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precipitation and stripping with mem-
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as fertilizers according to EU regulation
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Livestock slurry has been reported to be a potential secondary raw material as it contains macronutrients ‑nitrogen,
phosphorus and potassium-, which could be valorised as high-quality fertilizers if proper separation and concentration
of valuable compounds is performed. In this work, pig slurry liquid fraction was assessed for nutrient recovery and val-
orisation as fertilizer. Some indicators were used to evaluate the performance of proposed train of technologies within
the framework of circular economy. As ammonium and potassium species are highly soluble at the whole pH range, a
study based on phosphate speciation at pH from 4 to 8 was assessed to improve the macronutrients recovery from the
slurry, resulting in two different treatment trains at acidic and alkaline conditions. The acidic treatment system based
on centrifugation, microfiltration and forward osmosis was applied to obtain a nutrient-rich liquid organic fertilizer
containing 1.3 % N, 1.3 % P2O5 and 1.5 % K2O. The alkaline path of valorisation was composed by centrifugation
and stripping by using membrane contactors to produce an organic solid fertilizer−7.7 % N, 8,0 % P2O5 and 2.3 %
K2O-, ammonium sulphate solution−1.4 % N- and irrigation water. In terms of circularity indicators, 45.8 % of the
initial water content and <50 % of contained nutrients were recovered - 28.3 % N, 43.5 % P2O5 and 46.6 % K2O -
in the acidic treatment resulting in 68.68 g fertilizer per kg of treated slurry. 75.1 % of water was recovered as irriga-
tionwater and 80.6%N, 99.9% P2O5, 83.4%K2Owas valorised in the alkaline treatment, as 219.60 g fertilizer per kg
of treated slurry. Treatment paths at acidic and alkaline conditions yield promising results for nutrients recovery and
valorisation as the obtained products (nutrient rich organic fertilizer, solid soil amendment and ammonium sulphate
solution) fulfil the European Regulation for fertilizers to be potentially used in crop fields.
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1. Introduction
The use of manufactured fertilizers from rock deposits ‑phosphorus
(P) and potassium (K) - and based on fossil energy ‑nitrogen (N) fixation
though Haber-Bosch reaction- has enabled food security and access to suffi-
cient food for the World's growing global population. Indeed, phosphorus,
nitrogen, and potassium are essential in agriculture as they are involved
in photosynthesis biochemical reactions and water homeostasis control
(Maathuis, 2009).

However, the European Innovation Partnership for Agricultural Produc-
tivity and Sustainability highlighted that current dependency of EU agricul-
ture on non-renewable mineral fertilizers, especially P-based fertilizers,
must be regarded as a very serious threat to future food security
(Chojnacka et al., 2020; Cordell et al., 2009).

In fact, European Commission updated in 2020 the list of critical raw
materials (CRM) where there are included raw materials of high impor-
tance to the EU economy and of high risk associated with their supply
(Blengini et al., 2020). Both phosphorus and phosphoric rock are included
as CRM due to their growing scarcity and geopolitical threats as they are
mainly located in Kazakhstan and Morocco, respectively (European Com-
mission, 2020).

Referring to potassium rocks, they are unequally distributed on the
planet, making difficult to obtain this element in some places and it could
lead to some risks due to the instability of basing an economy in exhaustible
resources (Company et al., 2022; Huang et al., 2019).

Likewise, an excess in N in soil could lead to nutrient leaching which
could cause eutrophication on both groundwater and surface water
(Margalef-Marti et al., 2021). Moreover, the N in form of ammonium can
release N2O to the atmosphere, being a well-known greenhouse gas
(Astals et al., 2021). Up to now, the only way to avoid N release consists
of decreasing pH by acidifying slurry. However, this method is not circular
since N is not recovered (Grzebisz et al., 2022).

The idea of a novel economic philosophy based on a more sustainable
use of the resources, brings society to a new approach to circular economy
(CE) concept, wherewastes become resources with an appropriatemanage-
ment (Cândido et al., 2022). This concept gives new opportunities for fertil-
izers manufacturers to obtain organic secondary raw materials, increasing
the interest in the research of technologies for nutrient recovery.

Some studies have identified three main waste streams which could be
potentially valorised to obtain bio-based fertilizers: manure, sewage sludge
and food processing waste (Chojnacka et al., 2020). From these, livestock
Table 1
Previous works in NPK recovery from livestock manure.

Nutrient source Train of technologies pH
Nutrient reco

N (%) P

Pig manure Calcium phosphate precipitation 7.9–8.9 – 74.0
Pig manure Microfiltration + Nanofiltration 7.8–7.9 50.00 80.0

Pig manure digestate Electrodialysis reversal 5.5 100.00 84.0

Anaerobically digested
pig slurry

Freeze concentration 8.0 44.38 60.4

Anaerobically digested
chicken slurry

Struvite crystallization 9.0–10.0 <85.50 98.4

Anaerobically digested
dairy manure

Dissolved air flotation – 36.00 85.0

Cow manure Hydrothermal carbonization +
Adsorbents

– – <98

Cattle manure digestate Struvite crystallization 9.0 50.00–60.00 50.0

Dairy manure digestate Stripping 8–11 93.58 –
Fresh liquid manure Airlift reactor 7.3–5 14.50a

38.80b
79.3

Animal manure Bipolar membrane electrodialysis 9 60 96

a As Ammonium sulphate solution.
b As sludge.
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manure is the largest waste stream and pig slurry is the one that reported
the most environmental concerns about its safe disposal (Zhang et al.,
2021).

