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The dairy industry produces vast quantities of dairy processing sludge (DPS), which can be processed further to
develop second generation products such as struvite, biochars and ashes (collectively known as STRUBIAS).
These bio-based fertilizers have heterogeneous nutrient and metal contents, resulting in a range of possible
application rates. To avoid nutrient losses to water or bioaccumulation of metals in soil or crops, it is important
that rates applied to land are safe and adhere to the maximum legal application rates similar to inorganic fer-
tilizers. This study collected and analysed nutrient and metal content of all major DPS (n = 84) and DPS-derived
STRUBIAS products (n = 10), and created an application calculator in MS Excel™ to provide guidance on
maximum legal application rates for ryegrass and spring wheat across plant available phosphorus (P) deficient
soil to P-excess soil. The sample analysis showed that raw DPS and DPS-derived STRUBIAS have high P contents
ranging from 10.1 to 122 g kg™ 1. Nitrogen (N) in DPS was high, whereas N concentrations decreased in thermo-
chemical STRUBIAS products (chars and ash) due to the high temperatures used in their formation. The heavy
metal content of DPS and DPS-derived STRUBIAS was significantly lower than the EU imposed limits. Using the
calculator, application rates of DPS and DPS-derived STRUBIAS materials (dry weight) ranged from 0 to 4.0
tonnes ha~! y~! for ryegrass and 0-4.5 tonnes ha~! y~! for spring wheat. The estimated heavy metal ingestion to
soil annually by the application of the DPS and DPS-derived STRUBIAS products was lower than the EU guideline
on soil metal accumulation. The calculator is adaptable for any bio-based fertilizer, soil and crop type, and future
work should continue to characterise and incorporate new DPS and DPS-derived STRUBIAS products into the
database presented in this paper. In addition, safe application rates pertaining to other regulated pollutants or
emerging contaminants that may be identified in these products should be included. The fertilizer replacement
value of these products, taken from long-term field studies, should be factored into application rates.

1. Introduction

The approach to sustainable nutrient use in agriculture is changing
and there are ambitious new regulations incorporating “circular econ-
omy” objectives (EC, 2020a). In the European Union (EU) the “Farm to
Fork Strategy” (EC , 2020a) aims to accelerate the transition from
inorganic to organic sources of fertilisers within sustainable food and
agriculture systems. One of the recommended practices is to encourage
the recycling of critical nutrients (mainly nitrogen (N) and phosphorus

(P)) from municipal, agricultural and industrial waste streams as fer-
tilisers, which is important for the conservation of limited natural re-
sources and the prevention of environmental pollution. As one of the
largest agri-food sectors in Europe (Augere-Granier, 2018), the dairy
industry consumes large volumes of water and generates wastewater (up
to 10 LL ™} processed milk) that contains high concentrations of nutri-
ents needed for crop growth (total nitrogen, TN: 14-830 mg L™; total
phosphorus, TP: 9-280 mg L~ Erkan et al., 2018). The dairy waste
stream, therefore, is a valuable resource for both N and P recovery.
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Dairy processing sludge (DPS) is a settled solid-liquid by-product,
rich in N and P, that is generated from dairy waste streams during
wastewater treatment (Ashekuzzaman et al., 2019a, 2019b). Approxi-
mately 3.8 million tonnes are generated annually in the EU, which is
equivalent to about 155 million tonnes of milk production (EC , 2020b).
It is classified as a biosolid (Pankakoski et al., 2000), meaning that it
may be applied to land as a fertiliser in most countries. For example, a
recent report showed that 63% of the DPS produced in Ireland is applied
to pasture and arable land and 13.6% is used for composting (Ryan and
Walsh, 2016). DPS can be categorised based on the lime and metal salt
addition during wastewater treatment, since P is frequently associated
with calcium (Ca), aluminium (Al) and iron (Fe) in poorly soluble
complexes (Brod et al., 2015). These elements are known to fix plant
available P into unavailable forms in soil.

