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Abstract: The recovery of phosphorus (P) from milk processing flotation sludges (MFS) using
pyrolysis can contribute to a sustainable reuse of P by converting waste to fertiliser. The objectives
of this study were to quantify the recovery and transformation of P following MFS pyrolysis and
compare the efficacy of raw and pyrolysed MFS as organic P fertilisers. Phosphorus retention in
biochars was high (98 ± 0.73% yield), leading to the enrichment of P relative to the raw MFS by a
factor of 4.3–4.5. Pyrolysis of the MFS at 450 ◦C led to a 3-fold increase in the proportion of P in
the HCl-extractable fraction (65 ± 0.32%), a 2-fold reduction in NaOH-P (30 ± 2.1%), and negligible
amounts of P in the H2O-P and NaHCO3-P fractions. The bioavailability of P in raw MFS and 450 ◦C
biochar was compared to a soluble P fertiliser in P-limiting plant bioassays. In the short-term (70 day)
trial where ryegrass was grown on three soil types (Arenosol, Vertisol or Ferralsol), biochar MFS
showed higher efficacy as a P fertiliser than raw MFS in the acidic Ferralsol, whereas the opposite
response was observed in the near-neutral Arenosol. In the Vertisol, neither the raw MFS nor biochar
produced more cumulative biomass or P uptake than any of the nil P controls. Over a longer 200-day
period, raw MFS and biochar applied to the Arenosol were about 20% as efficient at providing P
to ryegrass plants as the water-soluble K2PO4, suggesting that higher application rates of MFS or
biochar would be required to match synthetic fertilisers in the short term.

Keywords: biochar; P-recycling; P-transformation; P-fertilisers

1. Introduction

The dairy processing industry produces large amounts of wastewater globally, as well
as solid processing sludge [1]. The solid wastes are carbon (C)-rich, but are also high in
both phosphorus (P) and nitrogen (N) [2]. While this can be problematic for waste disposal,
it also presents an opportunity for energy capture from these wastes and the potential to
generate nutrient-rich amendments for use in agriculture [3].

Dairy processing sludges are commonly recovered from biochemical activation, dis-
solved air flotation (DAF), and anaerobic digestion wastewater treatment processes. Typ-
ical reported nutrient values in dairy sludges are in the range of 19–70 mg kg−1 (N),
14–65 mg kg−1 (P), and 6–15 mg kg−1 (K), with P concentrations routinely higher in DAF
sludges [2,4]. Elevated levels of aluminium, iron, or calcium may also be found in DAF
sludges depending on the flocculent agents used. Sludge compositions ultimately depend
on the dairy products produced and the wastewater treatments employed [4]. While raw
sludges may have value as a fertiliser product, in their raw form they can contain pathogens
and pharmaceuticals and also have a relatively high moisture content that restricts trans-
port distances and hampers spreading on fields [5]. As such, numerous sludge treatment
methods have been configured either as disposal mechanisms or to derive additional value-
added products. Sludge anaerobic digestion [6] for bioenergy generation (biomethane) and
composting [7] to recover nutrients in a more useable biofertiliser form have been exploited.
More recently, the pyrolysis or thermal decomposition of sludge organics has gained at-
tention as an alternative sludge treatment process, in part because multiple value-added
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products can be produced. Pyrolysis also offers sludge sterilisation, thereby reducing
health and environmental risk, and a significant reduction in sludge volume [5]. Pyrolysis
typically yields a C and nutrient dense solid (biochar) for potential agricultural applications,
along with condensable- (biooils) and non-condensable gases (syngas) for the production
of bioenergy. Both the operating conditions and the nature of feedstock diversity heavily
influence the complexity and yield of the final products [8,9]. Two studies to date have
demonstrated the use of DAF sludge from milk processing (milk flotation sludge—MFS)
and pyrolysis processing for generating both bioenergy and biochars products [10,11].
While both of these studies focused exclusively on the potential of bioenergy production,
they only speculate on the likely application and value of the nutrient dense biochars.

