyite [Mg(PO3)OH-3(H20)] and also precipitation with the Ca present in the
biomass (Table S1), in the form of brushite [CaHPO4-2(H20)]. For biochar impregnated with
Al (PMB-AL), the formation of augelite [Al2(PO4)(OH)z] and berlinite (AIPO4) was observed.

The biochar samples that have a higher external surface (Sget) and also a greater volume
of pores (Pvoume), have a greater number of active sites and therefore have a high adsorption
capacity and also a faster adsorption rate (Zhu et al. 2020). This characteristic also contributed
to biochar impregnated with Mg adsorbed higher concentrations of P.

3.5 Agronomic and Environmental Implications

Phosphorus recovery from waste is a worldwide concern and studies on this topic should
be encouraged. Adsorption is an effective technology, with high selectivity and easy operation
(Loganathan et al. 2014), and the use of modified biochar as a P adsorbent is an excellent
alternative. However, large-scale production of modified biochar still needs to be improved, to
reduce costs and make the process more sustainable.

Mg was the best cation to be used in the impregnation for recovery of P, as it adsorbs
the largest amounts and releases more recovered P. In addition, the use of N2 as carrier gas does
not promote significant changes in biochar that directly influence the adsorption and desorption
of P. Therefore, it is possible to produce modified biochar in a simpler way but obtaining an
efficient material in the recovery of P from wastewater.

In humid tropical soils, P is the most limiting element for agricultural production,

because these soils have an intense relationship of P with mineralogical constituents. The P
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adsorption can be as high as 1,000 times the P applied in a single fertilization (Roy et al. 2016).
This adsorption occurs due to the predominance of Fe and Al hydroxides that have high affinity
with P, leading to the formation of inner sphere surface complexes. This fraction is called non-
labile P, where the phosphate is linked to hydroxyl by one, two or three covalent bonds (Novais
et al. 2007). Precipitation of P with ionic forms of Fe and Al may also occur in acidic soils and
with Ca in basic soils, which form low solubility compounds such as hydroxyapatite or
carbonate-apatite (Fink et al. 2016).

For this reason, the implementation of new technologies to P recycle from waste is
urgent in Brazil, aiming its use in agriculture. In addition, there are several organic residues that
have significant amounts of P in organic and inorganic forms (Withers et al. 2018). Animal
production, in particular, has had an impact on the environment by producing a considerable
number of residues, which needs to be treated properly and is also rich in nutrients and organic
matter. In the specific case of Pig manure, due to the confinement of animals, intensive use of
water is required for hygiene, generating a considerable volume of wastewater that is rich in
nutrients, especially P (Rosa et al. 2017). Also, the large-scale manure production can be a

useful biomass to be used as a basis for biochar production, as demonstrated in this study.

4. Conclusions

Maximum adsorption was obtained in biochars impregnated with Mg, with the biochar
produced in muffle (PMB-M-Mg) being the most efficient, removing 231 mg g%, while the one
produced under N, atmosphere (PMB-N2-Mg) reached a value of 167 mg g. The pyrolysis
conditions (muffle — low O or furnace under N2) had no significant influence on the
characteristics that govern adsorption, such as functional group, surface area, quantity and size
of pores, and the formation of crystalline compounds (synthetic minerals). Thus, it is possible
to produce biochar in a simpler way, without using a carrier gas, and thereby making the biochar

production process sustainable and economical.
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Figure S1. Adsorption isotherms of biochar samples impregnated with Fe and either prepared
in muffle furnace (M) or under N2 flow (N2).
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Figure S5. XRD patterns of different biochars.
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Table S1 — Nutrient content of pig manure
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N P K Ca Mg S
g/kg
15.7+0.4 11.6+0.5 6.9+0.1 39.3+1.6 2.40+0.06 2.50+0.04
B Cu Fe Mn Zn
mg/kg
15.6+0.6 2171 3184+265 212+30 447+13
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CHAPTER 3

Phosphorus removal from aqueous solution using cation-modified biochars: speciation

using P K-edge XANES spectroscopy

Chapter prepared according to the guidelines of the Jornal of Cleaner Production (to be

submitted)
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Abstract

The recycling of phosphorus (P) from organic waste and wastewater is essential for
environmental sustainability. The use of biochar impregnated with magnesium (Mg?"),
aluminum (AIP) and iron (Fe**) is an alternative to increase the capacity of P removal by
biochar from wastewater. We aimed at studying the P removal of biochar enriched with cations
prepared under different pyrolysis conditions (air-limited and N>-flow) and to evaluate the P
speciation adsorbed on cation-modified biochar, using the X-ray absorption spectroscopy
(XAS). Biochar samples were produced from pig manure (PMB) impregnated, separately, with
20% of AICl3z, MgCl; and FeCls solutions either in an air-limited adapted muffle furnace and in
a furnace under N2-flow. Phosphorus removal was studied in these cation-modified biochars,
Then, speciation analyses after P adsorption (P-enriched biochars) were carried out by P K-
edge X-ray Absorption Near Edge Structure (XANES) spectroscopy to identify the P species
in non-modified and cation-modified biochars. XANES results showed that in non-modified
biochar (PMB-M and PMB-N>), P-Ca compounds (mainly hydroxyapatite) prevailed. In the
biochars impregnated with Al, there was a predominance of P-Al compounds most being found
as P sorbed on gibbsite-like compound [AI(OH)s]. In biochars impregnated with Fe, P-Fe
compounds (ferrihydrite and FePO4) were identified. For the biochars impregnated with Mg,
species of P-Mg and P-Ca were identified. Although Mg is in greater quantity in the Ca:Mg
ratio, there was a predominance of the P-Ca species because of due to these compounds [e.g.
octacalcium phosphate (OctaCaP)] were preferentially crystallized in comparison to P-Mg. The
pyrolysis conditions mainly influenced the temperature in the biomass core, which resulted in
a differentiated degradation of lignocellulose, affecting the mineral and organic content. In
conclusion, Mg-impregnated biochar is a sustainable option to add value to organic residues
and to recycle P to be reused as enhanced efficiency fertilizer.