The valorisation of DPS into more stable (e.g. pelletized) fertiliser
products is the most likely pathway to market. Raw DPS can be further
processed into struvite, biochar and incineration ashes, collectively
referred to as STRUBIAS (Huygens et al., 2018), which are categorised as
secondary raw material-based fertilising products (EC , 2019). STRU-
BIAS materials have potential to become “component materials cate-
gories” (CMC) in the EU Fertilising Products Regulation (EC, 2019). This
means that STRUBIAS materials can be used to produce fertilising ma-
terials with different intended functions, including inorganic and
organic fertilisers, liming materials, growing media, soil improvers,
plant biostimulants, and fertilising product blends (Huygens et al.,
2018). To open the EU Single Market for these bio-based fertilisers, the
new EU regulation will provide strict rules on safety, quality and
labelling requirements for all types of fertilisers and will introduce new
limit values for contaminants in fertilisers like cadmium (Cd) (EC ,
2019). The dairy waste stream, including DPS and dairy wastewater, is a
potential candidate for STRUBIAS materials production due to its high P
concentration and low heavy metal content.

At present few studies that have examined the nutrient and metal
profiles of DPS (which vary across processing plant, type, and season-
ally) and DPS-derived STUBIAS products (Ashekuzzaman et al., 2019a,
2019b). As DPS is categorised as biosolids according to current practices
in the EU (Pankakoski et al., 2000), its application to land is prohibited
in some countries such as Belgium, Switzerland and Romania due to
concerns of bioaccumulation of toxic metals and/or emerging contam-
inants in soil and crops (Milieu, WRC, RPA, 2013a, 2013b, 2013c).
There are also concerns that the processing of DPS into STRUBIAS
products may introduce more metals, which could then cause problems
for agricultural lands (Shi et al., 2021). Therefore, a thorough investi-
gation and creation of a calculator that enables calculation of permis-
sible application rates of these products in the context of EU soil and
fertilizer regulations (Ulrich, 2019) is needed but lacking, despite the
fact that such work has been completed for other wastes spread on
grasslands e.g. sewage sludge biosolids and bone meal on low P index
soils (Lucid et al., 2013). In Ireland, land is used for crops, grazing, silage
and forestry. Grassland (pasture, hay and silage) is the dominant crop
(80% of utilisable land) (O’ Donnell et al., 2021). The production of
grass silage and arable crops like wheat to feed cattle is common
(Velthof et al., 2014). Both of these dominant crops receive DPS and are
therefore used in the present study.

The objectives of the current study were to: (1) collect, collate and
present a comprehensive overview of nutrient and metal composition of
the main DPS and DPS-derived novel STRUBIAS product types (2)
calculate the maximum legal application rates for DPS and DPS-derived
STRUBIAS for ryegrass and wheat, and (3) calculate the equivalent
application rates of heavy metals.

2. Materials and methods
2.1. Sample sources

A sample archive was collated consisting of 84 DPS and 14 DPS-
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derived STRUBIAS samples. Sixty-three DPS samples, collected from
2016 to 2018, originated from the study of Ashekuzzaman et al. (2019a),
and 21 DPS samples were collected in 2019 and 2020 for the current
study. All DPS samples were collected using plastic containers with
screw top lids from 12 dairy processing plants in Ireland. The DPS
samples were categorised into three types, depending on the chemical
added (Table 1): (1) activated sludge aluminum-precipitated (Al-DPS, n
= 54) (2) activated sludge iron-precipitated (Fe-DPS, n=9), and (3)
lime-stabilised sludge calcium-precipitated (Ca-DPS, n = 21). The 14
STRUBIAS products were categorised into three types (Table 2): struvite
(n = 3), chars (n = 6), and ash (n = 1).

For struvite, three types of magnesium ammonium phosphate (MAP
or struvite) were precipitated from dairy processing wastewater. The
struvite precipitation was completed in a stirred batch reactor equipped
with a 1 L beaker, water bath with temperature (22 °C) regulation
(PLWC 358), and up-stirrer (CAT-100) with control settings for time (1
h) and stirring rate (60 rpm). Three types of struvites (MAP1, MAP2 and
CaMAP; Table 2) were produced from dairy processing wastewater by
varying the pH, Ca:P, Mg:P and NH4":P (Numviyimana et al., 2020).