At present, little is known about the agronomic efficiency of dairy MFS or correspond-
ing pyrolysed sludge as a potential P fertiliser. In studies with biosolid-, woody waste-,
and crop residue-derived biochar, the P in biochars appears relatively bioavailable in the
short-to-medium term [12,13] although the bioavailability is affected by feedstock and
biochar synthesis conditions [14–16]. With increasing pyrolysis temperature, biochars tend
to have decreasing organic P concentrations, decreasing NaOH-extractable inorganic P
concentrations, and increasing concentrations of ‘residual’ P when assessed using Hedley
fractionation procedures [17]. Roberts et al. [18] also reported that over 90% of P in py-
rolysed biosolids containing aluminium (flocculating agent in wastewater treatment) was
plant-available, despite the raw biosolids with aluminium having negligible plant-available
P. While dairy MFS also frequently contain aluminium, large amount of fats, protein and
other volatile carbon materials, the bioavailability of P in raw solids and behaviour when
pyrolysed is uncertain.

Australia is the world’s third largest exporter of raw milk, behind New Zealand
and the European Union, and also produces over 92 kt of butter, 377 kt of cheese, and
273 kt of milk powder [19]. Owing to the export of large volumes of agricultural product
overseas, Australia has a large P deficit that is currently met through the importation of
non-renewable rock phosphate [20]. The waste generated by Australian dairy processing
industries presents a key opportunity for the development of regionally based recycled P
fertiliser. The aim of the present study was to investigate the recovery and bioavailability
of P in MFS biochars compared to the raw MFS. We started by producing biochar from
MFS under a range of operational temperatures to maximise biochar yields and P recovery.
The P in resulting biochars were characterised using chemical extractability, and finally
assessed for plant P bioavailability by conducting short- and medium-term plant bioassays
in multiple soil types using ryegrass (Lolium perenne) as the test crop.

2. Materials and Methods
2.1. Materials

MFS was supplied by NORCO Foods Ltd. (Lismore, Australia) from their dissolved
air floatation (DAF) unit treating milk processing effluents premixed with a flocculent agent
(Core-Shell® 71303, Nalco, IL, USA). The physicochemical composition of MFS used in this
study is presented in Table 1. The recovered MFS was dried at 50 ◦C for 48 h to reduce the
moisture content prior to pyrolysis. To achieve better uniformity and further size reduction,
samples were coarsely ground (≤10 mm) using mortar and pestle. All other chemicals
including acids, bases, salts, solvents and analytical standards were of reagent grade or
higher and purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Table 1. Physicochemical characterisation of raw MFS and MFS biochars produced at varying temperatures.

Component Raw MFS
Pyrolysis Temp (◦C)

450 550 650

TS (wt.%) a 17.70 100.00 100.00 100.00
VS (wt.%) 82.40 53.50 47.40 44.20
Ash (%) 10.00 38.10 40.50 42.10
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Table 1. Cont.

Component Raw MFS
Pyrolysis Temp (◦C)

450 550 650

Volatile Fatty Acids (mg/kg) a 3260.00
Oils and Grease (mg/kg) a 9900.00

Protein (%) 22.80
pH 4.60 8.40 8.90 9.00

Electrical Conductivity (dS/m) 0.90 0.70 0.40 0.30
Chloride Estimate (equiv. mg/kg) 597.00 469.30 240.50 198.70

Total Organic Carbon (%) 25.10 42.15 42.51 42.95
Carbon (%) 55.60 40.80 41.27 41.60

Phosphorus (%) 1.10 4.88 4.96 4.74
Nitrogen (%) 3.64 5.26 5.21 4.76

Potassium (%) 0.15 0.61 0.62 0.60
Zinc (mg/kg) 208.87 590.44 720.10 782.20

Manganese (mg/kg) 12.16 51.27 49.00 46.80
Iron (mg/kg) 1149.60 3459.83 4383.8 4109.2

