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ARTICLE INFO ABSTRACT

Handling editor: Lixiao Zhang Dairy processing sludge (DPS) is a byproduct generated in wastewater treatment plants located in dairy (milk)
processing companies (waste activated sludge). DPS presents challenges in terms of its management (as bio-
solids) due to its high moisture content, prolonged storage required, uncontrolled nutrient loss and accumulation
of certain substances in soil in the proximity of dairy companies. This study investigates the potential of hy-
drothermal carbonization (HTC) for recovery of nutrients in the form of solid hydrochar (biochar) produced from
DPS originating from four different dairy processing companies. The HTC tests were carried out at 160 °C,
180 °C, 200 °C and 220 °C, and a residence time of 1h. The elemental properties of hydrochars (biochars), the
content of primary and secondary nutrients, as well as contaminants were examined. The transformation of
phosphorus in DPS during HTC was investigated. The fraction of plant available phosphorus was determined. The
properties of hydrochar (biochar) were compared against the European Union Fertilizing Products Regulation.
The findings of this study demonstrate that the content of nutrient in hydrochars (biochars) meet the re-
quirements for organo-mineral fertilizer with nitrogen and phosphorus as the declared nutrients (13.9-26.7%).
Further research on plant growth and field tests are needed to fully assess the agronomic potential of HTC
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1. Introduction

The European Union (EU) has recognized the need to transition to-
wards more sustainable agriculture practices (so called “Farm to fork
Strategy” (EC, 2020)). The recycling of critical nutrients from different
kinds of organic waste streams is a crucial strategy to address resource
scarcity and to prevent environmental pollution (Avagyan, 2017).

The new EU Fertilizing Products Regulation (FPR) (EC, 2019) allows
fertilizing products based on recovered or organic materials to support
the shift to more sustainable agriculture and circular economy.

Materials such as struvite, biochar and ashes, collectively called
STRUBIAS materials (Huygens D et al., 2019), have the potential to
become “component materials category” (CMC) in the FPR, providing
they do not present a risk to human, animals or plant health and are safe
to the environment. However, in many cases there is a lack of infor-
mation on the properties of materials that potentially could be used as
components of fertilizers. The regulation specifies conditions for pro-
duction of biochar (pyrolysis and gasification material, CMC14); the

* Corresponding author.

thermochemical process should take place under oxygen limiting con-
ditions at temperature of at least 180 °C for at least 2 s. Hydrothermal
carbonization (HTC) falls under processes mentioned as pyrolysis and
gasification. The candidate biochar material to became CMC14 must
meet criteria, related to degree of carbonization and presence of con-
taminants. It also needs to meet criteria specified in an intended product
function category, e.g.: organo-mineral fertilizer.

The dairy (milk) industry produces large amounts of wastewater
(Carvalho et al., 2013) and large volumes of surplus sludge resulting
from on-site effluent treatment is produced (Ashekuzzaman et al.,
2019). Dairy processing sludge (DPS) contains valuable macro and
micro-nutrients, as well as organic matter (Ashekuzzaman et al., 2019;
Dabrowski, 2009a; Pankakoski et al., 2000). In many countries DPS may
be applied to land as a fertilizer, to recycle nutrients in compliance with
EU regulations, DPS falls under the category of biosolids (Pankakoski
et al., 2000; Ryan and Walsh, 2016).

An important feature that makes dairy processing sludge favourable
for application in agriculture is its very low concentration of heavy
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metals (Ashekuzzaman et al., 2019; Dabrowski, 2009b; Pankakoski
et al., 2000) which is much lower than in sewage sludge (Kwapinska
et al., 2018). It was reported that the estimated heavy metal (cadmium
(Cd), chromium (Cr), copper (Cu), nickel (Ni), zinc (Zn) and mercury
(Hg)) intake to soil by annual application of DPS over a 10-year period is
lower than the EU guideline on soil metal accumulation (Shi et al.,
2021a). However, there are concerns related to the presence of other
contaminants such as antimicrobial drugs, hormones, pesticides,
microplastics, persistent organic pollutants and nano particles that are
not tested in DPS (Shi et al., 2021b).

Despite the DPS being of value to agriculture as a source of nutrients
and organic matter, its main constituent is water (80-90%) (Ashe-
kuzzaman et al., 2019; Kwapinska et al., 2023). As the transport costs
are high (Kwapinska and Leahy, 2021), sludge is being spread on lands
close to the dairy factories. This may lead to local oversupply and the
accumulation of certain substances (e.g.: non-plant available iron
phosphates) in soil through annual application over many years,
therefore it is recognized that such practice is becoming unsustainable.
Moreover, similar to other organic fertilizers (Sommer and Knudsen,
2021), land application of DPS may only occur during the growing
season (spring and autumn), therefore storage of sludge is required for
extended periods and both storage and land application is a source of
greenhouse gas (GHG) emissions. Ultimately, there is a need to look for
more sustainable methods of nutrients recycling from DPS. Hydrother-
mal carbonization opens a possibility of recovering nutrients from DPS
in a form of solid hydrochar and reusing it in agriculture. The literature
shows, that GHG emissions from the management chain of untreated
DPS were as high as 359 kg COgzequivalent, in contrast producing
hydrochar from DPS reduces GHG emissions in the atmosphere corre-
sponding to —30 kg CO; equivalent (Hu et al., 2021).

Hydrothermal carbonization (HTC) has evolved in recent years as an
energy-efficient and sustainable technology (Zhao et al., 2014). HTC is
an effective treatment for converting high-water content, hydrophilic
substrate at mild temperatures (180-250 °C), by using water as reaction
media (solvent and reagent in the reactions) (Aragon-Briceno et al.,
2021b; Avagyan, 2018; Liu et al., 2021; Scrinzi et al., 2022). HTC as a
promising technology for sustainable treatment of sewage sludge has
been studied extensively and research results were summarised in recent
comprehensive reviews (Liu et al., 2021; Wang et al., 2019; Zhang et al.,
2020).