Six chars are included in this study. Three of them were produced by
slow pyrolysis and are referred to as pyrochar. One (PC1; Table 2) was
produced from a mixture of biological DPS and spruce wood chips at a
pilot-scale facility (Kwapinska et al., 2019), while another two were
produced using an Al-DPS at 450 °C (Al-PC2) and 700 °C (Al-PC3) for 1 h
(Hu et al., in preparation, 2021). The other three chars were produced
through a hydrothermal carbonisation (HTC) process and are referred to
as hydrochar (HC). These were produced using a raw Fe-DPS sample
collected from a dairy processing plant in Ireland. The Fe-DPS sample
was introduced into the reactor liner with no additional water (Fe-HC1;
Table 2) or placed inside a reactor vessel with the addition of 1% H2SO4
to achieve moisture contents of 85% (Fe-HC2) and 90% (Fe-HC3),
respectively. The time needed to reach the set point temperature
(200 °C) of the reaction was around 3 h for Fe-HC1, and around 26 min
for Fe-HC2 and Fe-HC3. Once the set point was reached, the stirrer was
initiated at 25 rpm and 36 rpm for 2 h. The solid HC separated from the
liquid portion through filtration and dried in an oven at 105 °C for 24 h.
PC1 was ashed in a laboratory furnace at 650 °C for 3 h (residence time)
and cooled down to room temperature while still in the furnace. The
generated ash (Al; Table 2) was ground by mortar and pestle.

2.2. Sample analysis

All the raw DPS samples were stored in a cold room at 4 °C before
analysis for dry matter (DM), organic matter (OM) and pH. The STRU-
BIAS samples were stored at room temperature and DPS were freeze
dried at —55 °C for 48 h (ScanVac CoolSafe 55-9 Pro), before being
pulverized in a mixer mill (Retsch MM200) with a vibrational frequency
of 25 Hz for 1 min. The resulting powdered samples were stored in
sample tubes at room temperature for nutrient, trace metal and other
elemental compositional analysis.

The DM and OM were determined using standard gravimetric
method 2540 G (APHA, 2005), where about 15-20 g of raw DPS was
dried for about 24 h at 105 °C in an oven, followed by ignition of the
dried residue at 550 °C in a muffle furnace for 1 h. The pH was deter-
mined in a 1:2.5 (w/v) ratio of fresh DPS to deionized water solution
(making up to 25 ml) by a Jenway 3510 pH meter after 1 h of mixing at
20 rpm by an end-to-end shaker (Ashekuzzaman et al., 2019a, 2019b).
The concentrations of nutrients (P, potassium (K), magnesium (Mg),
sulphur (S), sodium (Na), and Ca) and metals (arsenic (As), cadmium
(Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), zinc (Zn), Al,
Fe, cobalt (Co), molybdenum (Mo) and manganese (Mn)) were deter-
mined by an Agilent 5100 synchronous vertical dual view inductively
coupled plasma optical emission spectrometer (Agilent 5100 ICP-OES),
following the microwave-assisted acid digestion of samples (USEPA,
1996). Samples were also analysed for total carbon (TC) and TN using a
high temperature combustion method (LECO TruSpec CN analyser). The
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mercury (Hg) analysis of two ash samples and three different samples,
selected from the materials (Al-DPS, Fe-DPS, Ca DPS, struvite, and
chars), was conducted by inductively coupled plasma atomic fluores-
cence spectroscopy (ICP-AFS). The mineral fraction (total oxidised N
and ammonium nitrogen (NH4-N)) of total N was analysed colorimet-
rically in the 0.1M HCl-extracted filtered solution using an Aquakem 600
Discrete Analyser. For extraction, freeze dried sludge powder samples
were mixed with extracting solution (0.1M HCI) at a solid to liquid ratio
of 1:20, shaken for 1 h, and then centrifuged at 3000 rpm for 5 min.
Before analysis of mineral N, the supernatant was filtered using GF/A
filter paper.

