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Introduction

Substantial efforts are now being made to improve fertilizer efficiency yet environmental and
economic issues related to fertilizer usage still exist. The current application of highly soluble P
fertilizers possesses a high risk of leaching and/or runoff of P into water systems which can trigger
serious environmental problems.? 2 Previous studies have identified P fertilizers as the main provider
of P to surface water bodies contributing to their pollution.? Depending on the site conditions, type
and application rate of P fertilizers, fertilizer placement practice and timing of fertilizer application
with respect to rainfall, the P losses usually result from a combination of surface runoff of particulate
or dissolved P, channelized surface runoff, drainage and/or groundwater transport.? Furthermore,
significant P leaching can occur in sandy soils resulting in P deficiency due to the low P retention and
high hydraulic conductivity.*

Most studies have confirmed that the environmental risk associated with P fertilizers such as
surface runoff or leaching is due to a combination of the high solubility of most commonly used P
fertilizers such as monoammonium phosphate (MAP) and diammonium phosphate (DAP), as well as
climatic or management conditions that lead to surface water runoff.> > ¢ Phosphorus fertilizers with
slow-release properties can help mitigate the high losses of P encountered when high intensity rainfall
or irrigation occurs shortly after surface applications.” 8A conventional approach for the synthesis of
slow-release fertilizers (SRFs) is by coating the soluble fertilizer to create a physical barrier around the
granule which can decrease the release rate of the nutrients.’ Materials used for the coatings are
usually cheap, readily available, biodegradable and/or environmentally friendly, either natural'® 11 or
synthetic polymers.1%14 However, the synthesis of most synthetic polymers requires organic solvents
which are harmful and expensive.’> Moreover, the polymer coatings often have low biodegradability
and could potentially become an environmental concern.® 7Other strategies included the use of
sparingly soluble materials, such as hydroxyapatite,'® struvite,'® or different types of phosphate rock,?°
as well as usage of various natural and synthetic materials like layer-double hydroxides (LDH),? 22
silicates 23 and GO?* as nutrient carriers.

The idea underpinning the application of SRFs is based on an assumption that gradual supply
of P to the plant will reduce the immediate and large nutrient losses due to leaching/runoff of P
immediately after fertilizer application, while matching the plant P requirement for a longer period of
supply during the growing season for slower-growing crops in cooler climates.> 2> While the
application of low solubility fertilizers can decrease the risk of P leaching/runoff, 3 reduced agronomic
effectiveness might occur due to the slower supply of P during periods of peak plant demand.® 2! For
instance, P uptake by spring wheat was significantly lower for granular Str-based P fertilizer compared

to MAP in both acidic and alkaline soils.® Other studies have found sparingly soluble P fertilizers to
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have similar agronomic effectiveness to soluble P fertilizers, but often these studies used fine particles
mixed through the soil, which enhances the dissolution of the sparingly soluble product.'®26-28Everaert
et al.?! reported considerably higher P uptake by plants treated with MAP compared to slow-release
LDH or Str fertilizer treatments. Their study also indicated that MAP performed better than Str and
LDH in alkaline soil even when Str was applied in powdered form. Another study conducted with GO-
based P carriers showed the inefficiency of the slow-release P fertilizers for wheat growth and P
uptake compared with highly soluble MAP. ?°

Management practices, in particular timing, rate and placement, have a very large effect on
fertilizer runoff losses, especially in soil erosion. However, best management practices are not always
followed due to logistic constraints. Improving fertilizer formulations can reduce nutrient losses in
runoff water when fertilizers are surface applied. Recently, da Silva et al.3® have found that the
combination of fast- and slow-release boron (B) fertilizers in macronutrient (muriate of potash)
fertilizers can enhance the efficiency of B fertilizers. The combination of the fast- and slow-release B
resulted in the initial fast-release of B followed by a sustained release of B for a longer time.3® They
have also reported a reduced risk of B loss during a leaching experiment. Therefore, the same concept
can be applied for P fertilizers to combine fast- and slow-release P sources to obtain a product with
dual-release properties which reduces losses of P in runoff (or leaching) while also not severely

compromising agronomic effectiveness of the fertilizer.

In our previous studies,?* 3! we showed that graphene composites can be used as an excellent
carrier for nutrients providing very slow and controllable release of micronutrients or P. Considering
that graphene structure, surface chemistry, nutrient loading and release characteristics are tuneable,
it presents a very promising platform for designing the next generation of fertilizers with controlled
nutrient release kinetics. A serious limitation of preparing graphene-P composites is maintaining low
pH during synthesis to avoid hydrolysis of Fe3* ions during loading onto the GO suspension.
Considering that Fe3* ions have a high affinity towards oxygen groups present at the surface of GO,
the high concentration of protons at low pH suppresses the deprotonation of carboxyl groups at the
edge of GO sheets and cause a dramatic decrease of the negative charge on the GO sheets surface,
and hence reduces the loading capacity of Fe and subsequently loading of P.3% 33 Low P content
fertilizers cost more to transport and to spread, so we first aimed to increase the P content of the GO
composite. We therefore hypothesized that mixing a GO suspension with Fe?* salts at pH values > 2
followed by in situ oxidation using H,0, could increase the number of carboxyl groups at the edge of
GO, increasing the overall negative charge while simultaneously complexing generated Fe*3 ions. This

procedure should improve the loading of Fe3* and subsequently PO,*> ions on the GO sheets.
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Therefore, the first objective of this work was to synthesize GO-Fe loaded P composites with higher P
loading capacities which could be used as slow-release sources of P.