Keywords — sustainability; phosphate recycling; P species; synchrotron.
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1. Introduction

Phosphorus (P) is an essential element for living organisms and a major element limiting
crop growth in Brazil, but P sources are finite and scarce. Less than half of the P applied as a
plant nutrient is assimilated by human and animal consumers of food crops, and most P is
eliminated via excrement (Liu and Chen, 2008). If human and animal wastes are not correctly
treated for land application, mobilized P (and nitrogen - N) in the wastes can reach surface
waters and result in eutrophication (Ngatia and Taylor, 2019). Swine wastewaters produced in
confined feeding operations are particularly problematic because of the large volumes produced
from intensive water usage in these systems. These wastewaters contain suspended organic
solids that are rich in N, P, and K (potassium) (Bradford et al., 2008). There is an urgent need
to recover these nutrients, especially P, from these wastewaters to recycle these essential
nutrients and avoid pollution.

The recovery of P from wastewater and other complex environmental matrices by
adsorption in biochar has been highlighted in recent research (Cui et al., 2016; Riddle et al.,
2019; Zhu et al., 2020). Because the surfaces of the biochars are predominantly composed of
weak-acid (e.g., carboxylic) functional groups that are negatively charged, the addition of
multivalent cations such as magnesium (Mg?"), aluminum (APP*) and iron (Fe*") is needed to
increase the P binding capacity by forming cationic bridges (Shepherd et al., 2017).

The biochar pyrolysis conditions may also influence its physicochemical characteristics.
For instance, production using N2 flow as a carrier gas has the function of removing the gases
formed during pyrolysis to obtain a “cleaner” biochar surface (Chen et al., 2020b). On the other
hand, adapted muffle furnace to prevent air flow is also commonly used for biochar production
(Tan et al., 2018; Bekiaris et al., 2016), but this method cause a deposition of the gaseous
pyrolysis products on the biochar surface. The main reported characteristics that are influenced
by the preparation method are porosity, surface area and chemical functional groups (Zhu et al.,
2018). These characteristics are expected to influence the transformation of feedstock and P
adsorption, consequently influencing P species that are formed.

The use of P K-edge X-ray absorption near-edge spectroscopy (XANES) for speciation in
modified biochar samples is poorly reported in the literature (Riddle et al., 2018; Riddle et al.,
2019). This technique allows the chemical P speciation in heterogeneous environmental
matrices, such as biochar (Sharma and Hesterberg, 2020). The species are identified by changes

around the X-ray adsorption edge of the element of interest (the absorber), which is energy-
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specific, thus, the spectral characteristics near the edge depends on the coordination
environment of the atoms in the absorber element and its closest neighbors (Mobilio et al.,
2015).

Although several studies havaes tested the adsorption capacity of biochar modified with
different cations, so far, a deeper understanding of the P species formed after the recovery from
aqueous solutions is still lacking. Also, the influence of pyrolysis conditions biochar on the P
adsorption capacity and the P speciation remains an open question. Knowing the P species in
modified biochars can provide information about the removal mechanisms and allow
optimization of the recovery process, as well as the potential performance of the P-loaded
biochars as fertilizers when the focus is to be further used in agriculture (Liang et al., 2018).

We hypothesized that impregnation with cations modifies the properties of the biochar
forming different species of phosphates after adsorption and that the different pyrolysis
conditions will influence the pyrolysis of the feedstock resulting in minerals with different
capacities to adsorb P. This study aimed to (1) determine the chemical speciation of P bound to
biochars impregnated with different cations (Mg?*, Fe** and AI**) and prepared by different
pyrolysis conditions (furnace with N2 flow and muffle furnace), and (2) relate the P speciation

to agronomic efficiency of biochar enriched with P by adsorption process.