2.3. Calculation of maximum legal application rate ranges for DPS and
STRUBIAS products

The application rates of organic fertilisers and STRUBIAS products to
agricultural land take cognisance of the limiting annual loading rate for
metals and the nutrient requirements of plants. In the EU, it is common
that fertilisers are applied to land based on their P content (e.g. S.I. EC,
2010 of http://www.environ.ie/en/Legislation/Environment/Water/
FileDownLoad,25133,en.pdf ">2010 in Ireland), since applications
based on the N requirement of a crop may result in excessive applica-
tions of P, which may cause nutrient losses to waters and, in the case of
some biosolids, the build-up of heavy metals in the soil (Lucid et al.,
2013). In Ireland, soil nutrient status is classified into index levels
ranging from 1 to 4, depending on the quantity of the nutrient in the soil
that is available to the crop (Table S1). The soil N index system is
determined by the soil N supply status, while the plant available P is
measured using Morgan’s reagent (Teagasc, 2020). The application rate
(in tonnes ha! y’l) for the fertiliser products used was determined
based on the P index level of the soil and the recommended N and P
application rates for the target crop (such information is available in
Ireland in the Teagasc Major and Micro Nutrient Advice for Productive
Agricultural Crops Green book; Teagasc, 2020), the legal limits of
metals, the dry matter content of the fertiliser, and its nutrient and metal
concentration. The optimal application rates of DPS and STRUBIAS
products for two different crops, ryegrass (Lolium perenne L.) and spring
wheat (Triticum aestivum L.), were calculated using Microsoft Excel™
(Supplementary Material). Depending on the fertiliser application rates
the annual equivalent loading rates of other elements including nutri-
ents (N or P) and six EU regulated metals (Cd, Cu, Hg, Ni, Pb and Zn) are
calculated (EEC, 1986).

3. Results and discussion
3.1. Physicochemical composition

The DPS and DPS-derived STRUBIAS materials are characterised for
nutrients and metal composition and compared to EU legislation on
metal concentrations in Tables 1 and 2 The three types of DPS examined
were rich in the major plant nutrients, but they were not significant
sources of K due to the elutriating effect of wastewater treatment on
soluble components, similar to other biosolids (Rigby et al., 2016). The
N and NH4-N concentration was highest in the Al-DPS and lowest in the
Ca-DPS. This may have been associated with lime addition, which causes
losses of NHg and Ca-P precipitation (Ashekuzzaman et al., 2019a,
2019b). The concentrations of metals in the tested DPS samples were
well below the EU regulatory guideline values (EEC, 1986). The con-
centrations of Cr, As and Mo are not currently regulated in the EU, but
regulated elsewhere like western Australia and the USA (Western
Australia, 2012; US EPA (Environmental Protection Agency), 2007), and
were well below the upper limits of 75, 75 and 500 mg kg™, respec-
tively. In Western Australia, there are three contamination levels for
each contaminant in biosolids: Grade C1 is for the highest quality of
biosolids, Grade C2 is middle quality, and Grade C3 represents the
lowest quality. The parameters of DPS were well under the Grade C1
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values, except the Zn content of two Ca-DPS (209.7 and 267.1 mg kg,
respectively).

Struvite is the preferred form of P recovery for fertiliser by chemical
precipitation, considering its provision of P and N for plant nutrition
(Daneshgar et al., 2018). The high P content of dairy processing
wastewater makes it attractive for P recycling (Numviyimana et al.,
2020). Despite the potential to recover nutrients by struvite precipita-
tion, the chemical composition of the final product can vary widely and
is not always consistent with pure struvite (Ahmed et al., 2018). MAP1 is
produced under optimum conditions enhancing struvite crystallization,
MAP2 is formed in conditions of both P removal and struvite production,
and CaMAP is obtained in conditions of maximum P recovery with high
dose of Ca salts (Numviyimana et al., 2020). Therefore, both MAP1 and
MAP2 had higher P and N concentrations than CaMAP, as Ca®* can
compete with the NH4" and Mg?", reducing struvite yield. Typically,
Ca?* promotes the precipitation of calcium phosphate (Cag(PO4),) and
hydroxyapatite (Ca;o(PO4)¢OH),), which are compounds of very low
solubility (Bauer et al., 2007).