When the application of hydrochar in agriculture is considered the
distribution of macronutrients is of critical importance. The trans-
formation of P during HTC was studied extensively mainly for sewage
sludge (Aragon-Briceno et al., 2021a; Huang et al., 2018; Huang and
Tang, 2016; Ovsyannikova et al., 2019; Pérez et al., 2021; Qian and
Jiang, 2014; Shi et al., 2021c; Wang et al., 2017; Xu et al., 2018; Zheng
etal., 2020, 2022) and manures (Ekpo et al., 2016; Ghanim et al., 2018).
However, to the best of authors knowledge there are no studies of P
transformation during HTC for DPS. The transformation of N during
HTC was also investigated by many researchers (Alhnidi et al., 2020;
Leng et al., 2021). A recent review by Aragon-Briceno et al. (Ara-
gon-Briceno et al., 2021a) on the P and N fate during HTC process from a
perspective of nutrient recovery concluded that a better understanding
of the factors that affect the N and P transformation is necessary. Only
limited information is available on transformation of other macronu-
trients K, Na, Ca, S, Mg (Liu et al., 2021).

A high degree of plant-availability of P is usually an important
objective for fertilizers/soil amendments obtained from recycling ma-
terials/secondary raw materials (Lges et al., 2018). Some studies looked
at P speciation in hydrochar and chemical extractability of P from
hydrochar (Lges et al., 2018; Zheng et al., 2020) as an indicator of
plant-availability of P. Alternatively, plant-availability of P is assessed
by conducting plant growth studies (McIntosh et al., 2022). From pre-
vious research it appears that P in calcium-P fractions becomes more
crystalline at higher HTC process temperature (Huang and Tang, 2015,
2016), thus potentially less available to plants.

Journal of Environmental Management 345 (2023) 118931

There are only a few studies that investigated the properties of DPS
hydrochar and they are limited to Fe-precipitated DPS. Khalaf et al.
(2022) investigated the effect of temperature and pH on the properties of
hydrochar (Fe-hydrochar) and process water obtained after HTC of
Fe-precipitated sludge from a milk processing plant. The total content of
P, N and heavy metals were within the range for solid organo-mineral
fertilizer (EC, 2019). Khomenko et al. (2023) investigated the effect of
hydrochar obtained also from Fe-precipitated DPS on soil P availability
and P turnover. It was concluded that a P deficient soil amended with
Fe-hydrochar at the highest application rate did not build-up available P
to agronomic target values. To the best of the authors knowledge there
are no studies on plant available P in Al- precipitated DPS derived
hydrochars.

This study investigates the potential of hydrothermal carbonization
as a conversion technology for DPS. The objective of this study was to
investigate the speciation of nutrients in hydrochar, with an emphasis on
P transformation as a function of treatment temperature. The specific
objective was to determine if hydrochars produced from DPS originating
from various milk processing plants (producing variety of dairy products
and using different effluent treatment processes) have potential to meet
the criteria as component material and product function categories, as
specified in the new EU Fertilizing Products Regulation.

2. Materials and methods
2.1. Feedstock

Dairy Processing Sludge (DPS) from standalone wastewater treat-
ment of an effluent from four milk processing plants in Ireland is the
focus of this work.

The DPS samples were waste activated sludge with or without
chemical addition for P removal. The DPS1, DPS2 (poly-aluminium
chloride) and DPS4 were aluminium precipitated activated sludge; DPS3
was waste activated sludge after biological treatment processes com-
bined with sludge from a bio-tower combined with aluminium sulphate
used as coagulant.

When received, the moisture content in DPS samples was in the range
from 86 to 89 wt % (wt. %). The samples of DPS were stored in closed

Table 1
Properties of DPS samples.
Properties DPS1 DPS2 DPS3 DPS4
pH 7.64 7.72 6.73 6.23
Moisture, ar. 89.64 88.32 86.03 86.49
Ash content, wt. %, db. 43.83 19.32 26.24 36.88
C, wt. %, db. 26.35 40.67 37.46 28.31
H, wt. %, db. 2.26 4.80 4.51 4.35
N, wt. %, db. 4.93 7.21 7.01 5.63
S total, wt. %, db. 0.97 1.74 1.21 0.91
Cl, wt. %, db. 0.08 0.11 0.06 0.05
O, wt. %, db. (by difference) 21.58 26.15 23.51 23.87
Al, g/Kg dry matter 87.55 33.90 9.52 15.79
Ca, g/kg dry matter 38.43 10.51 12.35 12.72
Fe, 8/kg dry matter 2.69 1.92 0.52 3.73
K, 8/Kg dry matter 11.04 5.26 8.26 8.72
Mg, 8/Kg dry matter 3.44 0.73 1.52 1.47
Na, 8/Kg dry matter 6.88 8.07 2.63 5.03
P, 8/Kg dry matter 66.54 13.61 44.84 52.2
S inorganics g/kg dry matter 1.31 5.53 1.74 4.51
Si, g/Kg dry matter 4.38 5.10 3.19 20.33
Mn, g/Kg dry matter 0.15 0.08 0.06 1.06
As, mg/Kg dry matter 0.00 0.00 0.00 0.00
Cd, mg/kg dry matter 0.00 0.00 0.00 0.00
Cr, mg/kg dry matter 8.55 13.79 2.59 22.13
Cu, mg/Kg dry matter 23.51 11.99 6.44 39.65
Hg, mg/Kg dary matter 0.00 0.00 0.00 0.00
Ni, mg/Kg dry matter 4.27 8.39 1.93 11.06
Pb, mg/Kg dry matter 6.50 0.00 0.00 0.00

Zn, mg/Kg dry matter 100.44 82.15 88.83 292.27
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containers in refrigerator at 4 °C. The properties of all DPS samples are
presented in Table 1.

2.2. HTC tests and products distribution analysis

The HTC experiments were carried out in a 0.1 L Parr pressure
reactor with a stirrer and fitted with a removable glass liner. An electric
heater was used to maintain the temperature of the reactor. The HTC
experiments were designed to understand the impact of process tem-
perature and the selected temperatures were 160, 180, 200, and 220 °C.
According to literature, the selected temperatures are supposed to
minimize the production of phenols and other toxic compounds that
increase as the process temperature increases (Hitzl et al., 2018). For
each experiment 45 g of as received DPS (without pH correction) was
loaded into the glass liner and the glass liner with the DPS was placed
into the stainless-steel reactor. The reactor was sealed and heated to the
desired treatment temperature and kept at this temperature for 1 h.
Subsequently the heating was turned off, and the HTC slurry was cooled
to the room temperature while still in the reactor. HTC test at each
temperature were replicated four times. The gas produced during HTC
was vented and its amount and composition were not measured directly.
The HTC slurry was separated into the hydrochar and the liquid
by-product (HTC liquid, process water) by vacuum filtration on filter
paper. The hydrochars were let dry at room temperature, then milled,
and stored in an airtight container for analysis. The HTC liquid was also
stored in closed containers however, its analysis is out of scope of this
paper.