2. Material and methods
2.1 Biomass preparation

Pig manure was collected in a farm near Lavras, Minas Gerais state, Brazil (21°13'34"
S and 44°58'31" W). The feedstock was oven dried at 50 °C until constant weight, ground in a
mill equipped with a 10-mesh sieve (<0.25 mm), and stored in plastic recipients. Macro and
micronutrients contents in biomass was determined in ICP-OES after nitric-perchloric acid
digestion. The nitrogen was determined for Kjeldahl method after sulfuric acid digestion
(Malavolta et al. 1997). Later, the material was impregnated with magnesium chloride
(MgCl2.6H20), (Synth, 98%) iron chloride (FeClz.6H20) (Vetec, 98%) and aluminum chloride
(AICI3.6H20) (Merk, 97% ) solutions aiming to reach 20% of Mg, Fe and Al in the biochar,
according to Li et al. (2016) with modifications. For this, 50 g of pig manure was mixed with
150 mL of MgCl», FeCls and AICIs solution, separately, by shaking for 24 h at 120 oscillations
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per minute in a shaker (TE 240/1 Tecnal) and oven dried at 80 °C to constant weight. After, the
material was crushed and sieved (< 0.25 mm) again.

2.2 Biochar production

The biochar samples were produced under two different atmospheres. Firstly, pig
manure without and with Mg?*, Fe* and AI** impregnation were tightly accommodated in
porcelain crucibles, which were overlapped to inhibited O, flow and allow pyrolysis in a muffle
furnace (Bekiaris et al. 2016). The same materials were pyrolyzed in a horizontal furnace
EDG/FT-HI series under N2 atmosphere (200 mL min). In both furnaces, materials were
subjected to a heating rate of ~10 °C min™ up to reach 500 °C, with 2 h of holding time (Lustosa
Filho et al. 2017). After pyrolysis, the samples were slowly cooled to room temperature inside
the furnaces, ground in a porcelain mortar, and sieved to <0.25 mm. The pig manure biochar
samples are herein identified with a code comprising the feedstock (PMB), the pyrolysis
conditions (M — muffle furnace or N2 — horizontal furnace under N2 flow), and the impregnated
cation (Mg, Fe, Al). The materials produced were named as: PMB-M, PMB-N2, PMB-M-Mg,
PMB-N2-Mg, PMB-M-Al, PMB-N.-Al, PMB-M-Fe and PMB-N2-Fe

2.3 Biochar characterization

The characterization of the biochar samples was detailed described in the previous
chapter of this thesis. The characterization of biochar samples presented in this work included
chemical and physical measurements. Electrical conductivity (EC) and pH value were
determined according to Singh et al. (2017). Ash contents were determined using a standard
method ASTM D1762-84 (ASTM, 2007), and total nutrients contents were determined
according to Enders and Lehmann (2012). The C content was determined in an elemental
analyzer (model Vario TOC cube, Elementar, Germany). All analyses were performed in
triplicate, except the C analysis that was in duplicate. The data were subjected to analysis of T-
student (significant - p < 0.05) using software R 3.4.1. (R Core Team, 2017).

2.4 Phosphate removal study
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Phosphate removal experiments were performed using biochar samples that were crushed,
air dried, and sieved to <50 um. Briefly, 5 g of biochar samples were added in 1000 mL of
phosphate solution (KH2PO4) (i.e. 5.0 g L of adsorbent dose) containing 500 mg L* of P,
which were prepared using 0.01 mol L™ Ca(NOs) as a background electrolyte solution. The
mixture was stirred for 24 h at 120 oscillations per minute at room temperature. After this
period, the extracts were filtered in membranes (<0.45 pm, Millex HP) and P concentration in
the filtrate was measured by ICP-OES (Li et al., 2016). All reagents were of analytical grade
and used without further purification.

The amount of P uptake by different biochars was calculated by the equation (1):

R (%) = % X 100 D

where R (%) is the removal percentage C; and C. are the initial and equilibrium P concentrations

measured in the aqueous solution (mg L), respectively.

2.5 Phosphorus K-edge XANES spectroscopy

XANES spectrum data were collected at the soft X-ray spectroscopy (SXS) beamline of the
Brazilian Synchrotron Light Laboratory (LNLS) in Campinas-SP, Brazil. For the P K-edge
XANES analysis the pristine and P-loaded biochar samples were air dried, ground and passed
through a 150 um screen. Samples were diluted to ~0.15% (w/w) P concentrations with boron
nitride in order to diminish self-absorption and a thin layer was uniformly spread on double-
sided carbon tape and mounted on a stainless-steel sample holder, which was inserted into a
chamber operated under vacuum conditions (~10"" mbar). The beamline was equipped with a
double crystal Si (111) monochromator, and data were collected in fluorescence mode using an
AMPTEK® X-ray Spectrometer Detector (model X-123) to record the X-ray fluorescence. For
energy calibration, a calcium phosphate standard was used (Eo set at 2150.7 eV) and scans were
collected in the energy range of 2120 to 2220 eV. The step size was 1.0 eV from 2120 to 2145
eV; 0.2 eV from 2145 to 2180 and 0.5 eV from 2181 to 2220 eV, and time of 1.0 s per step.
About eight scans per sample were measured to obtain a lower signal-noise ratio.

XANES data analysis was performed using Athena software, version 0.9.25 (Ravel and

Newville, 2005). Data preprocessing consisted in visual evaluation of the spectrum for
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inconsistency (e.g., glitches, drifts, and noise) between replicates of the same spectra and
merging of the scans. Was performed the background subtraction, normalization and linear
combination fitting (LCF) in the energy range 2140-2180 eV (Gustafsson et al., 2020). The
LCF was a combination of four standards grouped and analyzed for visual similarity and
analysis of the best R-factor.

