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ABSTRACT

The management of pig slurry in Cote d’Ivoire poses environmental challenges due to inorganic
mineral elements , particularly heavy metals, which can contaminate soils and water during the
application of digestates as fertilizers. This study investigates the evolution of these inorganic
mineral elements during anaerobic digestion within a circular economy approach and assesses the
environmental risks associated with the use of digestates as biofertilizers. The analyses focused
on pH, moisture content, volatile organic matter (VOM), volatile fatty acids (VFAs), chemical
oxygen demand (COD), and inorganic mineral elements (lead, cadmium, zinc, copper). The pH
remained stable: 6.24+0.19 in raw slurry (RS), 6.60+0.1 in mid-digestion slurry (MDS), and
6.37+0.18 in post-digestion slurry (PDS). Moisture content decreased from 56.93+1.4% (RS) to
1.77+0.23% (PDS), indicating progressive slurry concentration. VOM decreased from 87.93+2.37%
(RS) to 8.26+0.88% (PDS), while COD dropped from 1543.23+1.98 mg O/L (RS) to 300.35+4.14 mg
O/L (PDS), reflecting significant degradation of organic matter. Regarding inorganic mineral
elements , sulfur and strontium levels remained stable at 0.008+0.0 mg/kg (RS) and 0.001+0.0 mg/
kg (RS, MDS, PDS), respectively. However, elements like argon decreased from 0.166+0.0 mg/kg
(RS) to 0.005+0.0 mg/kg (MDS and PDS), and chlorine levels fell from 0.042+0.0 mg/kg (RS) to
0.005+0.0 mg/kg (MDS and PDS). Tellurium and ruthenium were eliminated after digestion. These
results demonstrate the effectiveness of anaerobic digestion in reducing certain inorganic mineral
elements , thereby improving the quality of digestates for safe use as biofertilizers. Nevertheless,
regular monitoring is essential to ensure the environmental safety of digestate utilization.

KEY WORDS: Pig slurry, Inorganic mineral elements, Anaerobic digestion, digestate,
biofertilizer, Circular economy.

INTRODUCTION response to the growing global demand for animal

protein, agricultural sectors such as the pig farming

Pork accounts for nearly 40% of global meat  industry have experienced significant intensification
consumption and is characterised as a highly = and modernisation (Adesehinwa et al., 2024).
productive and profitable livestock species. In According to the Executive Secretary of
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INTERPORCI, pig farming in Coéte d’Ivoire
generates approximately 30,000 jobs and contributes
to a turnover exceeding 70 billion CFA francs
(Fraternité Matin, 2014). Despite its economic
importance, Coéte d’'Ivoire produces only 8,300
tonnes of pork annually while importing 23,800
tonnes to meet local consumption needs (Ouattara et
al., 2022). To meet market demands, farmers resort
to feed enriched with essential metals to accelerate
animal growth and protect them against certain
bacterial diseases. Among these metals, zinc (Zn),
copper (Cu), magnesium (Mg), and iron (Fe) are
considered essential for pig nutrition (Yazdankhah
et al., 2014; Sampath et al., 2023). The bioavailable
quantity of these metals in the raw materials used in
pig feed is generally insufficient to meet the pigs’
physiological needs. Thus, they are supplemented in
their feed at levels ranging from nutritional
requirements to supra-nutritional levels, which
enhance growth or digestive health (Gourlez et al.,
2022), but also contribute to the development of
bacterial resistance in piglets (Jensen et al., 2018).
However, due to their low retention rates, most of
these metals are excreted in manure, posing a risk of
metal accumulation in soils following repeated land
application of pig slurry. The accumulation of these
metals in soil may lead to toxicity risks for soil
microorganisms and plants (Revy et al., 2003). Given
the significant quantity of slurry produced annually
due to concentrated feeding practices and its use as
fertiliser, the long-term presence of these metals in
slurry, even at trace concentrations (i.e., ng/L),
could result in environmental and health risks
(Adeel et al., 2017). To manage the substantial
amounts of slurry produced, pig farms typically
employ simple treatment systems, including
spreading, storage, and composting (Wang and
Wang, 2019). However, these basic treatments may
not suffice to prevent the occurrence of inorganic
mineral elements in the digestate (Qiao et al., 2017).
To eliminate or reduce these inorganic mineral
elements , advanced approaches such as adsorption
onto activated carbon, membrane filtration, and
advanced oxidation processes have been developed
(Asheghmoalla and Mehrvar, 2024 ; Kovaeie et al.,
2022). Nonetheless, these methods require advanced
technical oversight and significant expenditures,
while failing to ensure the energy recovery of the
slurry or reduce greenhouse gas emissions.