Slow pyrolysis reduced the contents of total C, N and S in the
resultant chars, as during thermal treatment significant amounts of
feedstock-bound elements are volatilised in the form of CO, CO5, NH3,
hydrocarbon compounds HCN and HsS (Lu et al., 2012; Tian et al., 2002;
Zhang et al., 2017). Furthermore, the higher the pyrolysis temperature,
the lower the C and N in the biochars (Al-DPS, Al-HC1 and Al-HC2 in
Table 2). The C contents in the AI-PC1 and Al-PC2 declined by 18.8%
and 22.7% with a pyrolysis temperature at 450 °C and 700 °C, respec-
tively, compared to the TC contents in their feedstock (Al-DPS), while
the biochar TN contents decreased by 26.2% and 42.6% with two
different temperatures. The emission of different N groups, such as the
conversion to NHg from protein N at low temperatures (400-440 °C) and
the conversion to HCN from pyridine at high temperatures
(440-600 °C), caused TN decline (Wei et al., 2015). The pyrochars had
higher TP contents compared to their feedstocks (mixture of biological
DPS and woodchip, and Al-DPS; Table S2) and the TP in the biochars
increased with increasing pyrolysis temperature, which means pyrolysis
concentrated the P components in the biochars (Yuan et al., 2011). The
concentration of total K increased relative to temperature because of the
inorganic association of K with DPS (Hossain et al., 2011). Total con-
centration of the other elements, including Na, Ca, Fe and Mg, increased
after pyrolysis treatment.

HTC is a relatively new technology to treat biomass residuals and a
solid value-added product, HC, is produced. In comparison to traditional
pyrolysis technology, HTC requires wet feedstock and therefore the DPS
does not need to be dried prior to or during the process, saving sub-
stantial amounts of energy (Langone and Basso, 2020). It is noteworthy
that, no matter how the pH of the experiment changes, the pH values of
the HCs were neutral, similar to other studies (Liu et al., 2020; Wang
et al.,, 2017). The concentration of C and N in the HCs decreased
compared to their feedstock (Fe-DPS). However, the losses of C and N
were much lower than pyrolysis, because pyrolysis resulted in the
emission of gases at higher concentrations than HTC (Mau and Gross,
2018). HTC is conducted at high pressures with a closed reactor and all
gases generated during the process are only emitted once the treatment
has concluded. In addition, NHj is not emitted as a gas due to the low pH
of the aqueous phase (Mau et al., 2016). Therefore, N in the HC might be
plant available, and volatilised C and N can be dissolved in HTC liquor.
The S content in Fe-HC1 decreased compared with the feedstock DPS,
while S in Fe-HC2 and Fe-HC3 increased due to HoSO4 addition during
the HTC progress of Fe-HC2 and Fe-HC3. The results show that HTC
increased the content of some nutrients including P, Mg, Ca, Fe and Al,
while decreasing the content of Na and K. This means that the nutrients
in the feedstock are not completely concentrated in the HC, as part of
them were in the HTC liquor. There are still considerable uncertainties
about both the composition of HTC process waters and their potential
valorisation. It is recommended that technology developers measure the
composition of process waters, especially with respect to possible


http://www.environ.ie/en/Legislation/Environment/Water/FileDownLoad,25133,en.pdf
http://www.environ.ie/en/Legislation/Environment/Water/FileDownLoad,25133,en.pdf

W. Shi et al.

Ryegrass

Spring wheat

Journal of Environmental Management 301 (2022) 113880

Fig. 1. The maximum legal application rates of three
types of DPS and three types of DPS-derived STRU-

Application rates @ dw (tonnes/ha/year)

BIAS fertilising products calculated based on the soil
P index and the equivalent loading rates of N and
regulated metals. [circle icon] = Ca-DPS; [upside-
down triangle] = Fe-DPS; [square icon] = Al-DPS;
[diamond icon] = struvite; [triangle] = char; [hexa-
gon] = ash; [red line] = maximum heavy metal
addition to the land. Shaded area represents the
maxima and minima for the application rates, across
all products, at each soil P index. Since Hg results
were all below the limits of detection, it is not
included in this figure. (For interpretation of the ref-
erences to color in this figure legend, the reader is
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application as fertilizer or for chemical recovery.