A set of standards was obtained from D. Hesterberg (personal collection) and Hurtarte et al.
(2019), as follows: calcium phosphates [octacalcium phosphate — CagH2(POa4)s.5H20;
hydroxyapatite — Cas(PO4)3(OH); brushite — CaHPQ4.2H,0; monetite — CaHPOa; B-tricalcium
phosphate — B_Ca3(POa4)2], magnesium phosphate (MgHPO4.3H20), iron phosphate [strengite
— FePO4.2H,0; FePO4 amorphous; FePOg; P_ferrihydrite — P adsorption in Fe3 03.0.5H20]
and aluminum phosphate [variscite - AIPO4.2H20, variscite_amorphous, AIPOa; P-gibbsite — P
adsorption in AI(OH)s, P_caulinite — P adsorption in Al;Si2Os(OH)4] and organic phosphate
(phosphonate — CH2 — PO3OH?).

3. Results and discussion
3.1 Biochars characterization

Both the impregnation and the pyrolysis conditions influenced the basic characteristics
of the biochars (Table 1). The pH values were in the alkaline range for the non-impregnated
biochars and Mg-impregnated biochars, while the Al-impregnated biochars were slightly acid
and the Fe-impregnated biochars were highly acid, which are in agreement with others
(Michalekova-Richveisova et al., 2017). The impregnation increased considerably the content
of the impregnated elements as expected, while Ca was the predominant nutrient in the non-

impregnated biochar (Tablel).



Table 1. Chemical properties of the pristine and cation-impregnated biochar produced in muffle furnace (M) or under N2 flow (N>).
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Biochar

Properties PMB-N. PMB-M-Mg PMB-N>Mg PMB-M-Al PMB-N»Al  PMB-M-Fe  PMB-N;-Fe
Yield (%) 40°+02  39°+03 55 +06 68" + 0.6 39"+ 0.0 55" +0.3 59"+ 0.3

pH (waten 0777+ 001 9.68™+003 925"+001 9.25%+001 523°+006  564°+005  166°+001  1.70"+001
CE (mS cm™) 00600  479°+003 454°+001 176003  217°+0.02  424'+001  5.01"+0.02
C (%) 57074280 448™+070 255™+005 269™+025 249'+020 234020  185™+005  18.8™+0.25
Ash (%) 36.4°+01 47905  442¢:08  475+03  454°+01 478501  47.0%+03
Ca (g kg) 058'+07  220°+03  144'+01  322%+03 32001  327°%03  32.9%+03
Mg (gkgl)  470™+004 4.83°+005 169" +2 149°+5  202%+002  231%+011  207°+001  2.44°+001
Fe (g k) 399" +008 589™+048 063°+019 044009 557 +014  382°+012  115m™%2 113"+ 3

Al (g kg™) 377%+021 481°+044 069009 0525+009  168™+2 1717 + 1 0487006  0.42%+0.03

Notes: ns - not significant. * Significant at 5% probability (p <0.05) by the T-student test. The test compares the pyrolysis conditions (M-muffle and N- with N flow), inside
each impregnated cation. Values are the mean * standard error (n=3).
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Except for the biochar impregnated with Mg, the C content and ash content followed
the same trend for pyrolysis conditions, with the highest values found in biochar produced in
muffle furnace. This difference in pyrolysis conditions is probably related to the temperature
variation in the core of the feedstock (Spokas, 2010). This oscillation generates a differentiation
in the dehydration of hydroxyl groups and also in the degradation of lignocellulose that occurs
at high temperatures (Gonzaga et al., 2017).

At temperatures below 300 °C the degradation of lignocellulose promotes the release of
radicals by homolytic cleavage of bonds induced by the thermal action of structural O and
inorganic impurities present in the raw material. Another source of free radicals may be the
presence of low amounts of atmospheric O,. Water loss also occurs because of dehydration
reactions. Finally, these free radicals break down and the biochar forms (Amonette and Joseph,
2009).

As the pyrolysis temperature increases, such as from 300 °C to 600 °C, greater liquid,
and bio-oil (tar) formation occurs, and the biochar yield is lower. This is because the tar formed
from cellulose is composed of anhydrosugars that are less reactive than the free radicals
generated by the homolytic cleavage. Higher temperatures increase heat and mass transfer rates
with increased volatile production, further reducing yield (Amonette and Joseph, 2009).

The impregnation with different cations caused an increase in the ash content and a
decrease in the C content of the biochar, which is consistent since the ash content reflects the
measure of the inorganic compounds of the biochar. The ash contents were close among the
cation-impregnated biochars and the pyrolysis conditions cause a small or no difference in this
characteristic. However, the Fe-impregnated biochar caused the highest decrease in the C
content among the cations-impregnated biochars. The amount of Fe used in the impregnation
behaved as a powerful catalyst that favored the loss of C as a gas during pyrolysis (Zheng et
al., 2020). The impregnation with salts increased the production of ash because these function
as acidic or basic catalysts that promote reactions of dehydration and fission of anhydrosugars.
This process results in biochars extremely reactive to oxidation with consequent lower C

content (Amonette and Joseph, 2009).
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3.2) Phosphorus removal using cation-modified biochars