Copper (mg/kg) 8.61 24.05 17.70 13.90
Boron (mg/kg) <5 <5 <5 <5

Molybdenum (mg/kg) 1.46 4.20 4.00 3.50
Sodium (%) 0.10 0.44 0.50 0.40
Sulphur (%) 0.20 0.10 0.10 0.10

Magnesium (%) 0.10 0.19 0.20 0.20
Calcium (%) 0.10 0.56 0.60 0.60

Aluminium (g/kg) 36.20 146.80 148.40 140.40
All measurements on a dry weight basis except where stated. a Based on wet material prior to drying.

2.2. Pyrolysis of MFS

MFS was pyrolysed using slow pyrolysis at three target temperatures of 450 ◦C,
550 ◦C, and 650 ◦C in a 1 L-capacity laboratory scale fixed-bed reactor and externally
heated using a laboratory furnace. These pyrolysis temperatures were selected based on
a preliminary testes which showed temperature <450 ◦C failed to pyrolyse the MFS to
completion, whereas, >650 ◦C resulted in significant losses in recovery yields of biochar
and P. Typically, 200 g of dried MFS was sealed in the reactor and was heated from room
temperature at a ramping rate of ~10 ◦C/min. Pyrolysis was performed under a constant
flow of N as carrier gas to provide inert conditions and flush all gases produced during
pyrolysis. After 45 min at the target temperature, the pyrolysis reactor was passively cooled.
All pyrolysis experiments were performed in triplicate. During pyrolysis, all gases passed
through two condensers in series where condensable liquids were quantitatively captured.
The condensed pyrolytic liquids, including both the bottom phase (aqueous) and top phase
(organic-rich bio-oils), were recovered together and weights recorded gravimetrically. The
biochar and element yields were determined from the amount of initial pyrolysis feedstock
and its elemental composition. The yield of non-condensable gases (NCG) was estimated
by difference where: NCG (%) = 100 − (char mass + liquid mass).

2.3. Analytical Methods

Characterisation of raw MFS, biochars and soils were performed according to the
following Rayment and Lyons [21] standard methods: pH (method—4A1); total C and N
(method—6B2b) on a LECO TruMac Analyser (MI, USA); electrical conductivity (method —3A1);
Bray and Colwell-P (method—9B2); exchangeable cations (method—15D3); DTPA ex-
tractable elements (method—12A1); elemental analysis (method—17C1) with an Induc-
tively Coupled Plasma—Optical Emission Spectrophotometer (Perkin Elmer ICPOES
Avio 500, Waltham, MA, USA) and estimated organic matter (calculated by Total C × 1.75).
Total oils and greases according to the method (APHA 5520-D; hexane extractible) [22].
Volatile fatty acids (VFA) quantified according to HACH instrument method 8196, (https:
//de.hach.com/, accessed 29 June 2020) using a DR2700 spectrophotometer (Hach Lange

https://de.hach.com/
https://de.hach.com/
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GmbH, Düsseldorf, Germany). The ash and volatile solids (VS) were determined using the
modified thermal analysis method [23] as follows: the CS and ash content was calculated
as the weight loss after heating the samples at 450 ◦C for 1 h and the residue weight after
then heating at 750 ◦C for 6 h, respectively.

2.4. Sequential P Extraction

Sequential P extraction was conducted to characterise the P fractions in the raw MFS and
corresponding biochars produced at 450 ◦C based on the method described by Guppy et al. [24].
In brief, 0.5 g of dried solid material was sequentially extracted at a solid to liquid ratio of
1:60 (w/w) by H2O (H2O-P), 0.5 M NaHCO3 at pH 8.5 (NaHCO3-P), 0.1 M NaOH (NaOH-P)
and 1 M HCl (HCl-P). Anion exchange resin strips were not used in the H2O extraction step.
After 16 h of shaking incubation at 22 ◦C samples were centrifuged at 900 g/30 min and
filtrate was recovered by filtration through glass microfiber grade 453 (Filtech, Wollongong,
NSW, Australia). Total P concentration in filtrates was quantified by ICP-OES as described
previously. Remaining P in the solid residue (Residual-P) quantified by digesting 0.2 g of
solids in 5 mL aqua regia, then the P concentration assayed by ICP-OES.