According to data published by (Eurostat, 2021), Spain - 19% - is one of
the European countries with the highest pork production jointly with
Germany - 23 % -, France - 9 % -, Poland - 8 -, Denmark - 7 % - and Nether-
land - 6 % -. In the case of Spain, Catalonia is the region with the highest
production of pig intensive farming.

In Europe, almost all manure produced is currently returned untreated
to agricultural fields through spreading or grazing, which may cause
harm to the environment due to excesses of nutrients, unbalance input of
macronutrients and presence of microcontaminants such as metals
(Provolo et al., 2018). Therefore, it is crucial to find feasible procedures
to selectively separate all valuable components - mainly nitrogen, phospho-
rus and potassium (NPK) - frommanure,while ensuring the safety of the ob-
tained products to promote the use of livestock manure as secondary raw
material for high-quality fertilizers production capable to compete with
commercial ones.

In the last years, several studies have been performedwith the aimof re-
covering nutrients from animal manure by using both physical and chemi-
cal processes. Technologies such as precipitation (Castro et al., 2018;
Company et al., 2022;Muhmood et al., 2018; Schott et al., 2022), air driven
recovery such as dissolved air flotation, air stripping or air lifting
(Porterfield et al., 2020; Sobhi et al., 2021), adsorption (Goldfarb et al.,
2022), or water crystallization (Uald-lamkaddam et al., 2021) have been
studiedwith the aim of recovering nutrients from organicwastes. However,
the technologies mentioned previously and summarized in Table 1, re-
ported some limitations such as low selectivity in the case of precipitation
(Arokiasamy et al., 2022; Sarria et al., 2022); high cost in the case of air
driven recovery (Chisti and Moo-Young, 2003); low loading capacity in
the case of adsorption or high energy consumption in the case of water crys-
tallization (Prestes et al., 2022).

Membrane technologies are suggested by different authors to re-
cover added value products from pig slurry with relevant results. How-
ever, the authors pointed out that the process is highly dependent on
pH, which lead to lower recovery efficiencies than others such as precip-
itation or adsorption (Samanta et al., 2022; Shi et al., 2019). Although
pH modification has been widely studied in recent years for improving
mainly struvite crystallization efficiency, this concept has not been
stablished for improving membrane technologies performance in
terms of nutrient recovery ratios.
very rates
Limitations Reference

(%) K (%)

0 – Low purity product (Schott et al., 2022)
0 70.00 Membrane fouling

Low recovery rate in nanofiltration
(Samanta et al., 2022)

0 – High specific energy consumption
Not selective method

(Shi et al., 2019)

1 36.62 High specific energy consumption
Refrigerant retention in ice

(Uald-lamkaddam et al., 2021)

0 – Low selectivity
Need of additional reagents (Mg)

(Muhmood et al., 2018)

0 11.00 High specific energy consumption
Low efficiency with high solid loads

(Porterfield et al., 2020)

.00 – High specific energy consumption
Low loading capacity

(Goldfarb et al., 2022)

0–66.00 – Low selectivity
Need of additional reagents (Mg)

(Castro et al., 2018)

– Lack of P and K recovery (Reza and Chen, 2022)
0 – Low efficiency with high solid load

Underdeveloped technology
(Sobhi et al., 2021)

– High specific energy consumption
Not selective method

(Shi et al., 2022)



Table 2
Slurry liquid fraction and centrifugation products chemical composition.

Parameter Unit Raw slurry
Centrifuge

Supernatant Sediment

pH – 7.02 ± 0.40 7.05 ± 0.37 7.08 ± 0.33
COD g L−1 69.33 ± 10.00 36.72 ± 3.16 101.93 ± 8.77
P2O5 g L−1 2.40 ± 0.24 0.22 ± 0.01 4.58 ± 0.27
TN g L−1 3.93 ± 0.31 3.84 ± 0.17 4.02 ± 0.18
K2O g L−1 2.72 ± 0.19 2.93 ± 0.26 2.50 ± 0.22
CaO g L−1 1.66 ± 0.09 0.35 ± 0.01 2.94 ± 0.10
MgO g L−1 0.69 ± 0.04 0.32 ± 0.01 1.04 ± 0.033
Suspended solids g L−1 39.19 ± 3.38 19.79 ± 1.88 84.81 ± 8.06
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It is important to note that the studies reported in Table 1 aimed to stab-
lish a general framework regarding nutrient recovery from livestock ma-
nure. However, within the scope of this work, the results obtained will be
compared with the studies performed by Schott et al. (2022) and
Samanta et al. (2022) that used pig slurry as a source of nutrients.