The highest P removal capacity was obtained for PMB-N.-Mg, followed by the
sequence of PMB-M-Mg>PMB-N2-Al>PMB-N2-Fe>PMB-M-AI>PMB-M-Fe (Figure 1). The
higher P removal of the Mg-impregnated biochars samples is due to the fact that Mg creates
high PZC biochars (Zhu et al., 2020) and thus is able to maintain a positively charged biochar
surface (pH of the medium below the pHpzc) over a wide pH range in aqueous medium and
consequently adsorbing larger amounts of P (Yao et al. 2011). The pyrolysis conditions
influenced the P removal capacity in all biochars, with greater removal in those produced under
N> flow. The use of an inert gas in the production of the biochar is important because it
influences characteristics such as surface area and porosity, which are important to coordinate
adsorption (Chen et al., 2020b). Aspects of the adsorption behavior, mechanisms, and

characterization of biochars are detailed in the former chapter.
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Figure 1. Percentage of phosphorus removal in cation-modified biochar samples. pHi- pH
initial; pHf- pH final. Experimental conditions: 5 g L™ of adsorbent dose and 1000 mL of
solution with 500 mg L of P (adsorbate).
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Notes: ns - not significant (p > 0.05). * Significant at 5% probability by the T-student test (p < 0.05). The test
compares the pyrolysis conditions (M-muffle and N2- with N2 flow), inside each cation-impregnated biochar. Bars
are the mean = standard error of 2 replicates.

3.3) Phosphorus K-edge XANES analysis

Figure 2 shows the P K-edge X-ray absorption near edge spectra (XANES) obtained
from cation-modified and pristine biochar samples. Each XANES spectrum has a striking
characteristic used to identify the analyzed material as a “fingerprint” for each neighboring
element. The peak of P absorption (maximum peak observed in the spectra of Figure 3) occurs
at around 2151 eV, in which an electron is transferred from the innermost 1s orbital to the t2*
orbital with greater energy (Brandes et al., 2007). In fluorescence mode, after excitation of this
electron, it decays with the highest energy to the unoccupied orbital 1s and there is the release
of photons that are collected by the detector (Vicentin et al., 1999).

The identification and differentiation of the mineral and organic phases that make up
the analyzed biochar samples was done by the linear combination fitting (LCF) through the
combination of different P standards, that in this study are all in +5 oxidation state. The
differentiation of P species is done by identifying specific aspects that may appear in pre-edge
or post-edge in relation to the absorption edge (maximum peak of the spectrum) (Ingall et al.,
2011).

In almost all biochar samples, P-Ca species (Table 2) were identified, mainly in non-
impregnated biochar. Calcium is generally the element that makes up the largest amount of
waste and consequently results in biochars rich in this nutrient (Rose et al., 2019). In the pristine
biochar samples, the highest P fraction (~60%) was in the form of hydroxyapatite (HA), which
is a result of the high Ca content the pig manure (Table S1).

The pyrolysis conditions influenced the P species formed (Figure 2), for instance in the
PMB-M only HA and brushite were identified, while in the PMB-N it was found the formation
of HA, monetite and P-organic (phosphonate). The carbonization process of the biomass by
different methods causes a different transformation of lignocellulose in stable C compounds
(Amonette and Joseph, 2009). Inorganic compounds of the feedstock during the pyrolysis
process may undergo volatilization during thermal degradation, but most are either incorporated
as part of the carbonaceous structure or retained as mineral phases (Chan and Xu, 2009).

The conditions of the pyrolysis process such as temperature, heating rate, residence time
of the raw material, gas purging rate, presence of atmospheric Oz, composition of the feedstock,



106

pressure, cooling rate and heat distribution in the cavity of pyrolysis, cause an initial
fractionation in the carbonaceous material releasing gases and forming tar during the thermal
degradation in a different way (Schnitzer et al., 2007a; 2007b). The N2 flow probably changed
the internal temperature of pyrolysis during heating or cooling resulting in less condensed C
forms like phosphonate (CH2 — POsOHy).
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Figure 2. Major P species determined by linear combination fitting of XANES spectra of
standards to XANES spectra of biochars from different biochar samples.

The identification of P-Ca compounds is due to the presence of a shoulder in the absorption
energy of 2153 eV, and this shoulder is more pronounced in more crystalline phases and lower
in amorphous samples (Eveborn et al., 2009). In both PMB-M and PMB-N, samples is possible
to observe the characteristic shoulder of Ca-containing samples, and the appearance of the
spectrum was similar to the hydroxyapatite pattern (Figure 3A and B).

Samples containing Fe in the composition are identified by the presence of a significant pre-
white line peak around 2146 eV (Eveborn et al., 2009). This feature was observed only in
samples impregnated with Fe (Figure 3E and F). The P-Fe species identified in the PMB-M-Fe
were strengite (19%), P sorbed on ferrihydrite (23%) and FePO4 (37%). It was also identified a
Ca-P compound as brushite (22%). For PMB-N2-Fe, the main P-Fe species were P sorbed on
ferrihydrite (38%), FePO4 (44%) and FePO4_amorphous (10%). A P-Ca compound was also
identified as a minor phase of hydroxyapatite (10%).
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Table 2- linear combination fitting results showing proportions of (% of standards) giving the best fit to spectra from biochar samples. Chi? and
R-factor values indicate goodness of fit.