2.5. Phosphorus-Limiting Plant Bioassays

To investigate both the short- and medium-term plant bioavailability of P in raw
sludges and corresponding biochars, plant bioassays were conducted using ryegrass (Lolium
perenne) as the test crop. In the short-term P bioavailability trial, raw MFS and the 450 ◦C
MFS biochar were evaluated for their effect on plant growth in three soil types; a near-
neutral Arenosol with low native P levels and a low P buffering index, an alkaline Vertisol
and an acidic Ferralsol [25] over 70 days (10 weeks) of plant growth (two harvest cycles)
(see Table 2 for major soil properties). For the medium-term P trial only the near-neutral
Arenosol was used over a 200-day growth period (five harvest cycles).

Table 2. Characterisation of soils used in P-limiting plant bioassays.

Soil Properties Arenosol Vertisol Ferralsol

Total Carbon (%) 0.30 3.17 3.69
Total Nitrogen (%) 0.02 0.10 0.32

Carbon/Nitrogen Ratio 12.39 30.78 11.42
Phosphorus (mg/kg) <50 255.62 1056.01

pH (1:5 Water) 7.25 8.66 5.33
Electrical Conductivity (dS m−1) 0.07 0.16 0.14

Estimated Organic Matter (% OM) 0.52 5.55 6.46
Chloride Estimate (equiv. ppm) 47.74 101.23 89.48

Phosphorus (Bray 1) 2.07 <1 4.59
Phosphorus (Colwell) 6.56 27.55 44.28
Phosphorus (Bray 2) 2.29 16.23 13.06

KCl extractable (mg kg−1)
Ammonium 2.46 4.39 14.70

Nitrate 7.85 16.97 45.17
Sulphur 1.91 8.32 41.44

Effective Cation Exchange Capacity (cmol+ kg−1) 0.82 24.14 4.93
Exchangeable cations (cmol+ kg−1)

Calcium 0.50 21.32 3.27
Magnesium 0.21 1.45 0.60
Potassium <0.12 1.24 0.42

Sodium 0.07 0.11 0.14
Aluminium <0.01 0.02 0.26

DTPA extractable micronutrients (mg kg−1)
Zinc <0.5 <0.5 1.64

Manganese 3.60 5.32 38.23
Iron 30.80 6.47 42.22

Copper <0.1 0.29 0.53



Agronomy 2022, 12, 2341 5 of 12

Table 2. Cont.

Soil Properties Arenosol Vertisol Ferralsol

ICP elements and metals (mg kg−1)
Aluminium 594.08 8841.87 87,262.94

Arsenic <2 <2 2.67
Boron <2 14.88 2.83

Calcium 132.16 64,041.70 886.11
Cadmium <0.5 <0.5 <0.5

Cobalt 0.75 2.38 13.16
Chromium <2 12.84 81.73

Copper <1 6.77 11.95
Iron 870.13 6789.09 11,0866.51
Lead <1 3.17 15.89

Potassium <50 2749.06 330.98
Magnesium 52.40 5111.82 521.96
Manganese 53.56 95.73 868.30