Another objective of this study was to develop P fertilizers with dual release properties,
releasing less P immediately after application and having a more sustained and longer period of P
release than current soluble P sources. Two sources of slow-release P, namely a P-loaded graphene-
oxide or struvite, were co-compacted with a highly soluble P source, with the aim of creating fertilizers
with dual release properties. We hypothesized that a dual-release fertilizer will reduce the overall
dissolution rate and the diffusion of P in water and soil compared to conventional MAP thus potentially
reducing the environmental issues related to large runoff or leaching losses of P immediately after

fertilizer application.

Experimental section

Natural graphite flakes were sourced from a local mine (Eyre Peninsula, South Australia).
Ferrous sulphate (FeSO, 7H,0, Sigma-Aldrich), potassium permanganate (KMnQ,, Sigma-Aldrich),
potassium dihydrogen phosphate (KH,PO,, Chem-Supply), sulphuric acid (98 %, H,SO,, Chem-Supply),
phosphoric acid (85 % w/w, H3PO,, Chem-Supply), hydrogen peroxide (30 %, H,0,, Chem-Supply),
hydrochloric acid (35 %, HCI, Chem-Supply), and ethanol (Chem-Supply) were used directly without
further purification. Struvite (Crystal Green™, (SGN240)) and MAP were supplied by (Ostara Nutrient

Recovery Technologies Inc, Vancouver, BC and Mosaic Co, Plymouth, MN), respectively.

GO-Fe composite preparation

The GO sheets were prepared using a modified Hummer method.?* To prepare GO-Fe
composites, approximately 200 mg of GO was ultrasonicated in 20 mL of deionized water to obtain a
homogeneous dispersion while the pH was adjusted to 3. Then, 1 g of ferrous sulphate was dissolved
in @ minimum amount of deionized water and added to the GO, under vigorous stirring, to provide
GO:Fe ratio of 1:1 (g/g). Subsequently, 2 mL of H,0, was added in 0.2 mL portions (to avoid violent
reaction) to the GO-Fe mixture at ~1 min time intervals. The mixture was stirred for 1 h and then
centrifuged at 2950g (Thermo Scientific Sorval, H-6000B rotor) for 1 h. After centrifugation, the
supernatant was removed, and the GO-3Fe composite was freeze dried. Following the same
procedure, GO-4Fe and GO-5Fe composites, with initial pH of GO suspensions of 4 and 5, respectively,
were also synthesized. Henceforth, GO-XFe notation is used, where X denotes the initial pH value of

the GO suspension used for synthesis.

Loading of P onto GO-Fe composite

ACS Paragon P?us Environment
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For loading of P onto the GO-3Fe composite, potassium dihydrogen phosphate (KH,PO,) salt
was used as a source of soluble P. The GO-3Fe composite was suspended in deionized water at a
concentration of 10 mg mL? and the pH was adjusted to 6 using NaOH. Then, KH,PO, salt was added,
under vigorous stirring in order to achieve a GO-3Fe:P ratio of 1:0.5 (g/g) and mixed for 1 h. The
dispersion was centrifuged at 2950g for 1 h. After centrifugation, the supernatant was removed and
the GO-3Fe composite loaded with phosphate (GO-3Fe-P) was freeze-dried. The dried composite was
homogenized using a mortar and pestle and pressed into 40 mg pellets using a desktop pill presser
(TDP 5, LFA Machines Oxford Ltd, UK). The same procedure was used for loading of P onto the GO-4Fe

and GO-5Fe composites. Loading experiments were done in duplicate.

The total amount of elements in GO-Fe-P composites

The total concentration of elements (Fe, K, P and S) in the GO-3Fe-P, GO4Fe-P, and GO-5Fe-P
samples were determined using an open vessel concentrated acid digestion procedure (3.75: 1.25: 1
mL of concentrated HCl: HNO;: HCIO,4).3> The samples (~0.1 g) were added into a glass tube with 6 mL
of a mixture of concentrated acids and digested on a heating block at 140 °C for 6 h. After digestion,
samples were filtered using 0.45 um syringe filters (Sartorius) and analysed for total elemental
concentrations using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (Spectro,

Kleve, Germany). Acid digests were performed in triplicate.

Preparation of fertilizers formulations

Five fertilizer formulations were chosen for this study (Table 1): a commercial MAP fertilizer,
a commercial Str fertilizer, a synthesized GO-Fe-P fertilizer, a mixture of Str with MAP and a mixture
of GO-Fe-P with MAP (the GO-Fe-P fertilizer synthesized at pH 3 was used). The dual release fertilizers
were made by mixing MAP powder (< 250 um) and either Str (< 250 um) or GO-Fe-P powder in a ratio
that provided 50% of P from MAP and 50% from the slow-release fertilizer source. The freeze-dried
GO-Fe-P powder and the dual release mixtures were homogenized using a mortar and pestle and
pressed into 40-mg pellets using a desktop pill presser (TDP 5, LFA Machines Oxford Ltd, UK).

The pH of the product was determined by shaking 1 g of fertilizer in 2 L of water for 2 h. The
total composition of MAP, Str and MAP-Str was measured by acid dissolution in 3.2 M HNO;, followed
by analysis using ICP-OES.