The yield of HTC products was analysed to relate the actual mass
streams of the products to the inlet feedstock stream. The initial DPS
sample mass and the HTC slurry mass were measured directly before and
after the HTC experiment, respectively. It is assumed that the ratio of the
difference in mass of DPS sample and HTC slurry over the initial DPS
sample mass represents the gas yield, as in Eq. (1). The yield of gas
calculated in that way is only an approximation and should be rather
viewed as a maximum since the mass of HTC slurry is smaller due to
sample loses related to condensed liquids in the reactor head and sam-
pling ports. The yield of hydrochar (solids dried at ambient temperature)
was calculated as the mass ratio between the dried hydrochar after
filtration and the initial mass of DPS (as received) used in the test, as in
Eq. (2). The yield of the liquid was calculated as the difference between
100% and the yield of hydrochar and the yield of gas.

DPSy; recived = HTCiturry

Y, = 100% 1
¢ DPS, recived * ’ W

I{C,,yhv

Y=o
DPS,, ived

* 100% (2)

Moreover, the yield of hydrochar on a dry basis was calculated as it
gives an indication of the fate of feedstock dry matter during the HTC
process. It was calculated as the mass ratio between the hydrochar dried
at ambient temperature and the initial mass of DPS dried at 105 °C used
in the test, as in Eq. (3).

Hcdrv
s dry = - 1
sy DPSy, * 100% 3
The percent of plant nutrients (N, P, K and S) remaining in hydro-
chars was calculated based on elemental composition presented in Ta-
bles 1 and 2 and by the principle of conservation of mass using the
following equation:

HCdry * xHC,i.dry

Elementyc gry = * 100 % @

DPSry * Xpps.dry

where HCyy, is the total mass of hydrochar on a dry basis, DPSy,, is the
initial mass of DPS on a dry basis, Xy 4r, is the mass fraction of nutrient
(i = N, P, K, S) in the hydrochar and xpps ;4 is the mass fraction of
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Table 2
HTC products yield and properties of dairy processing sludges and hydrochars.
Properties HTC DPS1 DPS2 DPS3 DPS4
Temperature,
°C
Solid yield, Y 160 9.3+ 8.8 + 111 £+ 15.5 £
(wt.%) 0.9 1.4 1.1 0.8
180 8.8 + 7.3+ 9.3+ 13.3+
0.1 1.0 1.2 0.6
200 8.1+ 6.3 + 8.1+ 12.8 +
0.3 0.8 0.7 0.5
220 6.8 + 52+ 7.0 £ 121 £
0.6 0.7 0.2 0.6
Gasyield, Yy (wt. 160 6.7 + 6.2 + 6.5 + 5.0 £
%) 1.2 2.6 0.7 3.0
180 8.3+ 5.7 £ 6.5 + 8.2+
1.7 1.0 2.3 2.3
200 9.8 + 8.7 + 7.4 + 9.7 +
1.7 3.6 1.1 1.7
220 10.9 + 51+ 53+ 9.8 +
2.0 1.5 0.6 0.5
Liquid yield, Y; 160 84.0 + 85.0 + 82.4 + 79.6 +
(wt. %) 0.3 3.9 1.5 2.3
180 83.0 + 87.0 + 84.2 + 78.5 +
1.7 1.9 3.5 2.8
200 82.1 + 85.0 + 84.5 + 77.6 +
1.7 4.1 1.4 2.2
220 82.3 + 89.6 + 87.7 £ 78.4 £
2.4 2.0 0.4 0.6
Solid yield, Ys, ary 160 89.0 + 70.5 + 74.5 = 96.8
(wt.%) 8.5 10.1 7.2 8.1
180 84.8 + 59.2 + 66.2 + 91.7 +
0.7 7.4 8.1 3.3
200 78.0 + 49.2 + 57.0 + 85.3 +
2.8 5.0 7.2 4.0
220 65.2 + 42.3 + 47.2 + 80.7 +
5.7 5.3 1.4 3.8
Ultimate analysis (dry basis)
C (wt. %) Raw 26.3 + 40.7 + 375+ 28.3 +
0.2 0.0 0.0 0.3
160 17.7 £ 40.4 + 36.4 + 27.3 +
0.2 0.0 0.2 0.8
180 16.1 + 40.9 + 339 + 26.1 +
0.1 0.1 0.1 0.7
200 16.3 + 38.3 + 31.6 + 26.0 +
0.2 0.4 0.0 0.2
220 16.9 + 36.9 + 313+ 253 +
0.0 0.0 0.2 0.5
H (wt. %) Raw 23+ 4.8 + 4.5 + 4.3 +
0.2 0.0 0.0 0.3
160 4.7 + 6.2 + 4.4 + 4.6 +
0.2 0.0 0.4 0.8
180 4.4 + 57+ 4.7 + 4.5 +
0.0 0.1 0.3 0.7
200 3.4+ 4.4 + 4.0 £ 4.2 +
0.2 0.4 0.0 0.2
220 3.2+ 4.6 + 49 + 8.2+
0.0 0.0 0.2 0.5
N (wt. %) Raw 4.9 + 7.2+ 7.2+ 5.6 +
0.1 0.0 0.0 0.3
160 3.6 + 6.8 + 6.6 + 51+
0.0 0.0 0.0 0.2
180 31+ 6.7 + 55+ 49 +
0.0 0.1 0.0 0.1
200 3.2+ 7.3+ 7.1+ 4.6 +
0.0 0.1 0.1 0.0
220 2.8 + 58 + 4.4 + 4.4 +
0.0 0.0 0.1 0.1
S (wt. %) Raw 1.0 + 1.7 + 1.2+ 0.9 +
0.1 0.1 0.1 0.1
160 0.3 + 1.2+ 1.0 £ 0.6 +
0.0 0.0 0.1 0.0
180 0.3+ 09 + 1.1+ 0.5+
0.0 0.0 0.1 0.0
200 0.9 + 1.5+ 1.1+ 0.4 +
0.0 0.0 0.1 0.0

(continued on next page)
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Table 2 (continued)

Properties HTC DPS1 DPS2 DPS3 DPS4
Temperature,
°C
220 0.6 + 1.2+ 1.2+ 0.6 =
0.0 0.0 0.0 0.1
O (wt. %) Raw 21.7 + 27.4 + 23.6 + 239+
0.3 0.0 0.1 0.6
160 17.8 + 20.1 + 17.9 + 20.7 +
0.3 0.2 0.5 1.2
180 16.4 + 17.2 + 14.6 + 18.1 +
0.2 0.1 0.3 1.1
200 15.1 + 13.9 + 12.2 + 13.8 +
0.3 0.6 0.1 0.0
220 13.7 + 10.0 = 9.9 + 11.8 +
0.1 0.1 0.4 0.8

nutrient in DPS on a dry basis.