Mercury <0.1 <0.1 0.13
Molybdenum <0.2 0.26 2.45

Nickel <1 5.26 22.31
Selenium <0.5 <0.5 0.95

Silicon 1073.54 1178.52 749.09
Silver <1 <1 <1

Sodium <50 144.74 89.02
Sulphur <50 300.82 656.93

Zinc 2.35 9.98 95.28

For all plant experiments, free draining, 2 L black plastic pots were filled with 2 kg
of air-dried soil. Other plant nutrients (except P) were added to the soil in excess, to
ensure that P was the only limiting nutrient, by pipetting basal nutrients onto the surface
of each pot and thoroughly mixing into the soil as per Rose et al. [26]. After 24 h, 1 kg of
soil was removed from each pot and either raw MFS or biochar was thoroughly mixed
at the necessary dose required to provide 100 mg total P kg−1 soil. Control pots either
received 100 mg P in the top 1 kg of soil as water-soluble KH2PO4 (positive P control)
or nil P (negative P control). Given that biochar can have a liming effect that influences
availability of P in soil [27] additional control treatments were included to account for any
potential pH-induced P mobilisation with raw or pyrolysed MFS additions. Additional pH-
adjusted positive (K2HPO4) and negative (nil P) treatments were included with lime rates
equivalent to those added by raw MFS and biochar MFS. The pH adjusted controls received
either lime (positive pH control) or nil lime (negative pH control). Eight treatments were
therefore imposed: nil P, nil P + biochar-equivalent lime (nil + BLE), nil P + raw-equivalent
lime (nil P + RLE), raw MFS, biochar MFS, K2HPO4, K2HPO4 + biochar-equivalent lime
(K2HPO4 +BLE) and K2HPO4 + raw-equivalent lime (K2HPO4 + RLE). Four replicate pots
of all treatments were prepared and laid out in a randomised block design in a glasshouse
at Southern Cross University, Lismore, NSW, Australia. Ryegrass seeds were sown 10 mm
deep at 15 seeds per pot. Pots were watered to 70% soil field capacity. Plants were thinned
to 10 plants per pot 10 days after sowing.

Ryegrass shoots were harvested when sufficient biomass was produced for analysis,
which corresponded to 28 and 70 days post sowing for the short-term P-trial and at
~40-day intervals for the medium-term P-trial. Ryegrass shoots were harvested by cutting
plants 10 mm from the soil surface. Nitrogen (NH4NO3 at 15 mg N kg−1 soil) was added
after each harvest in dilute solution to ensure plant growth was not limited by N. Shoot
samples were dried at 40 ◦C for 5 days when constant weight was reached. After drying,
weights were recorded as biomass yields, plant material was finely ground and 0.2 g of
subsample digested with 5 mL aqua regia, then the P concentration assayed by ICP-OES as
detailed above. Plant P uptake was calculated by multiplying the biomass by the respective
P concentration.
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To estimate the recovery of applied P for the 200-day study and enable comparisons of
our data with other published data, we calculated the apparent P fertiliser recovery (APFR)
and net relative P uptake (NRPU) as per Kratz et al. [28]. The equations used to derive
APFR and NRPU were:

APFR (%) =
(Pt − Pn)(

Papplied

) × 100% (1)

where Pt is the P accumulation (mg) of tested product, Pn is P accumulation of the nil P
control, and Papplied is the amount of P added per pot (mg).

NRPU (%) =
(Pt − Pn)(
Pp − Pn

) × 100% (2)

where Pt is the P accumulation (mg) of tested product, Pn is P accumulation of the nil P
control, and Pp is the P accumulation of the +P control. Both APFR and NRPU remove any
effects of native soil P supply and P in the ryegrass seeds sown. For statistical analysis
treatment means were compared with a general linear model after data were screened for
homogeneity of variances. Significant differences (at the 5% confidence level) were further
interrogated using least significant difference testing in SPSS25 (https://www.ibm.com/
products/spss-statistics, accessed 15 June 2022).