Table 1. pH, water extractable P, and total P, Mg, Fe, S and K concentrations (weight %) for
monoammonium phosphate (MAP), struvite (Str), graphene oxide-loaded iron and phosphorus (GO-
3Fe-P), dual-release MAP-Str and MAP-GO-3Fe-P. The numbers in brackets refer to the standard

deviation of three measurements.
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Water extractable Total (g kg™)
Fertilizer pH
P (g kg?) P Mg Fe S K
MAP? 5.6(0.1) 192 (2) 227 (5) 5(1) ND 14 (0) ND
Struviteb 7.5(0.1) 4.3(0.2) 122 (1) 100 (2) ND ND ND
GO-Fe-P 6.7(0.0) 32(1) 140 (6) ND 152 (2) 9(1) 142 (7)
MAP-Str 6.9(0.0) 83 (1) 158 (13) | 81(1) 6 (0) 7(1) 15 (0)
MAP-GO-3Fe-P | 6.0(0.0) 91 (6) 173 (5) 5(0) 106 (2) 13 (0) 94 (3)

3 Commercial monoammonium phosphate fertilizer
b Commercial struvite fertilizer

ND refers to not detected in the samples

Dissolution kinetics of P

A column dissolution experiment was performed to quantify the kinetics of P release from
MAP, GO-3Fe-P, Str, MAP-GO-3Fe-P and MAP-Str using the method of Baird et al. (2019).3¢ Briefly,
granules of individual formulations having a total amount of P equivalent to ~50 mg were placed in a
polypropylene column (150 mmx15 mm) and the column filled with acid-washed glass wool. Deionized
water was introduced from the bottom of the column using a peristatic pump at a constant flow rate
(10 mL ht). The eluate containing dissolved nutrient was collected using an automated fraction
collector (SuperFracTM, Pharmacia) for 48 h. The concentration of P was determined by ICP-OES. All

treatments were carried out in duplicate.

Soils

Two soils from southern Australia were used. They were collected from near Monarto (MO)
and Mt Compass (MC) from the top layer (0—10 cm), air dried, sieved to <2 mm, and thoroughly mixed
prior to characterization and use. Selected physical and chemical properties of the soils used are given
in Table 2. Soil pH was determined in 0.01 M CaCl,. Total C was determined using a dry combustion
method.3” A pressure calcimeter method was used to determine the content of CaCO;.38 Particle size
was measured according to the procedure of McKenzie et al (2002).3° The cation exchange capacity
(CEC) at pH 7.0 and oxalate-extractable Al and Fe concentrations were determined following Rayment

and Higginson. 4°

Table 2. Selected physical and chemical properties of the soils used in this study.

Soil Monarto Mt Compass

ACS Paragon P(?us Environment
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pH (water) 7.5 5.9
pH (CaCly) 7.0 4.9
OcC (g kg?) 10 5
CEC (cmol kg?) 8.2 2.0
Clay (%) 8.6 4.2
Silt (%) 7.4 0.9
Sand (%) 84.0 94.9
CaCOs (g kgt) <2 <2
Feoxl (Mg kg™) 236 138
Aloxa (Mg kg™) 345 38
Total P (mg kg) 107 20

Diffusion of P from fertilizer granules into soil

A Petri dish experiment was carried out in which the diffusion of P from the dual-release (MAP-
Str and MAP-GO-3Fe-P) formulations was assessed and compared to that from the soluble fertilizer
(MAP) or slow-release formulations (Str or GO-3Fe-P). The two soils were wetted to the field capacity
and Petri dishes (diameter of 5.5 cm) were filled with the moist soil. One granule of each formulation
(MAP, GO-3Fe-P, MAP-Str, MAP-GO-3Fe-P or Str) containing 8 mg P was placed in a 5-mm deep hole
in the centre of the dish. The hole was then carefully covered with soil and Petri dishes were incubated
at 25 °C. Each treatment was replicated three times. The diffusion of P was visualized at 1, 3, 7, 14 and
28 d after fertilizer application using Fe-oxide impregnated paper according to the method of Degryse
and McLaughlin. 4

The total amounts of P extracted by acid were measured at the end of the incubation period
for two concentric soil sections following the method described by Lombi et al.*? Soil samples from
the inner and outer sections (<8 mm and >8 mm from the fertilizer application point) were
homogenized after drying in the oven overnight. To measure the total amount of P, a 10 mL solution
containing 20% HNO; was added to 0.2 g of soil from the inner or outer sections. The suspensions

were shaken overnight and centrifuged 2950 g prior to measuring P with ICP-OES.
Runoff experiment

A rainfall simulation experiment was performed in the laboratory using a rainfall cabin similar

to Everaert et al.3 Briefly, three runoff trays (with dimensions of 50-cm length, 20-cm width and 7.5-
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cm depth) were placed 1 m under a spray nozzle while a runoff collector was attached to their front
section. The runoff tray collector sections were covered to prevent the dilution of runoff solution by
direct rainfall. The rainfall set up was pre-calibrated to the rainfall intensity of 98 mm h! for the
experiment.