With the aim of reducing energy consumption while increasing recov-
ered fertilizers quality, numerous works studied the implementation of for-
ward osmosis (FO) as a technology for nutrient concentration in digestate, a
matrix relatively similar to livestock slurry (Li et al., 2022). Some of the
main advantages of FO are its low fouling tendency or low energy require-
ments, which make possible to extend its lifespan considering the nature of
the feed solution, in this case, pig slurry (Yi et al., 2022). However, FO is a
non-selective method as it is based on water extraction. Therefore, it is
mainly used as pre-concentration step for enhancing the efficiency of selec-
tive recovery technologies.

The recovery of nitrogen in the form of ammonium using liquid-
liquid membrane contactor is a relatively novel approach to traditional
stripping process. This alternative improves the technology efficiency
using a semipermeable membrane that increases the contact surface be-
tween the solution to be treated and the extracting acid (Pandey and
Chen, 2021; Vecino et al., 2019). The production of ammonia is driven
by pH adjustment and the extracting solution obtained is N-rich which
can be used as fertilizer.

It is important to note that, as far as the authors know, the definition of
fertilizers grade is far from being standardized. The lack of literature makes
difficult to assess which is the fertilizer quality. However, in terms of fertil-
izers classification within the present study, those recovered fertilizers that
accomplish the specifications from the European regulation 2019/1009
about fertilising products (European Parliament, 2019) in terms of nutrient
concentration – 1%w/w of TN, P2O5, K2O - and pollutants content – heavy
metals and microorganisms- are defined as high-value products; while
those below nutrients concentration and with an excess of any stablished
pollutant for their direct use in soil are defined as low-quality fertilizers.

In this work, a technical assessment for nutrient recovery from pig
slurry liquid fraction (SLF) by using membranes technology is carried out.
The adjustment of the pH of the slurry is studied to improve the recovery
of NPK, since the process is very dependent on pH. The aim of this study
is thus to stablish membrane-based treatment systems capable of maximiz-
ing the recovery of high-quality fertilizers from SLF.

In addition, some circularity indicators are quantified to assess the pro-
cess efficiency in terms of CE. Several approaches can be taken into consid-
eration such as the reduction of CO2 emissions or N2 fixation rates, among
others (Dautzenberg et al., 2021;Wang et al., 2021). In this study, water re-
covery from slurries, the recovery rate of nutrients and fertilizers produc-
tion ratio are determined to evaluate the potential implementation of CE
in the farming sector (Preisner et al., 2022).

2. Materials and methods

2.1. Reagents and equipment

Sulphuric acid 98 % and sodium hydroxide 17 M were used for pH ad-
justments. The draw solution in FOwas prepared usingMgCl2·6H2O. All re-
agents were supplied by Scharlab (Spain).

A centrifugation step was used as a pre-treatment, to remove solids,
which can interfere during the treatment system using a centrifuge
BECKMAN COULTER Allegra™ 25R (Spain). 2 L of SLF were treated each
batch at 5100 rpm and 5 °C during 30min. Afterwards, supernatant was re-
covered until reaching 80 % of recovery.

The use of a previous microfiltration (MF) is suggested to protect FO
membranes. A polymeric spiral wound membrane TurboClean 1812-
MF01-31 (MICRODYN-NADIR, Germany) with 100 nm of pore size was
used with this purpose (detailed information in SI4). The experimental
set-up at lab scale of the MF treatment is presented in SI 1.

The FO process was carried out using hollow fibres membrane
contactors (HFFO2 AQUAPORIN, Denmark), with an active area of
3

2.3 m2 (detailed element's characteristics in SI 4). The process was carried
out using 15 L of magnesium chloride 2 mol L−1 as draw solution, as it re-
ported the highest osmotic pressure according to the literature (Cath et al.,
2006; Long et al., 2018; Yih Law andMohammad, 2017). The recirculation
flux for both feed and draw solution was 500 mL min−1. The experimental
set-up at lab scale of the FO treatment, is presented in SI 2.

Membrane contactors for ammonia recovery were carried out using
membrane contactors EXF-2.5 × 8 (3 M™ Liqui-Cel™, Denmark), with an
active area of 1.4 m2 (more details in SI 4). Feed and sulphuric acid were
passed respectively through the shell and lumen in countercurrent mode.
During operation, pH of feed and sulphuric acid solution was maintained
at 10± 0.20 and 1± 0.20, respectively. Both solutions were used in recir-
culation with flow rates fixed at 500 mL min−1. The experimental set-up
used in ammonia stripping using liquid-liquid membrane contactors is pre-
sented in SI 3.

2.2. Physicochemical characterization of manure

SLF samples were obtained pretreated in a solid-liquid separator
with a mesh of 280 μm from Cal Ros, a farm located in Vic (Catalonia re-
gion, Spain). Afterwards, the SLF was centrifuged, obtaining a superna-
tant containing the dissolved species and a sediment mainly containing
solids. Both fractions were physicochemically characterized in tripli-
cate, focusing on nutrients and main pollutants content. The results
are presented in Table 2.

The chemical composition of the liquid fraction was measured using
colorimetric methods by a spectrophotometer (HACH, Spain): Chemical
Oxygen Demand (COD) based on Potassium Dichromate Method (Quan
et al., 2017); Phosphorus in the form of phosphate (P-PO4

3−) based on the
phosphormolybdenum blue method (Nagul et al., 2015); Nitrogen in the
form of ammonium (N-NH4

+) based on the Indophenol blue method (Lin
et al., 2018); Potassium (TK) based on the sodium tetraphenylborate
(TPB-Na) method (Ståhlberg, 1979), Calcium and magnesium both based
on Phthalein purple method (McCallum, 1956).