3. Results
3.1. Pyrolysis Distribution Products and Physiochemical Properties of Biochars

Major chemical compositions of the raw MFS and resulting biochars are presented
in Table 1. Raw MFS had a high C content (55.6%) along with N (3.6%) and P (1.1%)
relative to typical sludges and manure slurries [4]. From elemental analysis a range of
plant micronutrients are also present in the MFS. Aluminium and iron were present in
relatively high concentrations (3.6% and 1.1%, respectively) as a result of the flocculating
agent used in the DAF process. A high VS fraction (82.4%) and low ash content (10%) is
likely to result in a comparatively low pyrolysis biochar component. In fact, biochar mass
yields ranged from about 21–23%, whereas condensable biooils were the main distribution
product (~65–70%) (Supplementary Material Table S1). Increasing pyrolysis temperatures
tended to decrease biochar yields and promote greater non-condensable gas production. A
similar reduction in the recovery yields of most key elements at higher temperature settings
was observed (Supplementary Material Table S2). Phosphorus retention in biochars was
high, leading to enrichment of P relative to the raw sludge by factors of 4.3–4.5 (Table 1),
reaching about 5% of biochar mass. Most other elemental components were enriched in
the biochars although some key elements such as C and N were not well retained in the
biochar with recoveries around 15% and 27%, respectively. In general, biochar produced
at 450 ◦C had the greatest P and essential plant nutrient recoveries, and was used for
ensuing experiments.

3.2. Transformation of Phosphorus Fractions

The effects of pyrolysis on the redistribution of P fractions based on sequential chemical
extraction is summarised in Figure 1. In the raw MFS more than 50% of the P was recovered
in the NaOH-extractable fraction with the remaining distributed between HCl-P (21%),
NaHCO3-P (14%), H2O-P (2%) and residual-P (11%) fractions. Pyrolysis of the MFS at
450 ◦C led to an increase in the proportion of P in the HCl-extractable fraction (>60%),
resulting in a 2-fold reduction in NaOH-P (30%) and negligible amounts of P in the H2O-P
and NaHCO3-P fractions.

https://www.ibm.com/products/spss-statistics
https://www.ibm.com/products/spss-statistics
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Figure 1. Relative proportions of different P fractions in raw MFS and biochar produced at 450 ◦C, as
determined using the Hedley sequential P extraction method. Colours represent different fractions:
H2O-P (blue), NaHCO3-P (orange), NaOH-P (grey), HCl-P (yellow) and residual-P (purple).

3.3. Short Term P Limiting Plant Bioassay

At 4 weeks after sowing, biomass and P accumulation in the nil-P treatment plus
lime (either RLE or BLE) and raw MFS treatments were not significantly higher than the
Nil-P treatment in any soil (Figure 2a–f). Biochar MFS had significantly greater biomass
production than the nil P treatment at 4 weeks in all soil types, but P uptake was only
significantly greater than the nil P treatment in the Vertisol and Arenosol. The K2HPO4
and K2HPO4 plus lime treatments had significantly greater biomass and P accumulation in
shoots at 4 weeks than the nil and all other treatments in all soil types, with the exception of
biomass accumulation in the Vertisol, where the biochar MFS was not significantly different
to any of the K2HPO4 treatments.
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At 10 weeks after sowing, cumulative biomass production (<1500 mg pot−1) and P
uptake (<2000 µg pot−1) in the nil P treatments (with or without lime) in the Arenosol
were significantly lower than in all other treatments (Figure 2a,d). Biomass production in
the biochar MFS treatment (around 3000 mg pot−1) was significantly lower than biomass
in the raw MFS and + P control treatments (with or without lime) of around 3500 mg
pot−1 (Figure 2a). Despite biomass in the raw MFS being similar to that in the + P control
treatments, P uptake in the raw MFS (around 7000 µg pot−1) was significantly lower than
the +P control treatments (>18,000 µg pot−1) (Figure 2d) but still significantly higher than
the biochar MFS treatment (<5000 µg pot−1).

In the Vertisol at 10 weeks, neither the raw MFS nor biochar MFS produced more
cumulative biomass or P uptake than any of the nil P controls (Figure 2b,e) while all +P
controls (with or without lime) had significantly higher P uptake than all other treatments
(Figure 2e). Notably, while lime had no effect on P uptake in the nil P treatments, both
nil P + RLE and nil P + BLE had significantly higher cumulative biomass production at
10 weeks than the un-limed nil P control (Figure 2b).