2.3. Analytical techniques

Analysis of the proximate and ultimate properties of the DPS samples
and the hydrochars were carried out by Celignis Analytical, Ireland
(according to the EN 14774-1: 2009 and EN 15403: 2011). The CHNS
content was determined using a Vario EL cube elemental analyser and
oxygen content was calculated by the difference. The Cl content was
determined according to EN 15408:2011 using ion chromatography (IC)
after bomb calorimeter treatment of the samples and collection of the
bomb washings. The system used for the IC analysis was a Thermo Fisher
ICS5000+, equipped with a Dionex IonPac AS11-HC column, mobile
phase consisting of 27 mM KOH, an isocratic flow rate of 0.3 ml/min,
suppression of 30 mM of hydroxide through a Thermo Fisher AERS 500
suppressor and conductivity detection of the chloride analyte. The
proximate and ultimate properties are expressed as weight % (wt. %).

The organic carbon content was determined by subtracting carbon
content in carbonates (CaCO3) (Kwapinska et al., 2023) from the total
carbon content as obtained from the elemental analyzer.

The content of major and minor elements was measured using
inductively coupled plasma optical emission spectrometry (ICP-OES,
Agilent 5100 ICP-OES fitted with an SPS4 auto-sampler) after nitric acid
(HNO3, 70%, Sigma Aldrich), hydrogen peroxide (H202, 50%, Thermo
Scientific) and hydrofluoric acid (HF, 48%, Merck) digestion in a mi-
crowave oven according to EN 15290:2011. Before digestion, DPS
samples and hydrochars were ashed at 550 °C.

The pH of DPS was determined using a glass electrode in a 1:5 (V/V)
suspension of sludge in distilled water.

The water-soluble P was obtained by shaking of 0.5 g of DPS
hydrochar for 24 h in an orbital shaker (IKA 130 Basic) with 40 ml of
distilled water at room temperature. The suspension was then centri-
fuged and filtered. The content of P extracted by neutral ammonium
citrate (citric acid monohydrate, Fisher Chemical; ammonia solution
29%, Finyte®, VWR) was determined according to a United Kingdom
standard (UK, 1991).

The different chemical forms of P in DPS samples and hydrochars
were determined and quantified following extraction using HCI and
NaOH as extractants, procedure called Standard Measurement and
Testing (STM) protocol (Garcia-Albacete et al., 2012; Pardo et al., 2003).
The STM protocol includes two separate extraction procedures. The first
procedure was used for the inorganic P fraction (IP), and the organic P
fraction (OP). While the second procedure was used for the apatite P
fraction (AP), which is a stable form of P and assumed to be associated
with Ca, and finally the non-apatite inorganic P fraction (NAIP), which is
a moderately labile P and assumed to be associated with oxides and
hydroxides of Al, Fe, and Mn (Pardo et al., 2003). Both procedures were
described in details in (Ghanim et al., 2018). The content of P in all
extracts was measured by ICP-OES.

Polycyclic aromatic hydrocarbons (PAH;e¢) were extracted with
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toluene (CcHsCH3, 99.5%, Sigma Aldrich) using Soxhlet extraction for
36 h (Hilber et al., 2012). The toluene in the extracts was evaporated and
the dry residue was reconstituted with acetonitrile (CH3CN, LC-MS
Chromasolve™, Honeywell). PAH;¢ were determined using a quick
HPLC-UV method described in detail in (Kwapinska et al., 2023).

Analysis of PCDD/F, and ndl-PCB were carried out by Laboratory of
Trace Organic Analysis, Cracow, Poland. The results are expressed using
toxicity factors in accordance with reference to the European standard:
EN-1948-3:2006 and presented as the upper limit.

X-ray Diffractometer (XRD) analysis of hydrochars by Empyrean
(PANalytical) were performed to detect the main mineral phases. The
scanning angles were within the range of 5° and 80°. The other X-ray
parameters included 40 mA and 40 kV. The High Score database was
used to analyse the XRD patterns.

3. Results and discussion
3.1. Physicochemical composition of DPS

The properties of DPS samples are presented in Table 1. The main
constituent of all DPS samples was moisture, in the range from 86 to 89
wt %. Consequently, the total solids were in the range from 11 to 14 wt
%. The pH of DPS1 and DPS2 was 7.64 and 7.72 while it was slightly
lower for DPS3 and DPS4 6.73 and 6.26, respectively. The properties of
the tested DPS samples (dry basis) differ between each other substan-
tially. DPS1 and DPS4 have high ash content (43 and 36 wt %) but low
carbon content (26 and 28 wt%) while it is the opposite for DPS2 and
DPS3 have lower ash content (19 and 26 wt %) but higher carbon
content (40 and 37 wt %). The highest P content (66 and 52 g/kg dry
matter) Was observed in DPS1 and DPS4 and this can be linked to the high
Al content (87 and 18 g/Kg dry matter), as Al-based coagulants were used
in wastewater treatment plants to remove P. However, the content of P
was also high at 44 g/Kg dry matter in DPS3 with the lowest Al content (9
8/Kg dry matter) Of all tested sludge samples. The content of other nutri-
ents, such as N, K, Ca varied between the DPS samples substantially, as
well. In another study (Ashekuzzaman et al., 2019) physical, and
chemical properties of 63 DPS samples (from 9 dairy processing plants in
Ireland) were reported and the authors observed statistically significant
differences in terms of highly variable concentration of different pa-
rameters in the same sludge type but different companies. This study
also indicates a heterogeneous nature of dairy processing sludge
streams.