The pH and electric conductivity (EC) were determined by using a
multimeter coupled with pH and EC sensor (HACH, Spain) based on stan-
dard methods 4500-H+ (APHA, 1992) and E1004-17 (E07 Committee,
2017), respectively. Finally, the suspended solids contents were deter-
mined by using the method 1684 related to sample evaporation, detailed
elsewhere (APHA, 1999).

In order to standardize values and be able to compare the results with
current regulation, elemental concentration of N, P, K, Ca and Mg were
multiplied by 1.00 (N), 2.29 (P), 1.20 (K), 1.39 (Ca) and 1.66 (Mg) to be
expressed in the form of N, P2O5, K2O, CaO and MgO, respectively
(European Parliament, 2019).

2.3. Resource recovery monitoring indicators

To evaluate the treatment process efficiency, some indicators were
assessed in the framework of CE. These indicators were not only related
with resource recovery but also with water recovery since it can be used
for crop fields' irrigation. The efficiency of the different treatment systems
was assessed from every alternative route.
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The overall recovery of water (in %) potentially to be reused according
to highest royal ordinance 1620/2007, was evaluated following Eq. (1)
based on the equation suggested by Pistocchi et al. (2017):

W rec ¼ V tw

V is
� 100 (1)

whereWrec is the recoveredwater indicator in%, Vtw (L) and Visf (L) are the
reclaimed water and the initial sample volumes, respectively.

On the other hand, the percentage of recovered nutrients was also used
as a circularity indicator. This points out the recovery of nutrients, which
allows using them as a fertilizer in soils, reducing the human environmental
footprint and increasing the circularity of the process. The recovery ratio of
each nutrient separately was calculated following the equation adapted
from Papangelou and Mathijs (2021) and Preisner et al. (2022) (Eq. (2)):

Irec ¼ 1−
minitial−mfinal

minitial

� �� �
� 100 ð2Þ

where the recovery of NPK is represented by Irec in %, minitial is the initial
mass of the nutrients on the slurry (g) and mfinal is the final mass on treated
slurry (g).

Finally, it can be calculated the performance of the treatment system to
recover biofertilizers as a whole (Ibiofertilizer) in gbofertilizer kgslurry−1 . Eq. (3) is
based in the one suggested by Molina-Moreno et al. (2017) and it is based
on the amount of fertilizer obtained at the end of the treatment process:

IBiofertilizer ¼
∑mbiofertilizer

mslurry
(3)

where mbiofertilizer is the mass of the fertilizer obtained (g) and mslurry is the
mass of the treated slurry (kg).

3. Results and discussion

3.1. Manure characterization

Physicochemical characterization results of the SLF collected from the
solid-liquid separator of the farm are summarized in Table 2. From this sam-
ple it was developed the treatment systems suggested as well as the pre-
treatments needed to improve the nutrients recovery.

The SLF still has a high concentration of solids, one of themain concerns
when using membranes-based treatments. The high concentration of
Fig. 1. Species distribution diagram for phosphate according to pig slurry liquid fraction
code; PO4

−3, Ca+2, Mg+2, K+ and NH4
+ species concentration previously reported.
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suspended solids,mainly organic particles, also leads to a highCOD concen-
tration. The pH of the rawmanure is 7.02, as it was expected from the liter-
ature review (Nightingale et al., 2022), playing an important role in the
present study. The content of macronutrients (NPK) is 3.93, 2.40 and
2.72 g L−1, respectively. The concentration of these elements on manure
depends on the dietary patterns of the pigs and some other factors that
make the characteristics very irregular when comparing different farms.

After the centrifugation of SLF, the initial content of total solids was re-
duced by 63 % in the supernatant due to the separation of precipitate min-
erals and particulate organic matter (Camilleri-Rumbau et al., 2021; Sneath
et al., 1988), which also resulted in the reduction of >50 % of the COD.

It can be also observed that most of phosphorus, calcium and magne-
sium were distributed at the sediment, reporting that only a 10 %, 21 %
and 47 %, respectively, remained in the liquor. This fact can be explained
through the species distribution diagram (Fig. 1), as most of the phosphorus
is found as magnesium hydrogenphosphate (MgHPO4·3H2O) and hydroxy-
apatite (Ca5(PO4)3OH) precipitates at the original pH of the SLF. This phos-
phate species distribution was also confirmed by previous works (Cattaneo
et al., 2019).

According to the same figure and corroborated by sediment characteri-
zation after centrifugation, the maximum concentration of soluble P (in the
form of H2PO4

−) is reached at acid pH, while at alkaline pH, all P is precip-
itated in as a solid. As the speciation diagram shows, the adjustment of pH
can increase the concentration of soluble P in samples. In this context, a pH
scouting could be carried out to find new ways of valorisation of slurries
streams with maximum P recovery yields.