Standards

Biochar

PMB-M

PMB-N>

PMB-M-Mg PMB-N>-Mg PMB-M-Al PMB-N:-Al PMB-M-Fe PMB-N»-Fe

Hydroxyapatite
MgHPO4.3H,0
Variscite_amorphous
Strengite
AlIPO4
P_ferrihydrite
Brushite
Monetite
B_tricalcium
Gibbsite
FePOq4
Phosphonate
OctaCaP
CaHPO4
P_caulinite
FePO4_amorphous

61.1+1.1

59.5%1.0

21.3+4.1

27.8+1.8

15.4+3.3

24.2+6.6

57.5%3.3
3.0+0.3

- - - 10.2+1.6
3.3+0.2 19.9+1.8 - -

- - 19.6+3.6 -
32.4+0.8 - - -

- - 23.2+1.3 38.5+1.8

- 16.8+2.3 22.7+2.8 -

64.9+0.7 37.2+2.6 - -
- - 37.4+3.0 44.6+2.8

- 17.5+2.4 - -
- - - 10.5+£3.5

R-factor

0.000945

0.001101

0.002253

0.000861

0.001318 0.000555 0.001757  0.0011896

Red-Chi?

0.0008596

0.0008671

0.0018933

0.0331508

0.0016377 0.0008525 0.0014951 0.0014220




Normalized adsorption

Normalized adsorption

. A —PMB-M
Lit
6 - = - Residual
—— Brushite
54 Hydroxyapatite

R-factor — 0.0009453

i
Red-Chi™ — 0.00085%

T T T
2150 2160 2170

2140 2180
Energy (eV)
7
E —— PMB-M-Fe

—lit

64 - - - Residual
— Strengite

5 — P_ferrihydrite

) licPO,

Brushite
44

R-factor = 0.0017569

Rr:d-(]ﬁz —0.0014951

2140

T T T
2150 2160 2170 2180

Energy (eV)

Normalized adsorption

Normalized adsorption

! B ——PMB-N|
— it
6 - - - Residual
Phosphonate
54 Monetite
Hydroxyapatite
R-factor — 0,0011012
44

Red-ChiZ ~ 0.0008671

T T T
2150 2160 2170

2140 2180
Energy (eV)
7
F —— PMB-N-Fe

—Fit

6 - - - Residual
— P_ferrihydrite

5 I'ePO,
— Hydroxyapatite

4 I'ePO ,_am
R-factor = 0.0011896

3 Rcdi'h[2 = 00014220

2140

T T T
2150 2160 2170 2180

Energy (eV)

Normalized adsorption

Normalized adsorption

! C —— PMB-M-Al
— it
6 - — - Residual
Variscile_am
5 —— AIPO,
Gibbsile
R-factor = 0.0013177
44

i
Red-Chi™ = 0.0016377

T T T
2150 2160 2170

2140 2180
Energy (eV)
7
G —— PMB-M-Mg
it
64 - - - Residual
== A]T‘04
5 —— MgHPO,_3H,0
OctaCaP
4 B_Tricalcium
R-factor = 0,0022526
. Red-Chi” ~ 0.0018933
2
1
0 PRI
T T T
2140 2150 2160 2170 2180

Energy (eV)

Normalized adsorption

Normalized adsorption

7
D —— PMB-N_-Al
—Fit
67 - - - Residual
Variscite am
5 ——— P_caulinite
— Gibbsite
Brushite
4 4

R-laclor —0.0005553

=
Red-Chi” = 0.0008525

T T T
2150 2160 2170

2140 2180
Energy (cV)
7
H PMB-N_-Mg
Fit
N - = = Residual
e AlT’()4
54 —— MgHPO,3H,0
OctaCal
4 4 CaHPO,
R-factor = 0.0008606
34 Rod-Chi — 0.0331508
2 4
=
0
T T T
2140 2150 2160 2170 2180

Energy (eV)

108

Figure 3- Phosphorus (P) K-edge X-ray absorption near-edge structure (XANES) spectra and best fit from linear combination fitting for biochar
samples with the reference compounds. Chi? and R-factor values indicate goodness of fit.
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In Al-containing samples, the spectra do not have specific features either in pre- or post-
white line that clear distinct the Al-treated samples. Most of the P species associated to Al in
PMB-M-AI was observed as P sorbed on gibbsite-like compounds [Al (OH)z] (64%), followed
by AIPO4 (32%) and a minor amount (3%) of variscite_amorphous. In PMB-N2-Al, the main
species observed were also of P sorbed on gibbsite-like compounds (37%), P sorbed on
ferrihydrite (23%), P sorbed on kaolinite (17%) and P-Ca as brushite (16%). For the Al-
impregnated samples, the biochar produced in the furnace under N2 flow resulted in a product
with a greater variety of minerals compared to that produced in muffle in which a large portion
of the P was adsorbed on gibbsite-like compound.