The runoff trays were filled with MO soil up to the lower lip of the tray and to achieve a bulk
density of 1.4 g mL. Perennial ryegrass (Lolium perenne L.) was planted in the soil for vegetation cover
and all trays were located in the glasshouse. The trays were watered regularly and grass growth was
monitored. The grass was cut to a height of 5 cm after 2 wk to promote root establishment. It was cut
after another 14 d to the same height and 1 d later the P fertilizers MAP, GO-3Fe-P, Str, MAP-GO-3Fe-P
or MAP-Str were applied onto the surface of runoff trays at a rate equivalent to 40 kg P ha* (0.4 g P
tray1). A control treatment was prepared without addition of fertilizer. Runoff was generated at 1, 3,
7, 14 and 21 d after the fertilizer application by exposing the trays to the calibrated water spray. Tap
water was used in the rainfall simulator, the P concentration of which was below the detection limit
of the ICP-OES (0.004 mg L™1), other elements detected in tap water are summarized in Table S1. For
all rainfall events, the water was collected from the trays continuously for 30 minutes after the first
droplets of runoff water were generated. Day 1 runoff water was collected separately for 30 minutes
in time intervals of 0 to 5, 5 to 15, and 15 to 30 min, whereas for the rest of the rainfall events, water
was continuously collected from 0 to 30 min. The weight of the runoff water was recorded for each

tray. The runoff water was filtered through a 0.45 um filter before analysis with ICP—OES.

Soil leaching experiment

A column leaching experiment was conducted to evaluate the leaching of P from soils treated
with the MAP, GO-3Fe-P, Str, MAP-GO-3Fe-P, and MAP-Str fertilizers, using 50-ml plastic syringes as
columns. The bottom of the columns were covered with a 1.5-mm layer of glass wool to prevent
movement of soil particles. Then, 25 g of dry MC soil was added, fertilizer granules were added at a
rate of 60 mg P per column and covered with 25 g of MC soil. The columns were incubated at 25 °C.
Aliquots of 30 mL of water were introduced from the top of the column at time intervals of 1, 3, 7, 15,
21 and 28 d after addition of fertilizers and collected from the bottom, using a syringe to create
suction. The leachates were filtered with a 0.45 um filter and P concentrations determined using ICP-

OES.
Kinetic models

The mechanism of P release from all formulations was described and interpreted using

different kinetic models, known as the zero- (eq.1), first-order(eq.2) and Higuchi (eq.3) models.*3 44
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qe

=Kot (1)
t

log(ge — q) = log(q.) —K 1(@) (2)

qe = kpt®® (3)

Where g; and g. represent the amount of nutrients released at time t and equilibrium, respectively,

and Ko K1 and ky, are solubility rate constants.

Characterization

The GO-Fe-P samples synthesized at pH 3, 4 and 5 were fully characterized. Thermal
decomposition of samples was performed under air using a thermogravimetric analyser (Q500, TA
Instruments, USA) heating from room temperature to 900 °C at a rate of 10 °C/min. X-ray diffraction
(Model Miniflex 600, Rigaku, Japan) measurements were performed from 26 = 5°-80° at a scan rate
of 5°/min. FTIR (Nicolet 6700 Thermo Fisher) was used to identify functional groups in materials by
scanning in the range of 500-4000 cm™ in transmission mode. Scanning electron microscopy (SEM,
Quanta 450, FEI, USA) was used to investigate the morphology of the fertilizer granules. The AFM
image of GO was obtained on a multimode scanning probe microscope equipped with a Nanoscope

Illa controller (Vecco, USA).

Data Analysis
Analysis of variance (ANOVA) was performed using IBM SPSS statistical software. Multiple
comparison of means was conducted using the LSD test when the ANOVA indicated significant

differences. The level of significance was set at P<0.05.

Results and discussion

Characterization

The XRD profile of GO (Fig. 1a) showed a characteristic peak for GO at 26 = 10.4°,
corresponding to the (002) reflection.*> Disappearance of this diffraction peak in the XRD profile of
GO-Fe composite synthesized at pH 3 (Fig. 1a) indicates a loss of the stacked structure of GO sheets,
due to the introduction of Fe3* ions among the GO layers, as well as lack of formation of any iron
crystal structures on the surface of the GO.%¢ The absence of the diffraction peak at 10.4° for the GO-
3Fe-P composites further points out that no crystalline phase was produced on the GO-3Fe composite
during the loading of PO,*> onto GO-3Fe.?* 47 Similar XRD patterns to GO-3Fe and GO-3Fe-P were
obtained for GO-XFe and GO-XFe-P composites synthesized at pH 4 and 5 (Fig. S1).

Interactions between GO functional groups, Fe3* and PO,* ions were examined using FTIR. The

FTIR spectra of GO exhibits a broad band between 2100 to 3650 cm for O-H stretching vibration due
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to the intercalated water and structural hydroxide groups (-COOH, and —COH) of GO.34 4849 The peak
at 1712 cm corresponds to C=0 stretching of —COOH, and peak at 1618 can be allocated to C=C
skeletal vibrations of the non-oxidized graphitic structure. Meanwhile, peaks at 1030 cm™ and 1213
cm? conform to the C-O and C-OH bonds, respectively. 345054 As illustrated in Fig. 1b, addition of Fe?*
ions and H,0, to the GO suspension at an initial pH value of 3 resulted in a significant decrease of the
1730 cm™ peak and a shift of the 1618 cm™ (to 1614 cm™ ) and 1220 cm™ (to 1187 cm) peaks,
corresponding to carboxylic, aromatic and epoxy stretches in GO, respectively.>® These experimental
results demonstrate the interaction of Fe ions with the O functional groups and the m-rt aromatic
structure of GO. The new peak at 588 cm of the GO-Fe composite can be attributed to the Fe-O bond,
further indicating the iron loading onto the GO sheets.>® A strong stretching band at 1008 cm! after
loading of PO,3> ions onto the GO-Fe composite could be assigned to deprotonated monodentate
surface complex P-OX (where X is either H or Fe).>® Composites obtained at other pH values resulted
in identical FTIR spectra (Fig. S2), suggesting that there is no difference in loading mechanisms onto
GO in the tested pH range (3-5).