In the acidic Ferralsol at 10 weeks after sowing, the raw MFS did not produce more
biomass or P uptake than any nil P treatments (Figure 2c,f). The biochar MFS treatment
had significantly higher biomass production (around 400 mg pot−1) and P uptake (around
4000 µg pot−1) than the raw MFS and nil P control, but lower biomass and P uptake than all
+P control treatments (Figure 2c,f). The K2HPO4 + BLE treatment accumulated significantly
more P than the K2HPO4 and K2HPO4 + RLE treatments.

3.4. Medium-Term P Limiting Plant Bioassay

Cumulative biomass in the raw MFS and biochar MFS showed a similar trend to that
of the K2HPO4 control over time, but total accumulated biomass after 200 days was highest
in the K2HPO4 control treatment (approximately 16 g pot−1), compared to 15 g pot−1 and
13 g pot−1 in the raw and pyrolysed MFS, respectively (Figure 3a). Cumulative biomass
after 200 days was only 4.4 g pot−1 in the nil-P control (Figure 3a). Cumulative P accu-
mulation after 200 days was four-fold higher in the +P control pots (around 54 mg pot−1)
than the raw and pyrolysed MFS-treated pots (13–14 mg pot−1) (Figure 3b). Cumulative
P accumulation in the nil-P treatment was minimal with only 3 mg P pot−1 taken up by
ryegrass plants over the five harvests.

The APFU of raw MFS and biochar MFS were low at all harvest points, and by 200 days
only around 10% of the P added in the amendments had been recovered in ryegrass shoots,
compared to around 50% of P applied as K2HPO4 (Table 3). The NRPU was substantially
higher in the biochar MFS than raw MFS up to 87 day after sowing but was similar (about
20%) by 200 days after sowing.

Table 3. Apparent P fertiliser recovery and net relative P uptake.

APFU (%) NRPU (%)

Days After
Sowing Raw MFS Biochar MFS +P

(K2HPO4) Raw MFS Biochar MFS

39 0 1.6 11 0.1 14.4
87 2.1 3.2 20.3 10.5 15.6

113 6.1 6 35.7 17.1 16.8
157 7.8 7.8 41.9 18.6 18.5
200 11.1 10.3 50.9 21.8 20.3
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4. Discussion

The recycling of P from waste products is essential for sustainable agriculture. Little
is known about the agronomic value of raw or pyrolysed MFS from dairy processing
as a P fertiliser. Given the unique composition of MFS, slow pyrolysis processing us-
ing different temperature variables was examined to maximise the partitioning of P in
biochars. The high rates of P recovery (98%) and enrichment (>4-fold) obtained are in good
agreement with earlier studies which report the vast majority of P being recoverable in
chars [13,29]. Despite the low operational temperatures (450 ◦C) suited to MFS pyrolysis,
elements such as C and N were not well retained, which is not ideal given any effective
recycling strategy should aim to maximise the full spectrum of valuable elements. How-
ever, recent studies have demonstrated mineral modification during pyrolysis increased C
retention (e.g., modified with Ca, Si, Fe, Na, Mg, K) and N retention (modified with CaO)
in biochars [30], and warrants further investigation as a promising strategy for improving
MFS biochar fertiliser value.

4.1. Impact of Pyrolysis on P Bioavailability from MFS

The increase in HCl-extractable P observed in the biochar MFS compared to raw MFS
is consistent with many studies that have shown pyrolysis results in conversion of organic
P into hydroxyapatites and oxyapatites that are insoluble in water but are soluble in mild
acids [16,29]. While pyrolysis of MFS at 450 ◦C reduced labile P (H2O-P and NaHCO3-P)
fractions to negligible levels, ryegrass amended with biochar MFS accumulated significantly
more biomass and P in the acidic Ferralsol than ryegrass amended with raw MFS in the
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short term (70 days). This increased P accumulation was likely partially due to lime-induced
P mobilisation in the Ferralsol [27] since the K2HPO4 + BLE treatment accrued significantly
more P in shoots (10,722 µg pot−1) than K2HPO4 alone (9186 µg pot−1). However, given
that P accumulation in the biochar MFS treatment at 10 weeks was around 1900 µg pot−1