3.2. Yield and properties of hydrochar from different DPS

The hydrochar yields, Ys (Eq. (2)) for all DPS decreased with
increasing reaction temperature (Table 3). The hydrochar yields ob-
tained at 160 °C were in the range of 8.8-15.5% of the initial DPS mass
and they decreased to a range of 5.2-12.1% at 220 °C. This indicates that
the final hydrochar yield strongly depends on the properties of the
original DPS (ash and composition of organic matter) as well as process
severity.

The yield of hydrochar on a dry basis, Y 4ry for DPS samples with the
highest initial organic matter content (carbon content see Table 2)
(DPS2 and DPS3) was much lower compared to samples with high ash
content (DPS1 and DPS4), e.g. 42-47% versus 65-80% at 220 °C. This
could be explained by the fact, that during HTC a higher proportion of
organic matter was decomposed/hydrolysed/dissolved in the process
water for samples with higher initial organic matter content thus the
yield of hydrochar was much lower.

3.3. Migration and transformation of nutrients following HTC
3.3.1. Properties of process water (HTC liquid)

As shown in Fig. 1, the pH value of HTC liquid decreased for DPS3
(from 6.73 to 5.57) while it increased for DPS4 (from 6.26 to 7.88)
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Table 3
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Properties of DPS hydrochars produced at 200 °C and the upper limit criteria as specified for CMC 14 (pyrolysis and gasification materials).

DPS1 hydrochar DPS2 hydrochar DPS3 hydrochar DPS4 hydrochar Component Material Category 14 (pyrolysis and
(biochar) (biochar) (biochar) (biochar) gasification materials)
200 °C 200 °C 200 °C 200 °C
H/Corg, dry and ash free 2.5 1.8 1.4 2.0 0.7
Cl, g/kg dry matter 1.2 - 0.6 1.3 30
PAH; 6, mg/kg dry matter 4.3 1.8 21 2.4 6
Toxicity equivalents of PCDD/F, 0.62 11 0.55 1.3 20
ng/kg dry matter
ndl-PCB, mg/kg 0.0013 0.0029 0.00087 0.0025 0.8
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Fig. 1. Influence of HTC temperature on pH of the HTC liquid from
different DPS.

relative to the initial pH of DPS samples. The pH of HTC liquid for DPS1
and DPS2 did not change at 160 °C, an increase of temperature to 180
and 200 °C resulted in a pH drop but a further increase to 220 °C resulted
in pH increasing to 8 and 7.33, respectively. The reduction in pH is
related to the formation of organic acids as observed by Ekpo et al.
(2016). On the other hand, a higher pH of the HTC liquid could be
related to the formation of ammonium ions as a result of hydrolysis of
inorganic nitrogen, protein-N as well as deamination of pyridine-N and
protein-N, as previously reported by He et al. (2015). In this study, the
increase in pH at the highest treatment temperature corelates with the
lowest amount of total N that remained in the hydrochar (Fig. 5)
meaning that the balance was in the HTC liquid.

An increased concentration of ammonia-N in HTC liquid from higher
process temperature has been reported (Idowu et al., 2017).

3.3.2. Effect of HTC temperature on P transformation

The content of total phosphorus (TP) in the hydrochar increased with
treatment temperature compared to the original DPS samples (Fig. 2). In
hydrochars produced at 220 °C the TP was higher by 44 and 55% for
DPS1 and DPS4 and over 130% for DPS2 and DPS3, relative to the initial
TP content in DPS samples. The observed increase in TP was due to the
concentration effect. Over the whole temperature range, the concen-
tration effect of TP was more pronounced for DPS with higher initial
organic matter content (carbon content, see Table 1) for which HTC
treatment resulted in dissolution of a higher proportion of organic
matter in process water while hydrochar yield decreased (Ysary)
(Table 3). An increase in TP with treatment temperature was observed
by many researchers (Khalaf et al., 2022; Wang et al., 2017; Xu et al.,
2018; Zhang et al., 2014; Zheng et al., 2020). However, till now research
did not show large differences in TP concentration between waste
activate sludge samples. This shows again that dairy processing sludges
differ significantly between each other, and this have primary

Fig. 2. The content of total and water-soluble phosphorus in DPS samples
and hydrochars.

implications for P/nutrients fate.

The water-soluble P (WSP) is an indicator of the runoff P in the
sewage sludge, which may lead to eutrophication (Huang and Shenker,
2004). In general, DPS had very low content of water-soluble P from 0.1
to 0.4% of the TP except for DPS3 with 11.5% of the TP. This could be
explained by the fact that the WSP is controlled by Fe, Ca and Al addition
to sludge (Huang and Shenker, 2004) and DPS3 has the lowest con-
centration of Al from all tested sludges. HTC reduced the WSP in DPS1,
DPS3 and DPS4 hydrochars but it increased in DPS2 hydrochar from 0.1
to 3% of the TP. According to (Kratz et al., 2019) water extracts mainly
alkali phosphates, earth alkali phosphates and their respective ammonia
salts and DPS2 has the highest content of Na and N among all tested DPS,
thus is anticipated that during HTC of DPS2 formation of NaH;PO4 and
NapHPO4 and (NH4)2HPO4 occurred. A reduction in WSP during HTC
was previously observed (McIntosh et al., 2022).

After HTC treatment the proportion of OP in the TP has declined in
all hydrochars compared to the original DPS samples (Fig. 3a and b). The
reduction was more pronounced for DPS1 (from 4.6 to 0.3%), DPS3
(from 9.5 to 0.3%) and DPS4 (from 22 to 2.8%) in which the majority of
OP disappeared/was released due to the decomposition of organic
matter. In all three cases, the OP had disappeared already at 160 °C and
a further increase in process temperature did lead to complete trans-
formation of OP into IP. On the other hand, for DPS2, only a small
reduction in OP was observed from 18.7 to 11.7%. As the total and
organic carbon content in DPS2 hydrochar is the highest among all the
hydrochars (40% and 35%, respectively) (Tables 2 and 4), this suggests
that the residence time for DPS2 was insufficient for the decomposition
of organic matter and the release of OP. Many researchers observed that
the OP has completely disappeared following HTC treatment (Xu et al.,
2018) or was reduced to a very small quantity (Marin-Batista et al.,
2020; Wang et al., 2017; Zheng et al., 2020).