TGA analysis of GO, GO-3Fe and GO-3Fe-P is shown in Fig. 1c. Weight loss up to 100° C could
be attributed to detachment of physically adsorbed water, followed by another loss of weight in the
range 200-600° C due to decomposition of labile oxygenated functional groups and subsequent
decomposition of the carbon structure.>” 58 At temperatures higher than 600° C, no change in weight
was observed for GO and GO-3Fe, and undegradable solid residues were 2.6 and 33.5 wt % for GO and
GO-3Fe, respectively. Based on the TGA results, the loading of iron onto the GO-3Fe composite was
calculated to be 21.6 wt %. It is interesting to notice lack of significant weight loss for the GO-3Fe-P
composite, compared to GO and GO-3Fe, in the 400 to 900° C temperature range. Increased thermal
stability of the GO-3Fe-P composite could be ascribed to the formation of ferric phosphate complexes
which have temperatures of decomposition greater than those used in our experiments.>® Similar
results were obtained for composites synthesized at pH 4 and 5 (Fig. S3). It is well known that the
surface charge of GO at pH 3 is negative and further increase of pH to 5 will only slightly change zeta
potential towards more negative values.® ¢! Based on our results these slight changes do not have a

significant impact on the mechanism and amount of Fe loaded at the GO surface.
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Figure 1. a) X-ray diffraction spectra, b) FTIR spectra and c) TGA analysis of graphene oxide (GO),
graphene oxide loaded with iron in pH 3 (GO-3Fe) and graphene oxide loaded with iron and
phosphorus (GO-3Fe-P).

The analysis of GO-XFe-P composites after acid digestion using ICP-OES showed that the
difference in the amounts of P, K, S and Fe in the GO-XFe-P composites were less than 1% indicating a
negligible effect of pH on elemental loading (data not shown). This is in accordance with the
characterization results which showed an identical mechanism of interactions for all the three pH
values. The presence of sulphur (S) could be explained by the adsorption of SO,% ions from the FeSO,
salt, used as a source of Fe, onto the GO-3Fe composite. Likewise, the addition of KH,PO, salt as a
source of P during synthesis of the GO-3Fe-P composite resulted in sorption of potassium (K*) ions.
The relatively large percentage of Fe in the GO-3Fe-P composite is most likely the reason for the high
loading of P, due to the high affinity of PO,3> towards Fe*3 ions.3! The presence of K in the GO-3Fe-P
composite may be the result of electrostatic attraction of K* ions with negatively charged oxygen
groups and PO,* groups on the surface of the GO-3Fe-P composite. The small percentage of S present
on the GO-3Fe-P could be attributed to the fact that SO, competes for the same Fe sites as PO,*>and

has a lower affinity for the surface than PO,3.5% 63
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Analysis of the composites, obtained by the simultaneous addition of Fe** and H,0, at a pH >
2 to the GO suspension in water, had high concentrations of iron attached to the oxygen groups of the
GO sheets. Furthermore, Zhang et al. 33 reported that treatment of GO suspensions in water using
FeSO,x7H,0 followed by addition of H,0, would generate Fe(lll) composites linked to the GO sheet
edges or surface. Characterization of GO-XFe composites loaded with P suggests the formation of
ferric phosphate complexes at the surface of GO-XFe. The amount of P and K loaded onto the GO-XFe-
P composites were close to the values found in typical commercial fertilizers. Based on our previous
work,?! all these newly synthesized composites were expected to behave as SRFs. The GO-3Fe-P
(further labelled as GO-Fe-P) composite was chosen as the model slow-release P source for co-

compaction with MAP.

Kinetics of phosphorus release

The kinetics of P dissolution from fertilizers are reported as the cumulative amount of P eluted
from the column versus time (Fig. 2a). The overall release behaviour depended on the solubility of the
fertilizers. Those with the higher water solubility showed faster P release e.g. the P release for MAP
fertilizer was very fast with 90% of the added P eluted in the first 10 h. For the slow-release fertilizers
(Str and GO-Fe-P), only 10% of the P was measured in the leachate in the first 10 h, and Str showed a
slower release compared to GO-Fe-P for the next 40 h. The release of P for both fertilizers containing
high and low water soluble P sources showed a biphasic behaviour consisting of an initial release in
the first 10 h, followed by a slow release over the next 40 h. The release of other nutrients such as K
and S was also monitored from GO-Fe-P and is reported in Supporting Information (Fig. S4).

The pH of eluates from MAP fertilizers increased from 5.5 to 6.5 for the first 15 h when 90%
of P released and once the dissolution of the granules was completed, the column eluate tended
towards a pH value of 6, corresponding to the eluent pH (Fig. 2b).3! The pH of eluates from the GO-
Fe-P fertilizers decreased to 5.5 for the first 10 h and maintained this pH throughout the elution study.
This decrease of pH was most likely caused by the production of H* ions during the dissolution of the
GO-Fe-P composite, 3! as GO can gradually generate acidity by interaction with water.®* In contrast,
the pH of the initial eluates from the columns containing Str was 7.5. The pH of eluates from the MAP-
GO-Fe-P and MAP-Str demonstrated similar trends to MAP for the first 15 h and then increased from
6 to 6.5 and 7 for MAP-GO-Fe-P and MAP-Str, respectively. Once the dissolution of the MAP was
complete, the pH of the eluates from MAP-GO-Fe-P remained around 6.5, while the pH of eluates from

MAP-Str tended towards higher pH (around 7.5) due to dissolution of Str.
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Figure 2. a) Kinetics of P release from monoammonium phosphate (MAP), graphene oxide loaded P
(GO-Fe-P), struvite (Str), MAP mixed GO-Fe-P (MAP-GO-Fe-P) and struvite (MAP-Str) from the columns
and b) Changes in the pH of the eluates from the columns as a function of time. Error bars represent
standard deviation (n=2).