Finally, both ammonium and potassium content remained similar in
both fractions after centrifugation as they are very soluble species in the
whole range of pH (Haynes, 2014; Kupper et al., 2020; Skolotneva et al.,
2022). This behavior was also corroborated in the species distribution dia-
gram of NH4

+ and K, where NH+ concentration is only affected by the
ammonium–ammonia equilibrium and K+ concentration remains constant
at the whole range of pH (data not shown).

3.2. pH scouting and valorisation treatments definition

According to the distribution diagram previously reported, SLF pH was
modified prior to centrifugation step in the range from 4 to 8 to assess the
solubilization and precipitation behavior of phosphates. Dissolved macro-
nutrients (NPK) as well as main interacting ions (Ca+2, Mg+2) concentra-
tion were analysed in triplicate in centrifuge supernatant. Results are
summarized in Table 3.
composition. Equilibrium concentrations computed by HYDRA-MEDUSA numerical

Image of Fig. 1


Table 3
Composition of dissolved nutrients depending on the sample pH in centrifuge supernatant.

Parameter Unit pH 4 pH 5 pH 6 pH 7 pH 8

P2O5 g L−1 2.71 ± 0.24 2.94 ± 0.18 2.36 ± 0.14 0.22 ± 0.01 0.19 ± 0.01
% w/w 0.26 ± 0.022 0.29 ± 0.021 0.23 ± 0.014 0.02 ± 0.022 0.01 ± 0.001

TN g L−1 3.06 ± 0.21 3.25 ± 0.19 3.29 ± 0.26 3.84 ± 0.17 3.02 ± 0.24
% w/w 0.30 ± 0.023 0.32 ± 0.033 0.33 ± 0.034 0.38 ± 0.03 0.30 ± 0.021

K2O g L−1 2.87 ± 0.25 2.09 ± 0.16 3.14 ± 0.22 2.93 ± 0.26 3.08 ± 0.15
% w/w 0.28 ± 0.022 0.20 ± 0.011 0.31 ± 0.024 0.29 ± 0.03 0.31 ± 0.011

CaO g L−1 1.97 ± 0.09 1.10 ± 0.06 0.59 ± 0.02 0.35 ± 0.01 0.17 ± 0.01
% w/w 0.19 ± 0.009 0.11 ± 0.004 0.05 ± 0.002 0.03 ± 0.001 0.02 ± 0.001

MgO g L−1 1.77 ± 0.12 1.91 ± 0.07 1.71 ± 0.07 0.32 ± 0.01 0.31 ± 0.01
% w/w 0.17 ± 0.009 0.20 ± 0.007 0.17 ± 0.007 0.03 ± 0.002 0.03 ± 0.001
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According to previous table and corroborated by the phosphate species
distribution diagram (Fig. 1), pH below 7would promote the solubilization
of hydroxyapatite and magnesium hydrogenphosphate. It is important to
note that despite species distribution diagram shows the precipitation of
brushite (CaHPO4·2H2O) at pH 5, SLF characterization reported similar dis-
solved values at pH 4 and pH5. This fact was also reported byToshima et al.
(2014), who observed that at pH 5 and concentrations below 0.05 mol L−1

of calcium and phosphate ions – 0.027 mol L−1 (1.08 g L−1, equivalent to
1.10 g L−1 of CaO) and 0.026mol L−1 (2.47 g L−1, equivalent to 2.94 g L−1

of P2O5) of calcium and phosphate, respectively in SLF at pH 5 – the crystal-
lization of brushite reported a very low kinetics, with no crystals formation
after 24 h of reaction.

Almost all the phosphate was solubilized similarly to ammonium and
potassium at pH 5. It was found at the same concentration than SLF in the
supernatant after centrifugation. By contrast, the concentration of dissolved
phosphorus decreases significantly at higher pH due to the formation of
magnesiumphosphate over 7.5, enabling its recovery as a precipitate. How-
ever, it is important to not raise the pHover 9 as the ammonium – ammonia
equilibrium pKa is reported at 9.25. Therefore, at pH higher than 9.25, the
predominant species would be ammonia, which would be released to the
environment (Ahmed et al., 2020) hindering its recovery and contributing
to air pollution.

In addition, previous studies have reported the feasibility of slurry san-
itation by pH adjustment not only at low pH but higher as well (Fangueiro
et al., 2014; Rodrigues et al., 2021; Soares et al., 2019). This fact makes
more interesting the implementation of a treatment train based on pHmod-
ification to avoid posterior sanitation treatment.

According to the obtained results from pH scouting, two nutrient recov-
ery strategies were proposed to maximize phosphorus recovery and take
advantage of pH modification to obtain different fertilizers: full solubiliza-
tion of phosphorus at acidic pH for SLF valorisation as a nutrient rich liquid
fertilizer containing NPK, and full precipitation of phosphorus at alkaline
pH to obtain a P-rich organic solid fertilizer, ammonium sulphate solution
and irrigation water (Fig. 2).