After the incineration of BC1 by oxidation, the contents of total C and
N of ash significantly decreased, while all the other elements including
nutrients and heavy metal concentration increased, which means they
are concentrated in the ash.

Across three types of DPS-derived STRUBIAS products, the highest
concentrations of Cu, Ni, Pb, Cd, Zn, Hg, and As were in ash and the
lowest were in struvite. The total concentrations of Cu, Ni, Pb, Cd, Zn,
Hg, and As in the chars and ash were higher than those in the feedstock
DPS, but they were still under upper limits of the EU regulation for
fertilisers (EC, 2019). It is likely that dissociation of organic compounds
and some minerals, such as carbonates, caused by the pyrolysis tem-
perature, contributed to an increase in heavy metal concentrations
(Khanmohammadi et al., 2015).

3.2. Application rates based on nutrients

The high TP concentration in the DPS and DPS-derived STRUBIAS
products examined in this study meant that maximum legal application
rates for each soil P index were determined by the TP concentration of
the material. The range of DPS and DPS-derived STRUBIAS application
rates to ryegrass and spring wheat are shown in Fig. 1. Based on the TP

content of different types of materials, application rates varied from 0 to
4.0 tonnes ha™! y~! on grassland and from 0 to 4.5 tonnes ha™' y~! on
spring wheat.

The application rates do not consider the plant-available N and P in
the DPS and DPS-derived STRUBIAS, which will affect crop uptake of
nutrients. In comparison with chemical fertilisers, organic fertilisers
provide less readily available nutrients which can become slowly
available as the growing season progress (Chen, 2006). Some bio-based
products might have poor nutrient availability, despite their relatively
high P content. For example, Ashekuzzaman et al. (2021a, b) assessed P
and N availability of Al-, Fe-, and Ca-DPS for crop yield and uptake in
comparison to reference mineral fertilisers over 1 year at field-scale
experiment. Their results showed that P availability differs signifi-
cantly between Al- and Ca-DPS, and that mineral P fertiliser was initially
much more readily available for plant uptake than DPS, since Al-P and
Ca-P are less soluble than mineral P fertiliser. With regards to N avail-
ability, Ashekuzzaman et al. (2021b) also found a wide range of N-fer-
tiliser equivalency values (FEV) among different DPS types (8%-54%).

Numviyimana et al. (2020) evaluated nutrient availability to plant
for three struvites, MAP1, MAP2 and CaMAP (also used in the current
study; Table 2), in an in-vitro study, in which the nutrients released in
2% citric acid with pH 6 were measured over 2 h. The results showed
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Fig. 1. (continued).
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that although both MAP1 and MAP2 were characterized by higher P, Mg
and N contents than CaMAP, MAP1 required a longer time to release N, P
and Mg.

Biochar normally has low amounts of plant available N (Bridle and
Pritchard, 2004). While losses of P during pyrolysis are negligible, P is
converted into more stable, less available forms such as Mg or Ca min-
erals. Biochar, therefore, creates a more permanent nutrient pool for
long-term nutrient uptake by crops (Fristak et al., 2018). In addition,
NH4-N and nitrate leaching reduce following biochar amendment (Yuan
et al., 2016).

Ash from sludge incineration has higher P content (about 10%) than
the original sludge before incineration (Lim and Kim, 2017; Liu et al.,

2010). However, research shows that the bioavailability of P in the
sludge ash is poor. The bioavailability of P can be estimated by the
solubility of P in neutral ammonium citrate (Pyac), mostly given as a
fraction of the total P content (Pyac-solubility) (Herzel et al., 2016).
Kriiger and Adam (2015) found that the mean PNAC-solubility of
sewage sludge ash in Germany is very low (31% of total P). The P species
of sludge ash are controlled by the wastewater treatment before incin-
eration, which means P is mainly associated with Al, Fe or Ca (Nanzer
et al., 2014). Therefore, direct application of sludge ash as a fertiliser is
very rare due to low bioavailability of P and significant amount of heavy
metals (Jeon and Kim, 2018).
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3.3. Estimation of equivalent loading rates of heavy metals

The EU sets average annual tolerance limits on heavy metal additions
to soil over a 10-y period. These are (in g ha—* y 1) Cd: 50, Cr: 3500, Cu:
7500, Ni: 3000, Pb: 4000, Zn: 7500 and Hg: 100 (Fehily Timoney and
Company, 1999). The loading rates of six EU regulated heavy metals
were determined based on the application rates of P in the DPS and
DPS-derived STRUBIAS (Fig. 1). All results show that application rates
were low and considered safe in terms of bioaccumulation in soil and
crops.