Finally, although the Ca:Mg ratio was low in Mg-impregnated samples (Table 1), the
feature of spectra are similar to P-Ca compounds. There was a widening at the base of the post
edge at 2155 eV that is characteristic of compounds analogous to non-crystalline HA (Hilger et
al., 2020). The main specie formed was octa-calcium phosphate (OctaCaP - CagH2(PO4)s.5H20)
(41% in PMB-M-Mg e 57% in PMB-N2-Mg). As observed by others, in high pH systems, even
in the presence of high Mg content and lower amounts of Ca in solution favors the formation
of short-range order amorphous P-Ca species, such as OctaCaP (Hilger et al., 2020). Thus, the
formation of P-Mg compounds in the presence of Ca is unlikely due to the high solubility of
magnesium phosphate minerals. There was a higher percentage of MgHPO4.3H20 in PMB-M-
Mg (21%) than in PMB-N2-Mg (15%) (Table 2). Spectra of Mg phosphates (newberite and
bobierrite) are identified by the intensity of the white line that is shifted +0.5 eV and does not
show any post edge characteristics at 2162 eV. A very slight peak can also be observed at 2155
eV (Ingall et al., 2011).

The percentages of the compounds in the samples are obtained by the linear combination
fitting (LCF), in which the sample analyzed is modeled with a combination of patterns with
known composition and structure (Gustafsson et al., 2020). The analysis of environmental
samples using techniques such as XANES has been increasing in recent years, but often due to
the complexity of these matrices (e.g. biochars from manure) there are uncertainties regarding
the LCF result, especially when the spectrum does not have a characteristic that makes it clearly
distinguishable. The more complex a geochemical matrix is the less specific the spectroscopic
techniques such as XANES and XRD are to characterize the structure of these matrices
(Hesterberg, 2019).
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In the former chapter of this thesis, the XRD difractograms of the same set of samples
presented confirm the P species identified by the XANES analysis. However, other mineral
phases identified by the XRD are lacking in the XANES technique, since only a limited number
of standards can be accurately included in the LCF (Gustafsson et al., 2020).

A question asked by soil scientists using XANES spectroscopy techniques is how to
differentiate Ca-phosphate minerals in complex matrix studies, since the appearance of the
spectra is very similar (Chien, 2019). X-ray diffraction (XRD) is a technique that is already
well founded to define each mineral and allow this differentiation. The identification of
crystalline phases is made from angles and beam intensities that, when interacting with the
sample, are diffracted in different directions. From this information it is possible to obtain the
arrangement of atoms within a crystal and to identify the interplanar spacings (d-spacing) that
are specific to each crystalline structure.The length scale of the crystalline structure that is
repeated for phase identification is from the scale of tens to hundreds of nanometers. The
XANES technique, on the other hand, identify the molecular coordination around P atoms on a
scale of several angstroms (Hesterberg, 2019). Another limitation of the XRD technique is that
it is not possible to differentiate the adsorbed P from the crystalline P, as well as P-organic

formes.

3.4) Phosphorus speciation and agronomic efficiency of biochar

Knowing the destination of the P added to the soil-plant system is important to outline
strategies that aim to optimize agricultural production with less environmental impacts.
Phosphorus is essential for plant growth and sources to produce soluble phosphate fertilizers
are restricted to a few countries. As a result, it is necessary to improve the technologies for
recovering P from wastes and wastewaters, since these are in general P-rich matrices and can
be optimized for the use in agriculture.

The interest of biochar addition to soil has grown in recent years aiming to increase the
carbon sequestration, reduce greenhouse gas emissions, stabilize contaminants in the soil,
reduce waste volume, among others (Oni et al., 2019). Biochar mainly influences soil pH, C
content, cation exchange capacity and nutrient cycling that directly influence plant growth
(Ding et al., 2016). The application of unmodified biochars for the supply of nutrients requires
very large amounts to be applied, which makes the process costly and of low efficiency (Bach
etal., 2016).
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The use of modified biochars with the objective of recovering P from wastewater has
grown as well as its application as a phosphate fertilizer (Nardis et al., 2020; Riddle et al., 2019;
Riddle et al., 2018). In acidic tropical soils like most Brazilian soils, the application of
phosphate fertilizer together with an organic matrix can reduce the adsorption of P in Fe and Al
(hydro) oxides (Gerke, 2010).

The biochars produced in this study can be applied to soil to provide P to plants,
especially those impregnated with Mg since they had showed the highest P adsorption capacity
and can efficiently supply P and Mg to plants (Nardis et al., 2020). The P-loaded Mg-
impregnated biochar samples have greater solubility than the Al- or Fe-impregnated ones,
which agrees with the species identified by the XANES analysis in the PMB-M-Mg and PMB-
N2-Mg. The main species identified are formed by bases (Mg and Ca) that cause these biochars
to have high pH values (9.25). For this reason, these biochars would be recommended for
application in tropical acidic soils rich in Fe and Al (hydro)oxides.

Biochars impregnated with Al and Fe, despite not having a high P adsorption capacity,
compared to those impregnated with Mg, could be applied in alkaline soils because they are
more acidic (Table 1). Although these biochars are not as efficient at removing P, they can
function as a stable recalcitrant matrix in which the impregnated metals can be stabilized and
reduce leaching of P in alkaline soils or reduce specific adsorption in tropical soils, improving
the efficiency of phosphate fertilizers.