For acidic nutrient valorisation (routeA), sampleswere adjusted to pH5
as described previously. SLF was firstly centrifuged for reducing the solids
content. As reported on Table 3, the nutrients content in centrifuged sample
were 0.4 % w/w, 0.2 % w/w and 0.3 % w/w for TN, P2O5 and K2O respec-
tively, which were significantly below the minimum concentration of
1%w/w of each element for being valorised as organic fertilizer accord-
ing to the EU directive (European Parliament, 2019). The extraction of
at least 83 % of water is needed to achieve 1 % w/w of each nutrient.
Therefore, FO seems to be the more suitable option as Reverse Osmosis
has not reported water recovery rates over 80 % (Elazhar et al., 2021).
Then, 10 L of supernatant was treated through microfiltration for FO
membrane protection as recommended by the FO membrane supplier.
Finally, the permeate from microfiltration was further concentrated to
obtain a liquid nutrient rich fertilizer that would accomplish the EU
directive. The process was monitored by measuring electrical conduc-
tivity of both feed and draw solutions as an indirect measure of the
osmotic pressure.
5

For alkaline nutrients valorisation (route B), samples were firstly ad-
justed to pH 8 and left to rest for 24 h, when it was expected the forma-
tion of phosphorus precipitates. Afterwards, SLF was centrifugated
obtaining a P-rich precipitate and N–rich solution in the sediment and
supernatant, respectively.

P-rich precipitate was dried at 105 °C during 24 h to obtain an or-
ganic solid fertilizer. The supernatant was further treated for the recov-
ery of nitrogen as ammonium sulphate by liquid-liquid extraction using
sulphuric acid as extractant. Finally, the exhausted feed was neutralized
at pH 7 using sulphuric acid and characterized for its valorisation as
irrigation water.

3.3. Manure valorisation

3.3.1. Acidic recovery of nutrients (route A)
As expected, almost all the phosphate was solubilized at pH 5, being

found in the supernatant after centrifugation, as can be observed in
Table 3. However, as is observed in Fig. 3 regarding nutrients concentra-
tion after each stage of the train of technologies, further concentration
steps are needed as both centrifugation and MF were mainly aimed for
removing solids and other pollutants, reporting not significant nutrient
concentration.

The centrifugation reduced the initial content of total solids
(34.50 g L−1) by 51 %. A further MF was performed to remove heavy
metal compounds and suspended solids and avoid the formation of a cake
layer on the FOmembrane surface. Comparedwith SLF,microfiltration per-
meates reported a 54 % less of COD and 56 % of total solids (data not
shown), with the same nutrients' composition.

By applying FO, it was extracted an 85 % of the initial water volume
from feed after 20 min. However, the nutrients content was not concen-
trated at the same proportion as FO membranes only reported between
70 % and 80 % of salt rejection (Han et al., 2012; He et al., 2020). This
fact is especially relevant in the case of small ions such as NH4

+, which
can permeate the FO membrane. NH4

+ was concentrated 4.50 times
(16.22 g L−1) while P and K species were concentrated up to 6.50 times
(15.19 and 18.40 g L−1 of P2O5 and K2O, respectively) as it is shown in
Fig. 3.

The resulting FO concentrate accomplished with what it is stablished
at the EU directive (1.3, 1.3 and 1.5 % w/w for TN, P2O5 and K2O re-
spectively, with no pollutants content) and could be potentially used
as nutrient rich organic fertilizer with no further treatment, as it
would be sanitized during the acidification process as referred in the lit-
erature. From this treatment train, a 6.9 % of water is recovered as NPK
rich liquid fertilizer. In addition, 38.9 % of water is extracted in FO di-
luting the draw solution. This water could be recovered by regenerating
the draw solution, though the assessment of technologies for draw solu-
tion regeneration is out of the scope of the present study.

It is important to note that 45.8 % of the total water content from SLF
can be potentially recovered. This fact is due to the integration of sev-
eral technologies where some fractions are discharged – heavy fraction
in the case of centrifugation and retentate in the case of microfiltration-.



EU Regulation

Fig. 3. Dissolved nutrients concentration through the train of technologies for SLF
acidic valorisation strategy and organic requirement according to EU regulation
(horizontal line).

Fig. 2. Suggested treatment trains for SLF valorisation with two different routes depending on the samples pH.
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Therefore, further process optimisation would be needed to improve
this indicator.

3.3.2. Alkaline recovery of nutrients (route B)
In the alkaline valorisation route, three different products were ob-

tained: a sediment with high content of P, an ammonium sulphate solu-
tion, and reclaimed water potentially used for irrigation. The full
precipitation of phosphorus as mineral salts was observed at pH 8
since <4 % of the initial phosphorus content remained in the liquor.
The resulting dried sediment contained 8.0 ± 0.4, 7.7 ± 0.4 and
2.3 ± 0.1 % w/w of P2O5, TN and K2O, respectively. Despite the nutri-
ents content fulfil the requirements from European regulation for being
considered an organic fertilizer (at least 1 % w/w of each macronutri-
ent), the presence of high amounts of pollutants, especially Zn (data
not shown), limits its use in soil.

The supernatant was used as input stream to a liquid-liquid membrane
contactor unit to selectively recover ammonium in the form of ammonium
sulphate (Fig. 4). The recovery ratio of ammonium was obtained by apply-
ing the Eq. (4) proposed by Sheikh et al. (Sheikh et al., 2022).