There was no Fe detected (< 10 pg L?) in the eluates of the GO-Fe-P composite, indicating that
only P, not Fe, was released. The slow release of P observed from GO-Fe-P fertilizers could be related
to the strong complexation of P with the Fe-loaded GO.3! Another reason for slow release of P from
the GO-based matrix is the low accessibility of nutrients in the matrix due to the trapping of P in or
between GO sheets. Coordination of Fe on GO and subsequently P on GO-Fe creates wrinkles on the
GO surface due to its decreasing surface charge.3! % Therefore, nutrients can be trapped in GO
aggregates and water molecules have to penetrate through the agglomerated GO sheets to release
the nutrient.?* The slow release of Str was due to the low solubility of the mineral which is mostly
governed by the activity of Mg?*, NH*, and PO,3" in solution and strongly depends on the pH of the
solution.®®
The kinetic constant (k) for the release behaviour and the release concentration of P from MAP, Str
and GO-Fe-P at equilibrium time were fitted using the linear form of zero-order, first-order and Higuchi
models (or intraparticle diffusion model) (Table 3). The data for MAP fitted the first order model best.
Conforming to this kinetic model, the rate of P released from the MAP granules is directly proportional
to the initial concentration of P.** In contrast, the P release constant and the regression coefficient
(R?) data presented in Table 3 showed that the P release from the GO-Fe-P and Str was best described
using the Higuchi model. This model was developed to model the release of low solubility nutrients
incorporated into semi-solid or solid matrices, hence similar to a material such as P-loaded GO.*

Therefore, water needs to diffuse inside the matrix and release the nutrient through the cracks on the
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granule’s surface. A SEM image of Str and GO-Fe-P granules (Fig. S5) confirmed this as granules were
corrugated with cracks but their structure appeared firm.

Table 3. Kinetic pseudo-first and second- order, and Higuchi models for P release from MAP, Str and

GO-Fe-P.
Kinetic Zero-order model First-order model Higuchi model
parameters
Ko (hh) R? Ky (h?) R? Ky, (mg (g h®%)?) R?
Sample Name

MAP -0.7605 0.3379 0.1087 0.7926 12.5990 0.5714
Struvite -0.1206 0.5826 0.0918 0.6720 0.9873 0.7580
GO-Fe-P -0.2787 0.8468 0.0644 0.9540 0.3240 0.9580

The dual-release P fertilizers showed two release patterns: a fast release for the first 10 h
followed by a slow- and sustained release. Indeed, ~45% of the total P released from both MAP-GO-
Fe-P and MOP-Str in the first 10 h, while it took 38 h more to reach the 56% release for total P. The
slightly higher dissolution of P for MAP-GO-Fe-P compared to MAP-Str during the sustained release
period could be related to the high pH of MAP-Str restricting P dissolution from Str. The release data
of MAP-Str and MAP-GO-Fe-P were fitted to different kinetic models where initial and slow release
data were fitted separately to the models. Initial and slow release data of MAP-Str and MAP-GO-Fe-P
fitted the first-order kinetic model well which suggests that the P release rate is concentration
dependent, related to P release from MAP (Table 4) and declined when all P from MAP was released.
The release of P from MAP-Str and MAP-GO-Fe-P was also fitted to the Higuchi model, which is used
to summarize the release of high and low solubility nutrient compounds merged into solid or semi-
solid matrices. This model has used to describe the drug release by diffusion in the case of some matrix
tablets containing water-soluble drugs the same condition as MAP-Str and MAP-GO-Fe-P granules. &7
%8The Higuchi model also described the release of slow-release Str and MAP-GO-P well. The kinetic
rate constant (K; and K;,) data calculated for P release for both dual-release fertilizers were greater for
the first step (fast release) than the second step (slow release), confirming the faster release of MAP

compared to slow-release sources.
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Table 4. Comparison of release constants and co-relation factors for burst and sustained release

obtained by fitting the P release data to zero- and first- order, and Higuchi models for MAP-Str, and

MAP-GO-Fe-P.
Zero-order model First-order model Higuchi model
Kinetic Ko (h?) R2 Ky (h?) R? Ky (mg (g ho)?) R2
parameters 1° 2° 1° 2° 1° 2° 1° 2° 1° 2° 1° 2°
step step step step step step step step step step step step
MAP-Str 3.935 1.025 0.890 0.944 0.177 0.042 0.982 0.997 | 16.119 | 12.366 | 0.971 0.964
MAP-GO-Fe-
4.495 1.159 0.896 0.947 0.201 0.045 0.993 0.995 | 17.743 | 15.118 | 0.964 0.990
p
Runoff losses