As can be observed, from the results presented in Fig. 3a and b, the IP
represented the main P species for all DPS samples (78-95% of TP) but
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Table 4

Content of nutrients in DPS hydrochars and the lower limit criteria specified for Product Function Category materials as required by EU FPR (EC, 2019).

DPS1 hydrochar DPS2 hydrochar DPS3 hydrochar DPS4 hydrochar Solid organo-mineral Solid organo-mineral
(biochar) (biochar) (biochar) (biochar) fertiliser” fertiliser”
200 °C 200 °C 200 °C 200 °C

C organic, mass % 13.2 35.7 29.6 25.9 7.5 7.5

Total N, mass % 3.2 7.3 7.1 4.6 2.5 2

P,0s, mass % 21.0 6.6 19.6 17.0 2 2

P,0s5 water-soluble, mass % 0.03 0.19 0.38 0.05

P,05 neutral ammonium citrate- 16.5 4.6 16.9 12.7

soluble, mass %

K,0, mass % 0.9 0.5 0.7 0.9 2 2

NP total, mass % 24.2 139 26.7 21.6 At least 8

Ca as CaO, mass % 4.1 2.1 6.6 1.5

Mg as MgO, mass % 0.4 0.3 0.8 0.5

S as SO3, mass % 5.6 5.9 4.9 1.1

Na as NayO, mass % 0.7 0.7 0.2 0.5

Fe, ppm 3363 2128 820 6017

Mn, ppm 131 130 95 1569

@ only one declared primary nutrient N, P or K.

> more than one primary nutrient declared, and the sum of theses nutrients shall be at least 8 mass %.

its content further increased after the HTC treatment, in hydrochars. It
was reported previously that IP was the major P fraction in raw sewage
sludge (He et al., 2016).

According the SMT protocol, the IP includes AP and NAIP. As shown
in Fig. 3c and d, the proportion of NAIP in TP varied between DPS
samples 47, 43, 37 and 19% for DPS1-DPS4, respectively. The high
content of NAIP is directly related to the high content of Al in DPS1 and
DPS2 with the molar ratio of Al/P of 1.5 and 2.8 respectively. For DPS3

and DPS4 the NAIP most likely represents species formed by binding P
by different elements present Fe, Mg, Al, Si, K, and Na.

The proportion of AP in TP also varied between DPS samples. The
proportion of AP in TP was higher than the NAIP in DPS3 and DPS4 and
it increased following HTC treatment (from 49 to 54 and 53-67%,
respectively). In contrast, for DPS2 the proportion of AP in TP was lower
than the NAIP, but it slightly increased after HTC (31-40%) and both
NAIP and AP content almost equalized in hydrochar. On the other hand,
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for DPS1 with similar content of AP and NAIP, after HTC the content of
AP in TP decreased significantly whereas the content of NAIP increased
except for the highest treatment temperature of 220 °C when the content
of NAIP and AP equalized in hydrochar. Slightly alkaline starting con-
ditions of HTC for DPS1 (pH 7.6) resulted in the formation of hydrochar
with an increased proportion of NAIP in TP than in the original DPS1,
this finding is in agreement with P transformation proposed by (Wang
et al., 2017). The phosphates present in amorphous aluminium colloidal
forms are ion-exchanged with hydroxide and released into the process
water while when a lower amount of calcium undergoes cation exchange
on the surface of solid particles, the phosphate is bound with aluminium
instead of calcium, this process decreases AP.

Typically, sewage sludge has higher content of NAIP than AP (Wang
etal., 2017; Xu et al., 2018). Overall, the speciation of P is different for
DPS compared to sewage sludge, three of the DPS had similar content of
NAIP and AP and one had much higher content of AP compared to NAIP.

3.3.3. Plant-availability of P in DPS derived hydrochars

The solubility of P in neutral ammonium citrate (NAC, NAC-P) is an
indicator of P- availability to plants (Kratz et al., 2019). The amount of
NAC-P increased from 8% to 12% in hydrochars, compared to the DPS
(Fig. 4a and b). The increase was slightly different for each DPS, from
72% to 84% (DPS1), 73%-81% (DPS2), from 85% to 94% (DPS3) and
from 63 to 74 (DPS4). These findings can be related to the trans-
formation of P (Fig. 3a and b), the reduction of the OP fraction as a result
of hydrolysis, and release of orthophosphates which reacted with ca®t,
MgZ", AI**, and Fe®' to increase the IP fraction in the hydrochars as
previously observed (Marin-Batista et al., 2020). The highest increase is
the soluble P was observed in DPS1 and DPS2 where the highest
reduction of OP was observed. The HTC process temperature affects the
amount of NAC-P, at treatment temperature below 200 °C the amount of
NAC-P reached maximum (at 160 or 180 °C) and further increase in
treatment temperature reduced the amount of NAC-P in hydrochars
(Fig. 4b).

There is a significant discrepancy between the content of AP, rep-
resenting P associated with Ca that is not available to plants, determined
using the SMT protocol and the fraction of P that is not available to
plants that was determined by NAC extraction. The amount of AP is
higher than the amount of P that was not extracted by NAC. It was re-
ported by other researchers that NAC extraction may overestimate the
plant available share of P in dried sewage sludge and pyrolysed sewage
sludge (Kratz et al., 2019). The NAC does not dissolve apatite (hydroxy-,
chloro-, fluoro-apatite) but it dissolves over 80% of Al/Fe-hydroxides or
precipitated Al/Fe-phosphates, however only a limited fraction of these
compounds is plant available. Thus, in this study also the amount of
plant available P was overestimated by NAC extraction. The over-
estimation is higher for samples with high Al content DPS1, DPS2 and
DPS4 but lower for DPS3.

a) [ TP [ neutral ammonium citrate soluble P

P content in samples, mg/g, dry basis

O . O D
& & (P

DPS4

L O O
& & & & P

DPS2 DPS3

Journal of Environmental Management 345 (2023) 118931

Crystallinity reduces plant availability, however in this study we do
not have many crystalline phase detected by XRD in hydrochars pro-
duced at 200 °C. In DPS1 and DPS2 hydrochars AIPO4 and SiO5 were
identified as a potential cristalline phase. While in DPS4 hydrochar
NaPOg3 was the potential cristalline phase (Figs. S1-S4 in supplementary
material). There was no crystalline phase identified in DPS3 hydrochar.