Struvite has the lowest heavy metal content of all products included
in Table 2. Many studies describe struvite as a slow-release fertiliser for
agricultural applications, which is not highly soluble and therefore not
readily lost along surface runoff pathways to waters (Cieslik and
Konieczka, 2017; Yetilmezsoy et al., 2017). The production of struvite
also reduces the mass of the original substrate through the loss of OM
and moisture (Hall et al., 2020; Kim et al., 2009). Therefore, struvite
precipitation from DPS offers a relatively effective and
environmental-friendly way to recover excess nutrients from wastes.

Although themo-chemical treatments including pyrolysis, HTC and
incineration, increased heavy metal concentration, most of the heavy
metals existed in the oxidisable and residual forms, especially when
pyrolysed at 600 °C, resulting in a significant reduction in their
bioavailability, leading to a very low environmental risk of chars and ash
(Jin et al., 2016). However, if ash were directly applied to land, further
processing to remove contaminants would still be needed.

3.4. Future research needs

Future research should focus on establishing the N-FEV and P-FEV of
DPS and DPS-derived STRUBIAS products using pot and field trials. For
example, the calculated application rates in this study do not consider
the N and P availability of these products, which are more indicative of
their performance as fertiliser replacements. Completion and incorpo-
ration of such research into the calculator for all DPS and DPS-derived
STRUBIAS product and crop types would lead to more accurate incor-
poration of bio-based fertilizers into nutrient management planning. In
addition, the application rates used in this study are regulated by
guidance in Ireland, based on fixed nutrient application norms. Models
that predict future P yields should represent a balance between P input
and outputs in the field, which would lead to more efficient DPS and
DPS-derived STRUBIAS application. Such a model has been completed
for manure applications to both grassland and arable lands (Mollenhorst
et al., 2020) leading to decreased P losses in waters where applied. The
evolution of wastewater treatment techniques employed at dairy pro-
cessing sites endeavours to follow advances in the treatment of human
wastewater. From an economic perspective, there is a need to move
away from dosing P-rich waste streams with metal salts towards bio-
logical P removal (Kolev Slavov, 2017). Such treatment will replace the
need for metal flocculants to remove P, but will inevitably produce new

w
IS

sludge streams that will need to be characterised in terms of their FEV,
nutrient and metal content.

Heavy metal and other emerging contaminants, present in some DPS
or introduced due to the production and DPS-derived STRUBIAS prod-
ucts, need further review and characterisation. Indeed, the bio-
accumulation of contaminants in soil and crops associated with land
application of bio-based fertilizers needs investigation using long-term
field trials since the accumulation of contaminants in soil, following
repeated applications of these products, may be problematic.

The calculator created in this study should be developed into an
online or phone application to guide growers, contractors, farmers and
processing plant operators, as part of on-going nutrient management
planning.

4. Conclusions

A total of 84 DPS and 14 DPS-derived STRUBIAS products were
examined for their safe agricultural land application to comply with
regulatory requirement for application rates and soil metal contamina-
tion from bio-based fertiliser application. All products tested had high P.
Nitrogen in DPS was high, but N concentrations were low in the thermo-
chemical STRUBIAS products. The heavy metal content of DPS and DPS-
derived STRUBIAS tested were all lower than EU imposed limits and
presented no problems regarding application rates. The calculated DPS
and DPS-derived STRUBIAS maximum legal application rates, based on
nutrients for ryegrass and wheat, were 0-4.0 tonnes ha! y~! and 0-4.5
tonnes ha™! y!, respectively. Future research should incorporate the
FEV of DPS and DPS-derived STRUBIAS products into nutrient man-
agement planning. New wastewater treatment processes will lead to new
DPS and STRUBIAS products, which will require analysis in long-term
field trials.
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