As expected, runoff losses were very low for the Str and GO-Fe-P treatments; in the case of
Str being not significantly different from soluble P losses from control (unfertilized) soil (Fig. 3). Runoff
losses of P from MAP were high initially (as expected) and declined rapidly over time (Fig. 3a and b).
The dual release sources had runoff losses of P intermediate between the highly soluble MAP, and the
slow release sources, Str and GO-Fe-P. This is also reflected in the cumulative P loss data (Fig. 4).
Compared to MAP, it was evident that the dual release sources reduced the initial flush of soluble P
lost in the first rainfall event, particularly the one based on GO-Fe-P as the slow release source (Fig.
3a). The results of other studies have also shown that less water soluble P fertilizers resulted in a lower

concentration of P in runoff than highly soluble P fertilizers. ©°
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Figure 3. a) The runoff losses of dissolved P from MAP, GO-Fe-P, MAP-GO-Fe-P and MAP-Str and
struvite during the time intervals of the rainfall event 1 d after fertilizer application (The insets show
the runoff losses from Str and control treatments), b) The runoff losses of P from the treatments during
the 30-min rain events performed 3, 7, 14 and 21 d after fertilizer application. Error bars represent

the standard deviation (n=3) and different letters indicate statistical significance (P < 0.05).
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Figure 4. The cumulative runoff losses of dissolved P from fertilizers across the rainfall events, reported
as milligrams of P per tray. Error bars represent the standard deviation (n=3).

The higher runoff P losses of the MAP-Str than MAP-GO-Fe-P, despite the low solubility of Str,
can perhaps be explained by the structural characteristic and hardness of the granules. Although both
fertilizers were made by mixing the same MAP powder with slow release sources, and the same
pressure was used during manufacture, the crushing strength of the MAP-GO-Fe-P granules was
significantly higher (54.5 5.5 N) than those of MAP-Str (10.9+3.3 N), Fig. S6. As illustrated in Fig. 5,
during compression, loosely packed particles transform and rotate at relatively low contact
deformations. Subsequently, due to the increase in the elastic-plastic contact stresses, some particles
deform and break, and smaller particles tend to fill the pores to make the final granule. Several
studies’® 7! have shown that different factors and particle properties including powder flowability,
particle size distribution, shape and hardness can influence the compression behaviour of powders
and the strength of the final granule. Graphene oxide-based materials, due to their unique properties
including planar structure and the flexibility of sheets, can fill pores between the MAP particles and
may have conferred higher granule strength to the MAP-GO-Fe-P treatment, and therefore perhaps
reducing granule degradation by rainfall impact and reducing runoff losses. Several studies have
demonstrated the effect of graphene and its derivatives on enhancing the mechanical properties of
alloys, cement and fertilizers.”>7* Furthermore, Shigaki et al.”> found that rainfall intensity and P
solubility can influence P transport in runoff. Therefore, fertilizers with low mechanical strength are
more affected under the rainfall intensity which can influence P transport in runoff. The SEM images

(Fig. 5 g-j) from the surface of the both types of dual-release granules confirmed our hypothesis that
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MAP-GO-Fe-P granules were more compacted than MAP-Str granules. Large residues of undissolved
MAP-GO-Fe-P with preserved original shape were also detected at the end of the runoff event, further

supporting our hypothesis (Fig. S7).

(a) Feed of loose packing (b} Pare filling by fine particles

(MAP and Str) (c) Particle breakage, breakage

of edges and pore filling

h(t)

(d) Feed of loose packing (e) Pore filling by fine particles (f) Particle breakage, breakage
(MAP-GO-Fe-P) of edges and pore filling

2mm

Figure 5. Schematic of micro-process and formation of MAP-Str and MAP-GO-Fe-P a) Feed of loose
particles of MAP and Str are subjected to the pressure, b) Fine particles are moving and fill the pores
between the larger particles, c) Particles and their edges tend to break and gaps between the pores
are filled, d) Feed of loose particles of MAP and GO-Fe-P sheets, e) Fine MAP particles and GO-Fe-P
sheets rearranged to fill the gaps between MAP particles, f) MAP particles and their edges tend to
break and GO-Fe-P sheets fill the pores and gaps between the MAP particles, g) and h) Low and high
maghnification SEM images of dual- release MAP-Str and i) and j) Low and high magnification SEM

images of dual- release MAP-GO-Fe-P.

Diffusion of P into soil

At any given time, the diffusion of P from MAP granules was higher than all other treatments
in MO soil (Fig. 6a). The P diffusion zone visualized around the granule was smaller for the slow- release
fertilizers (Str and GO-Fe-P) in MO soils compared to other treatments while GO-Fe-P was superior to
Str. In MO soil, there was little difference in visualized P diffusion between granules containing slow
and fast release P. The diffusion of P from both dual-release fertilizers steadily increased until 21 d of

incubation but enhanced slightly or was at the same level for 28 d showing the P release was governed
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by slow release source after 21 d. In the sandy soil low in Al and Fe (MC), the P released from MAP
diffused very quickly and reached the border of the Petri dish by the third day of incubation, due to
the low P buffering capacity of the soil (Fig. 6b).”® Released P from dual-release fertilizers diffused in
soil very quickly and reached the border of incubated dish in a week. Struvite fertilizers had the lowest

diffusion compared to all other fertilizers.
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Figure 6. a) Diameter of the high-P zone in Monarto soil and b) Mt Compass soil from the treatments
at 1, 3, 7,14, 21 and 28 d after the addition of fertilizers. Error bars represent the standard deviation
(n=3).