3.3.4. Distribution of other nutrients in hydrochars

The distribution of phosphorus (P), nitrogen (N), potassium (K) and
sulphur (S) in hydrochars is presented in Fig. 5. The mass balance cal-
culations showed that over 95% of the initial P content remained in
hydrochars (it is noted, that in many cases the values were over 100%
probably due to analytical and experimental uncertainty). The pH value
during the HTC process and temperature determines the fate of P, at pH
< 5 part of P is released to the liquid phase (Ekpo et al., 2016; Khalaf
et al., 2022). In this study, the pH of DPS samples was from 6.23 to 7.72
(Table 1) while the pH of the resulting HTC liquids was in in the range
from 5.07 to 8.24 (Fig. 1), thus favouring concentration of P in
hydrochar.

The amount of N, K and S in hydrochars was lower than in the
original DPS samples and was closely related to the composition of DPS
(Table 2). The percentage of N that remained in hydrochars decreased
from 90 to 30% of the initial N content in DPS with an increase of HTC
temperature, but it varied significantly between samples. The highest
amount of N remaining in hydrochar was observed for DPS4 (decrease
from 90 to 60% of the initial N content in DPS4). The amount of K in
hydrochar was lower than 50% of the initial K amount for DPS1, DPS2
and DPS3 but it was about 70% for DPS4 with a very small influence of
HTC temperature. The majority of S was released to HTC liquid (process
water) for DPS1 and DPS2, but a smaller release was observed for DPS3
and DPS4. Overall, from 20 to 60% of the initial S amount in DPS
remained in the hydrochars. Similar observations for N, K and S distri-
bution in hydrochar from sewage sludge were reported by other re-
searchers and were summarised in a comprehensive review by Liu et al.
(2021).

3.3.5. Mechanism of P transformation in various DPS

The mechanism of P transformation during HTC was investigated by
many researchers (Ekpo et al., 2016; Huang and Tang, 2015; Mar-
in-Batista et al., 2020; Ovsyannikova et al., 2019; Shi et al., 2019; Wang
et al., 2017; Zheng et al., 2020) and the findings were also summarised
in a systematic manner in recent reviews (Huang et al., 2017; Khalaf
et al., 2023). Based on prior research and analysis of P in the present
study, simplified P transformation mechanisms were proposed for DPS
samples during HTC (Fig. 6).

In all DPS samples P was present mainly in inorganic form (IP)
(Fig. 3) bound mainly with Al and Ca and to a smaller extend with Fe,
Mg or Mn whose content was much lower (Table 1). During HTC the
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Fig. 4. The content of TP and NAC-P in DPS and hydrochars.
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Fig. 5. The content of phosphorus, nitrogen, potassium, and sulphur remained in hydrochars at different HTC temperatures.

phosphates were released into the process water (Wang et al., 2017) and
subsequently reacted with A1**, Ca?*> Mg?" Fe>t (Marin-Batista et al.,
2020). Relatively, small amount of P in DPS was in an organic form
(Fig. 3); long-chain polyphosphates (Huang and Tang, 2015) that
decompose (undergo hydrolysis) during HTC to release orthophosphate
into the HTC liquid (process water). The inorganic content of the DPS
and the pH determined the fate of P in hydrochar, as previously indi-
cated by Ekpo et al. (2016).

3.4. DPS hydrochars (biochars) versus requirements for fertilizing
products

3.4.1. DPS hydrochars (biochars) as CMC14

In the FPR the solid product obtained from thermochemical pro-
cessing (180 °C, 2s) is called “biochar” (EC, 2019). The term “hydro-
char” is the most common term used for solid products of HTC. In order
to comply with FPR terminology in this section and other sections that
discuss potential agricultural application of hydrochar we use double
names hydrochar (biochar). The candidate hydrochar (biochar) material
to become a component material of organo-mineral fertilizer (CMC 14,
pyrolysis and gasification material in Annex 2 EU FPR) must meet spe-
cific limit values of molar ratio of hydrogen to organic carbon (H/Cog),
polycyclic  aromatic  hydrocarbons (PAH;¢), polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/F), ndl-PCB (non-dioxin--
like polychlorinated biphenyl), and chloride (C17) content. The authors
had carried out a comparison of properties of biochar produced during
pyrolysis of dried DPS (collected from different companies then the DPS
tested in this study) with the requirements of FPR in a recently published
paper (Kwapinska et al., 2023).

The properties of the hydrochars (biochars) produced at 200 °C with
a residence time of 1 h are compared against the criteria for CMC14 in
Table 3. The H/Cog is an indicator of the degree of carbonization and
hydrochar (biochar) stability, for all DPS hydrochars (biochars) the H/
Corg is in the range from 1.4 to 2.5, thus higher than the upper limit value
of 0.7 as required in the regulations. Similar H/C atomic ratios were
reported for sewage sludge hydrochars (Zhuang et al., 2018).

The Cl™, PAH;6, PCDD/F, and ndl-PCB contents in all DPS hydro-
chars (biochars) are below the upper concentration limit (Table 3 and
Tables S1-S4 in supplementary material). The PAH;¢ content in DPS
hydrochars (biochars) was lower that reported for sewage sludge
hydrochar (Melo et al., 2019). The content of PCDD/Fs in DPS hydro-
chars (biochars) is from 1 to 2 orders of magnitude lower than in sewage
sludge hydrochars (Wiedner et al., 2013). PCDD/Fs in sewage sludge
originate mainly from disinfectants, solvents, oil, greases, pesticides,
and other industrial and household products (Fijalkowski et al., 2017),
however there is very limited content of such substances in DPS.

3.4.2. DPS hydrochars (biochars) versus solid organo-mineral fertiliser

In Table 4 the properties of the DPS hydrochars (biochars) are
compared against the criteria for a solid organo-mineral fertiliser
(Product Function Category 1(B), Annex 1 EU FPR). The organic carbon
content, Corg, in DPS hydrochars (biochars) was in the range from 13 to
35 wt % thus meets the requirements specified (>7.5 wt%).

A solid organo-mineral fertiliser should contain at least one or more
primary macronutrients (NPK). All DPS hydrochars (biochars) have
higher than the required contents of PoOs thus P could be the declared
nutrient. However, the content of P in DPS hydrochar (biochar) varies
significantly from 6.6 to 21%.
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Fig. 6. Simplified mechanism of P transformation during HTC of DPS (including main elements only P, Al, and Ca).