Riddle et al. (2018) observed that the application of a magnetite-coated biochar in a
column experiment (containing washed sand) delayed the movement of the phosphate through
the column. They also observed that only a small proportion of the phosphate (~ 7%) was
permanently retained in the biochar.

In effluent treatment plants, Fe and Al salts are used as flocculants to recover nutrients,
mainly P. Several materials have been studied in order to improve the efficiency of removing
and / or replacing these salts with compounds that can be reused (Xu et al., 2012). The use of
these modified biochars can be an alternative to the use of salts and a strategy for the recovery
of P in wastewater treatment plants (Pokharel et al., 2020), recovering P that can be reapplied

to the soil, favoring a P circular economy and increasing P use sustainability.

Conclusions
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The highest phosphate removal in cation-impregnated biochars occurred with Mg,
followed by Al, while Fe-impregnated biochar was extremely limited in our study. The XANES
results showed that in non-modified biochar Ca-phosphate compounds (mainly hydroxyapatite)
prevailed in both PMB-M and PMB-N.. In the biochars impregnated with Al, there was a
predominance of Al-phosphate compounds most being identified as P sorbed on gibbsite or
gibbsite-like compounds [Al (OH)z]. In biochars impregnated with Fe, P-Fe compounds
(ferrihydrite and FePO4) were identified. For the biochars impregnated with Mg, although Mg
was in greater quantity than Ca, there was a predominance of P-Ca species such as octacalcium
phosphate (OctaCaP) with lesser amounts of P-Mg compounds. The pyrolysis condition
influenced both the removal efficiency (greater for those produced under N2 flow) and the
phosphate species formed. This fact was due to the temperature in the biomass core, which
resulted in a differentiated degradation of lignocellulose, affecting the mineral and organic
content. In conclusion, Mg-impregnated biochar is a sustainable option to add value to organic
residues and to recycle P to be reused as enhanced efficiency fertilizer.
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CONCLUDING REMARKS

The recovery of P from wastes and wastewaters is a necessity in the current and future
scenarios. The implementation of technology aimed at removing P from waste before disposal
is already a reality in some European countries, that have launched in 2013 the European
Sustainable Phosphorus Platform (ESPP), among other P initiatives worldwide. These
initiatives started from the fact that the mineral sources of P are finite and generated discussions
on the subject, which consist of studying the extraction capacity, extension of reserves and
geographic concentration restricted to a few countries.

Improving sustainability in the use of P is a challenge that must be faced by the whole
world, especially in Brazil, since our agriculture is highly dependent on the import of phosphate
fertilizers. Moreover, most Brazilian soils under intensive crop cultivation systems are rich in
Fe and Al oxyhydroxides, which strongly adsorb P by inner-sphere complex, considerably
reducing the P availability for plants.

In this sense, this thesis brings a contribution to better understand the potential of
cations-modified biochars to recover P from aqueous solution, the P products formed and their
value as a fertilizer. The use of these biochars as P adsorbents has the advantages of being
produced from different residues generated on a large scale in the world, such as swine manure,
among other waste materials that are difficult to manage and have high environmental pollution
potential. They are easy to produce compared to activated carbon that often require
sophisticated equipments for activation and their use in agriculture contributes to the circular
economy concept. Additionally, we showed that Mg impregnation is more efficient among the
studied cations, having a high P adsorption capacity.

Another aspect elucidated in this thesis was the influence of pyrolysis conditions on the
modified biochars. It was observed that it is possible to produce efficient biochars without the
need for sophisticated equipment or the use of carrier gas, which makes the process less costly
and more sustainable. It was also shown that despite having low solubility in water, the
modified biochars were able to supply P to maize plants in amounts similar to those grown with
conventional sources of soluble phosphates, in addition to providing Mg more efficiently that
synergistically increased P uptake.

The use of techniques such as X-ray absorption (XAS) provided important information
about the speciation P loaded biochars. This information helps to understand the behavior of P-

enriched biochar as fertilizers. The study also showed the difficulty faced by many researchers
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when analyzing complex environmental matrices such as biochars. The use of this technique
requires expertise and experience by the researcher. Yet, Brazil has excelled in research using
synchrotron light and is making a great leap forward with the inauguration of Sirius last year.
Sirius will be the second fourth generation light source in the world. However, the techniques
available in this facility are not yet widespread in the Brazilian academic community, especially
in geosciences and agricultural areas, due mainly to the difficulty for data analysis and
processing. In this way, this work is important to increase the community of users qualified to
use Sirius and produce high quality research in Brazil.

Additional investigations applying these biochars to the soil should be carried out both
in pot and field experiments, in order to assess in situ the release of P in tropical soils and what
effects they will have on the adsorption of P. It is still necessary to calibrate adequate doses,
explore the synergism of P with Mg in plants and the effect of biochars impregnated with Fe
and Al in tropical soils.

The results shown here reinforce the Brazil's need to start practicing the circular
economy in the recovery of P. We are a continental country with a strong agriculture that
produces countless residues that can be reused in agriculture as biochar, being a sustainable

way of using nutrients.