Chemical analysis of soil at the end of the incubation confirmed the findings from the
visualization experiment. It was very clear that most of the P remained in the inner section at the end
of the 4-week incubation for Str and GO-Fe-P granules (Fig. 7a and b) in both soils. However, higher %
of P recovered from Str compared to GO-Fe-P at <8mm was most likely related to the incomplete
dissolution of Str. The amount of P extracted from the >8 mm section increased for dual-release
granules compared to their related slow-release formulation and the fraction of P recovered at >8 mm

for MAP-Str was lower than MAP-GO-Fe-P.

120 120
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100 4 B Mt Compass OMonarto 100 A B Mt Compass OMaonarto

80 4
60 4 60 4
40 4 40 4
il | Ll
| iy [ .

GO-Fe-P Struvite MAP MAP-GO-Fe-P MAP-Struvite GO-Fe-P Struvite MAP MAP-GO-Fe-P MAP-Struvite

% Recovered P at=8mm
% Recovered P at<Bmm

Figure 7. The percentage of P recovered by acid from treatments incubated in Monarto and Mt

Compass soils for 28 d at a) >8 mm and b) <8mm. Error bars represent the standard deviation (n=3)

ACS Paragon P][L?s Environment



oNOYTULT D WN =

496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517

Industrial & Engineering Chemistry Research

Phosphorus leaching

The cumulative dissolved P leachate from the soil column is presented in Fig. 8a. It is clearly
observed that an average of 37 mg of P was leached from the column containing MAP after 1 d which
corresponded to the 62% of the applied P. The amount of P leached from the MAP fertilizers was 57.5
mg by 3 d corresponding to 97% of P initially present in the column. In comparison, the amount of P
leached was 31 mg for the MAP-GO-Fe-P and 25 mg for the columns containing MAP-Str,
corresponding to 52 and 41% of the P applied as dual-release fertilizer, respectively. MAP-GO-Fe-P
showed higher cumulative loss than the MAP-Str treatment except for the initial leaching events (1
and 3 d) where P losses were most likely related to the highly soluble part of the fertilizer treatment.
The amount of P leached from the column containing GO-Fe-P was around 6% for the first day of
incubation and it reached up to 18% at the end of the leaching event. In contrast, the leachates for
the Str were more gradual over time, as there was less difference in P loss between the different
leaching events resulting in only 3.5% of added P to the columns leached over the whole experiment.

Many sandy soils are often P deficient with less aluminium and iron based minerals that can
adsorb P.* rapid transport in sandy soils and low P-retention capacity may result in large P leaching.*
77 The amount of P loss from the columns is also related to the fertilizer source. The high P loss from
MAP was related to its high solubility. Fertilizers with slow-release properties produced the least P
lost during leaching experiments. It has been reported that P release is very quick from water-soluble
P fertilizer granules with most of the P leaving the granules within days, 7 hence the leaching of all P
from MAP by 3 d. The results of the leaching study was in good agreement with the results of the Petri

dish incubation investigation.
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Figure 8. a) Cumulative leaching of the dissolved P from all fertilizers across the leaching events of 1,
3, 7, 15 and 28 days, reported as mg of P per treatment, and b) The total % of leached P from MAP,
GO-Fe-P, MAP-GO-Fe-P and MAP-Str at the end of leaching event. Error bars represent the standard

deviation (n=3) and different letters indicate statistical significance (P < 0.05).

A possible drawback of the application of GO composites as fertilizers could be the higher toxicity of
GO compared to other alternative nanomaterials, such as clays.”® Dimiev et al. 6 have found that
‘prolonged exposure of GO to water gradually degrades GO flakes, converting them into humic acid-
like structures’. Although degradation of GO applied as fertilizer to humic acid-like structures could
improve soil quality, the kinetics of this degradation might be too slow to prevent possible toxicity of
GO. A more detailed knowledge of GO toxicity in soil is necessary before large-scale application of GO

composites as fertilizers.

Conclusions

The environmental issues associated with losses of P in runoff and leaching from highly soluble
P fertilizers, coupled with the low agronomic effectiveness of very insoluble P sources, led to the
preparation of dual release P fertilizers by co-compaction of both soluble (MAP) and slow release P
sources (struvite and graphene composites). It is evident that dual-release P products can indeed be
formulated that have P release patterns, P leaching and P runoff losses that are intermediate between

highly soluble products and slowly soluble materials. These dual-release products may offer an
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opportunity to reduce the environmentally damaging losses of P that can occur immediately after
fertilizer application, while at the same time providing a sufficient rate of P supply to crops so that
agronomic effectiveness is not compromised. Further research is needed to define the agronomic

effectiveness of dual-release products for a range of crops and on soils differing in the P supply.

Supporting information: XRD spectra of the GO-3Fe, GO-4Fe, GO-5Fe, GO-3Fe-P, GO-4Fe-P, and GO-
5Fe-P composites, FTIR spectra of GO-3Fe, GO-4Fe, GO-5Fe, GO-3Fe-P, GO-4Fe-P, and GO-5Fe-P
composites, TGA spectra of GO-3Fe, GO-4Fe, GO-5Fe, GO-3Fe-P, GO-4Fe-P, and GO-5Fe-P composites,
kinetics of P, K, and S release from GO-3Fe-P composite, granular crushing strength of MAP-GO-3Fe-P
and MAP-Str granules, photos of GO-3Fe-P and MAP-GO-3Fe-P granules, SEM of GO-3Fe-P and MAP-

GO-3Fe-P granules.
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