R %ð Þ ¼ 1−Cf

C0

� �
� 100 ð4Þ

where R is the recovery ratio of NH4
+ in %, Cf is the final concentration of

NH4
+ and C0 is the initial concentration of NH4

+ both in the feed tank.
The closed-loop set-up allowed for a recovery ratio >90 % and 95 %

after 3 and 4 h, respectively. The resulted ammonium-based fertilizer in

Image of Fig. 3
Image of Fig. 2
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the stripping acid side reported a concentration of 1.4 ± 0.2 % N-NH4
+.

However, according to EU regulation, the minimum of nitrogen to be
used directly as fertilizer is 1.5 % when in its composition exists one or
more secondary macronutrients (Ca+2, Mg+2, Na+ or S−2). In this case,
S is present as secondary macronutrient, provided by the stripping acid.
This acid should be further concentrated by treating higher volumes of
slurry for reaching the required concentration.

The ammonia mass transfer coefficient (Km(NH3)) and modelled ammo-
nia concentration evolution at feed solution were determined by using
Eq. (5) (Licon Bernal et al., 2016).

ln
C0 NH3ð Þf
Ct NH3 fð Þ

¼ Km NH3ð ÞAm

Vf
t (5)

where Vf is the total volume of the feed solution (m3), Am is the membrane
contactor active area (m2) and C0(NH3)f and Ct(NH3)f are the free ammonia
concentrations (mg L−1) in the feed stream at t=0 and time t, respectively.

The obtainedmass transfer coefficientwas 1.5×10−6±0.1×10−8m
s−1 (R2 = 0.995), similar to those ones reported in previous studies by
Licon Bernal et al. (2016) or Reig et al. (2021) at similar experimental con-
ditions of flowrate by using different stripping acids and more alkaline pH
conditions (pH 11–13) for feed, where all the ammonium is found in the
form of ammonia. Therefore, it can be concluded that the feed pH – at pH
higher than NH4

+ pKa – do not significantly affect the ammonium mass
transfer coefficient through the membrane, which would allow to work at
lower feed pH resulting in less chemical consumption and less ammonia re-
lease to the environment. Moreover, although the different stripping acids
reported similar mass transfer coefficients, those acid diprotic and triprotic
are easily to neutralize with the stripped ammonia.

The exhausted feed solution after membrane contactors contains on av-
erage 1.55 g L−1 of K in the form of K2O (0.16%w/w),which is insufficient
for being considered as fertilizer. However, it could be directly used as irri-
gation water as this effluent would be potentially sanitized due to the pH
variations during the treatment.

3.3.3. Circularity indicators assessment and nutrient recovery strategies
comparison

Besides the previous results, circularity indicators were also assessed to
compare the performance of both proposed treatment systems (route A and
B). The obtained values are summarized in Table 4, showing the different
fractions obtained with their NPK composition, the water recovered and
the amount of total biofertilizer recovered.
Fig. 4. Ammonium reduction from ammonium sulphate formation with membrane
contactors. Model line is obtained from Eq. (5).
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By applying the acidic valorisation route, the nutrients (NPK) recovery
ratios are 28.3, 43.5 and 46.6% respectively. The low nutrient recovery ob-
tained with the acidic recovery system, as stated in previous sections, can
be explained by the existence of intermediate steps before the recovery hap-
pens, producing two effluents that are discharged in acidic conditions,
namely centrifuge sediment and microfiltration retentate. Despite of the
low percentage of the recovered nutrients of this route, their NPK concen-
tration (1.3, 1.3 and 1.5 % w/w for TN, P2O5 and K2O, respectively) as
well as the content of pollutants below the limits stablished in the
European Regulation (data not shown), makes feasible the use of obtained
product in fertilizer manufacturing industry.

The alkaline valorisation route reported a NPK recovery of 80.6, 99.9
and 83.4 % respectively, reaching higher recovery rates. In this case, all ef-
fluents are directly valorised from SLF without preparation steps, minimiz-
ing the loss of nutrients. However, in this case, the obtained solid fertilizer
can be considered as low-quality fertilizers and they could encounter legal
barriers that reduce the viability of their use, for example, in certified or-
ganic production crops.

Therefore, when comparing the quality of the fertilizers obtained, the
acidic valorisation route achieved the recovery of high-quality NPK fertil-
izer (28.3, 43.5 and 46.6 % respectively) whereas only nitrogen was recov-
ered (43.5 %) in the form of ammonium sulphate solution at the alkaline
valorisation route. Thus, the acidic route can be considered a promising
train of technologies to recover a high-quality liquid organic fertilizer con-
taining all three macronutrients, while alkaline route seems to be an effec-
tive way to selectively recover N-NH4

+.
Furthermore, the water recovery in acidic valorisation is about 6.9 % in

the form of liquid fertilizer, meanwhile 38.9 % of water from SLF is also
contained in diluted draw solution from FO. By contrast, alkaline valorisa-
tion route resulted in 75.1 % of water recovery suitable for irrigation.
Despite the significant difference between recovered water rates, it is
important to note that the water contained in diluted draw solution could
be potentially recovered as pure water, which could be used for a wide
range of purposes.