In organo-mineral fertiliser containing more than one primary
nutrient, the sum of those nutrients should be at least 8%. All DPS
hydrochars (biochars) have sufficient content of P5Os and total N,
moreover the sum of those was in the range from 13.9 to 26.7%. The
content of K0 in hydrochars (biochars) is below the required minimum
value of 2 wt %.

The heavy metals content in DPS hydrochars (biochars) are well
below the upper limits specified in the regulations (Table 5). In this
study, the total Cr content was measured instead of Cr (VI) as required in
the regulations.

3.4.3. Secondary nutrients, trace elements and plant-availability

The FPR requires that fertilizers provide additional information
(Labeling requirements, Annex 3 in EU FPR) that could be used for
precision farming such as contents of water-soluble P, NAC-P as well as
content of secondary nutrients and trace elements. Each DPS hydrochar
(biochar) contain certain amount of all secondary macronutrients (Ca,

Table 5

Mg, Na and, S), of which the content of Ca and S was the highest
(Table 4). The hydrochars (biochars) also contain Fe (in the range from
820 to 6017 ppm) and Mn (in the range from 95 to 1569 ppm).

In DPS hydrochars (biochars) a very low content of water-soluble P
was observed, only less than 0.1 mass % (see Table 4), as discussed in
section 3.3.2. On the other hand, the content of NAC-P in DPS hydro-
chars (biochars) produced at 200 °C was in the range from 69 to 86% of
the total P content. This shows that the majority of P in hydrochars
(biochars) was plant available. The highest content of NAC-P was
observed for DPS3 hydrochar (biochar), that has the lowest content of Al
and Fe out of all tested DPS. This shows that besides the HTC temper-
ature the chemical composition of DPS affects plant availability of P.
Although, as discussed in section 3.3.3 the NAC-P is most likely over-
estimated, the study provides a basis to conclude that the DPS hydro-
chars (biochars) are suitable candidates to become components of
fertilizers. However, further studies such as field trials to assess the
agronomic efficiency of DPS hydrochar (biochar) over the short and

Content of heavy metals in DPS hydrochars compared with upper limit criteria specified for Product Function Category materials as required by EU FPR (EC, 2019).

DPS1 hydrochar DPS2 hydrochar DPS3 hydrochar DPS4 hydrochar Solid organo-mineral
(biochar) (biochar) (biochar) (biochar) fertiliser
200 °C 200 °C 200 °C 200 °C

Cd (>5% P,0s), mg/kg dry nd nd nd nd 60

matter

Cr, mg/kg dry matter 23 (total) 30 (total) 18 (total) 41 (total) 2 (Cr Vi)

Hg, mg/kg dry matter nd nd nd nd 1

Ni, mg/kg dry matter 37 29 23 37 50

Pb, mg/kg dry matter nd nd nd 5 120

As, mg/kg dry matter 3 2 nd nd 40

Cu, mg/kg dry matter 11 18 13 56 600

Zn, mg/kg dry matter 3 172 167 405 1500

nd - not detected.
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long-term are required.

3.5. Limitations of hydrochar (biochar) production

The dairy processing sludge is mainly applied to land in the prox-
imity of dairy plants and this practice is becoming unsustainable due to
potential of uncontrolled nutrient losses (Fenton et al., 2017; Shi et al.,
2021b), GHGs emissions (Hu et al., 2021), and accumulation of Fe (used
to remove P from the wastewater) in the soil. HTC technology and
hydrochar (biochar) production potentially may facilitate more sus-
tainable practices in agriculture. DPS hydrochar (biochar) is a solid
carbon and nutrient rich material that is easy to store and transport long
distances, it comprises only 5-15% of initial sludge mass and the main
product of HTC is process water (HTC liquid), that the wastewater
treatment plant (WWTP) has still to deal with. Only integration of HTC
with biochemical processes such as anaerobic digestion (AD), improves
the energy efficiency of WWTP plant by lowering sludge volume and
increasing biogas production (Aragon-Briceno et al., 2021b; Ferrentino
et al., 2020; Scrinzi et al., 2022). Therefore, the properties of process
water (HTC liquid) should be analysed and their potential use as feed-
stock for AD or co-AD should be investigated.

Similar to our previous study (Kwapinska et al., 2023), all the tested
DPS were collected on a single day, however we can expect seasonal
variability in DPS composition (due to changing milk products portfolio
to some extent related to seasonal variability in milk properties) as re-
ported previously for DPS (Kwapinska and Leahy, 2017) as well as for
sewage sludge (Kwapinska et al., 2020). Therefore, likewise for DPS
biochar from pyrolysis (Kwapinska et al., 2023), we cannot expect as
consistent a composition for DPS hydrochars (biochars) as for chemical
fertilizers, rather the hydrochars (biochars) would have a nutrient
content in a certain range.

4. Conclusions

Hydrothermal carbonization of DPS from four different milk pro-
cessing companies was carried out and the distribution of nutrients in
hydrochars (biochars) was investigated. The dried hydrochar comprises
5-15% of initial DPS mass, depending on the initial ash and organic
matter as well as process temperature. The total P content differed
significantly between DPS samples but for all of them P was concen-
trated in hydrochar (biochar). Inorganic P is the main P fraction in DPS
samples, from 80 to 95% of the total P. The proportion of non-apatite
inorganic P to apatite P slightly increased following HTC. The propor-
tion of plant available P (extracted with neutral ammonium citrate) was
higher in hydrochars (biochars) than in original DPS samples, however
this finding could have been an overestimated and would need to be
confirmed by plant growth experiments. Hydrochars (biochars) pro-
duced at 160 or 180 °C had the highest proportion of plant available P.
The amount of N, K and S remaining in hydrochars (biochars) varied
between DPS samples. Hydrochars (biochars) produced at 180 °C con-
tained 50-70% of N, 50-70% of K and 20-55% of S compared to the
original DPS.

HTC of DPS produced hydrochars (biochars) that meet the re-
quirements for components of organo-mineral fertilizer with NP as the
declared nutrients (13.9-26.7%), except for H/Co.g ratio which is higher
than recommended. DPS hydrochars (biochars) have relatively high
content of Ca and S and contain Fe and Mn.
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