higher than the nil P + BLE treatment, this suggests that a proportion of P in the HCl-P
fraction (>60% of total biochar-P) was relatively bioavailable in the acidic soil. Perhaps
unsurprisingly, the increase in the HCl-P fraction in the biochar MFS did not improve P
bioavailability in the alkaline Vertisol compared to raw MFS. Similar findings are presented
in two recent meta-analysis on biochar-P bioavailability which concluded the greatest
positive effect occurs in acidic soils (pH < 6.5), whereas, in alkaline soils (pH > 7.5) no
significant response to P bioavailability is observed [31,32].

Raw MFS showed higher efficacy as a P fertiliser than biochar MFS in the near-neutral
Arenosol. This was unlikely due to greater availability of other nutrients in the raw MFS
than the biochar MFS, since basal nutrients were added equally to all pots. Heat-treated
waste products including hydrochars [33] and biochars [34] can induce phytotoxicity
and inhibit plant growth. However, no toxicity symptoms were observed with biochar
MFS (Supplementary Material Figure S1) and the higher biomass production with raw
MFS at 10 weeks was associated with higher P uptake, suggesting that P bioavailability
impacted growth.

While raw MFS had higher efficacy than biochar MFS in the short-term (10 weeks)
experiment in the Arenosol, raw MFS was not superior to biochar MFS in terms of biomass
or P accumulation in the Arenosol at 87 d in the longer-term trial, and both amendments
had a NRPU of around 20% at 200 days.

4.2. Agronomic Efficacy of Raw MFS and Biochar MFS

While plant biomass response to P amendments are useful assays for assessing efficacy
of P fertilisers or amendments, plant growth may not be as useful as P uptake because
plants reach saturation [28]. For example, in an assessment of a range of biochars compared
to their raw products vs. chemical P fertilisers, Wang et al. [35] reported that biochars
were as effective as the inorganic P fertiliser for producing ryegrass shoot biomass after
6 harvests, but shoot P accumulation was higher in plants amended with synthetic P
fertiliser. The same phenomenon was observed in our study, where biochar and raw MFS
were almost as effective at producing ryegrass biomass as the +P control after 200 days, but
both were only 20% as effective as the +P control for P uptake (APFU around 10% for MFS
and biochar vs. 50% for +P control). As such, this study confirms that P uptake is a much
better predictor of agronomic P fertiliser value.

5. Conclusions

This study establishes milk DAF sludges as a rich source of P and plant essential
nutrients. The fact that MFS are typically concentrated at processing sites and current
infrastructure further adds merit as a low-cost feedstock for P recycling. Virtually all P
from the raw feedstock was successfully recovered and concentrated more than four-fold
in biochars. The resulting biochar-P was poorly water soluble and largely extractable in
the mild acid HCl-P fraction, which was at least partly bioavailable in the acidic Ferralsol,
where total P accumulation and apparent P fertiliser recovery were 2.3-fold and 12- fold,
respectively, higher for biochar compared to raw MFS-P. Ultimately, MFS and biochar
were about 20% as efficient at providing P to ryegrass plants as the water-soluble K2PO4
over a 200-day period, suggesting that for short-term crops, higher application rates of
MFS or biochar would be required to match synthetic fertilisers, or the supplementary use
of synthetic fertiliser would be needed in the short term. Further long-term studies are
required to determine whether P in MFS and biochar becomes available to plants over a
number of years or whether a proportion of the P remains recalcitrant. Ultimately, our
study indicated that recycled P from dairy processing waste can supplement agricultural P
inputs and support a more sustainable global P cycle.
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