Finally, the overall balance of biofertilizer recovery shows that acidic
valorisation route presents a lower recovery ratio than alkaline valorisation
(68.68 in front of 219.60gbiofertilizer/kgslurry). However, as it is mentioned
above, the quality of the products obtained is an important factor when de-
ciding the most appropriate valorisation method.

When comparing results with previous studies reported in Table 1 such
as Samanta et al. (2022) and Schott et al. (2022), it is observed an improve-
ment in nutrient recovery rates, aswell as in the quality of thefinal products
obtained. Also, the limitations detected in previous works have been solved
by the suggested treatment routes.

Indeed, Samanta et al. (2022) reported a N recovery of 50%, though the
final quality of the recovered product is not known. The present study
brings commercial quality to almost 45 % of the nitrogen obtained in the
form of ammonium sulphate (route B).

In addition, the literature reported 74–80 % P recovery yields applying
chemical precipitation and membrane processes. The treatment train
presented in this work reached a higher recovery rate of phosphorus in al-
kaline valorisation route (>90 %) in the form of organic soil amendment.
Although a lower recovery ratio (<50 %) was achieved in the acidic
route, it was obtained a higher quality product since major contaminants
were removed in initial pre-treatment steps, namely centrifugation and
microfiltration.

Moreover, the recovery and purification of calcium phosphate reported
in Schott et al. (2022) was a complex procedure as the precipitated salt was
mixedwith solid contaminants frommanure. By contrast, by using the train
of technologies proposed in the alkaline route, all dried precipitate can be
directly used as soil amendment with any additional separation step
needed. This fact makes the treatment suggested in this studymore suitable
from a circular economy point of view.

Finally, potassium recovery from slurry was not so well studied in pre-
vious works and the highest reported recovery ratio was 70 % by using
membrane-based technologies. The present work shows a K recovery

Image of Fig. 4


Table 4
Comparison of train of technologies aimed to recover and valorize nutrients from SLF.

Treatment route Resource recovered Wrec (%)
Irec

IBiofertilizer (gbiofertilizer/kgtreated slurry)
TN (%) P2O5 (%) K2O (%)

Route A - acidic Liquid fertilizer 38.92 ± 3.67 28.34 ± 6.30 43.49 ± 4.90 46.63 ± 4.30 68.68 ± 5.70
Route B - alkaline Dry sediment 75.09 ± 3.86 37.08 ± 2.20 99.92 ± 0.79 46.17 ± 2.76 219.60 ± 2.03

Ammonium sulphate 43.53 ± 2.18 – – –
Irrigation water – – 37.23 ± 0.74 –
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ratio of 83.4 % in the case of the alkaline valorisation route. It is important
to note that only 37 % of K is recovered as fertilizer in an organic soil
amendment, while >40% is contained in irrigation water. In the acidic val-
orisation route, a 46.6 % was recovered as high-quality product.

As introduced in Table 1, one of the main concerns when selecting a
membrane technology is the membrane elements fouling. This handicap
has been reduced with the suggested treatment systemwith a previous cen-
trifugation prior to microfiltration or stripping. Indeed most of solids capa-
ble to clogging the membranes are removed, enlarging the life span of the
replaceable material of the set-ups.

Besides, another important issue when using membrane technologies is
the recovery ratio of water, which is very low with a single stage of
nanofiltration or reverse osmosis (Bi et al., 2014; Tran et al., 2018). In
this study, the use of large pore membranes, such as microfiltration and os-
motic pressure driven processes in the case of forward osmosis, resulted in
higher water recovery ratios.

4. Conclusions

This study has achieved the improvement of NPK nutrients recovery
from pig slurry liquid fraction with membrane technology by modifying
the pH work conditions. This modification mainly affects P concentration
in the supernatant as most of the P in SLF is solubilized at acidic pH. Two
different treatment trains, at acidic and alkaline pH, were assessed to re-
cover nutrients as high-quality fertilizers.

The products obtained with the explored recovery strategies differ
significantly. At acidic pH, the train of technologies integrated by centrifu-
gation, microfiltration and forward osmosis resulted in a high-quality
fertilizer with a concentration of 1.3 %, 1.3 % and 1.5 % w/w of NPK
respectively.

On the other hand, centrifugation and stripping using membrane
contactors were used as treatment system at alkaline pH. It was obtained
a low-cost organic solid fertilizer with 8.0, 7.7 and 2.3 % w/w of NPK re-
spectively: an ammonium sulphate solution with a concentration of 1.4 %
w/w in nitrogen and irrigation water with slight content in K.

The results showed the viability of pHmodification to maximize the re-
covery of nutrients from SLF and potentially valorize them as fertilizers that
fulfil the requirements from European Regulation in terms of macronutri-
ents concentration and pollutants content. The studied trains of technolo-
gies yield different results in terms of recovery rates and fertilizers
quality. At acidic route, the obtained products accomplish with what is
stablished in the European Regulation while at alkaline route some param-
eters -pollutants contents or nutrient concentration- should be improved.

In terms of indicators in the framework of circular economy, the acidic
valorisation route reported significant lower nutrient recovery rate and
water recovery rations than alkaline route but with higher quality. The up-
take of different recovery strategies could be conditioned by the market
value of the recovered products, as well as existing legal barriers for fertil-
izers produced from secondary sources.
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