Given the aforementioned challenges, it is crucial
to optimise the energetic, agronomic, and economic
potential of pig slurry within a circular economy

framework (Gourlez et al., 2022). Among the
methods for energy recovery from slurry, anaerobic
digestion is gaining increasing interest. This
biological process involves multiple reactional steps
to degrade organic matter under anaerobic
conditions, producing both biogas and biofertiliser.
It not only mitigates waste-related environmental
impacts while generating renewable energy that
helps reduce greenhouse gas emissions but also
converts a significant fraction of organic nitrogen
into mineral nitrogen, thereby reducing reliance on
chemical fertilisers (Czekala et al., 2022).

The use of digestate as biofertiliser offers several
agronomic advantages, including the enrichment of
soils with essential nutrients such as nitrogen,
phosphorus, and potassium (Moller and Miiller,
2012; Koszel and Lorencowicz, 2015; Jin et al., 2022).
However, the application of digestate, particularly
from anaerobic digestion of slurries, raises concerns
due to the presence of inorganic inorganic mineral
elements. These substances, even at low
concentrations, can pose significant environmental
and health risks by contaminating soils,
groundwater, and the food chain (Nkoa, 2014; Yan et
al., 2024). Comprehensive analysis of inorganic
mineral elements in digestate can improve
understanding of associated risks and inform the
adoption of appropriate management strategies.

This study aims to promote sustainable and
optimised management of pig slurry in Cote
d’Ivoire within a circular economy context. The
objective is to analyse the evolution of inorganic
micropollutant concentrations in pig slurry at
different stages of anaerobic digestion, verify their
compliance with AFNORNF U 44-051 standards,
and evaluate the environmental risks associated
with digestate use as fertiliser. This approach
combines detailed analysis of the physico-chemical
composition of slurry and inorganic mineral
elements at various digestion stages (raw slurry
(RS), mid-digestion slurry (MDS), and post-
digestion slurry or digestate (PDS) in comparison
with AFNOR NF U 44-051 standards. The
comparison of micropollutant concentrations in
digestate with AFNOR NF U 44-051 standards is
essential to ensure that digestate, once processed
through anaerobic digestion, complies with safety
limits for agricultural land application. This
evaluation represents a critical step in assessing the
health and environmental risks associated with
using digestate as biofertiliser. Ultimately, this
research seeks to reconcile soil fertilisation needs
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with the necessity to protect natural resources and
ensure sustainable agricultural production in Céte
d’Ivoire.

MATERIAL AND METHODS

Biological Material

The biological material used in this study consists of
pig slurry collected at different stages of anaerobic
digestion and air-dried at ambient temperature: raw
slurry before anaerobic digestion (RS), mid-
digestion slurry (MDS), and post-digestion slurry or
digestate (PDS), as illustrated in Figure 1.

B

-

Post-digestion
slurry ordigestate
(PDS)

Rawslurry Mid-digestion
(RS) slurry (MDS)

Fig. 1. Biological material

METHODS

Experimentation and sampling

As part of this study, a total of 350 kg of pig manure
was collected from a pig farm located north of
Nangui Abrogoua University (48.7105°N, 2.166°E).
The manure was homogenized with 250 L of
rainwater and introduced into a domestic anaerobic
digester of the PUXIN type (model PX-2.65, 59 x 59
inches, Backyard Biodigester) for anaerobic
digestion carried out at ambient temperature over a
period of 56 days, from March 5 to April 27, 2024.

Samples were collected at three key stages of the
digestion process, directly from the drainage valve
of the digester after homogenization of the contents,
without opening the system, in order to maintain
strictly anaerobic conditions. The first sampling was
performed before the material was introduced into
the digester, representing the raw slurry (RS). The
second was carried out halfway through the process,
on April 2, 2024, corresponding to the mid-digestion
slurry (MDS). The final sampling was conducted
after 56 days of digestion, representing thepost-
digestion slurry or digestate (PDS).

At each stage, three 2-liter samples were collected
in sterile jars. Following air-drying at ambient
temperature for 15 days, the RS, MDS, and PDS

samples were sealed in stomacher bags and stored at
4 °C prior to analysis.

Physico-chemical analyses of dried RS, MDS, and
PDS

The following physicochemical properties of each
dried digestate sample (RS, MDS, and PDS) were
analysed: pH, moisture content (H), organic matter
content (OM) or volatile solids (VS), total alkalinity
(TA) and volatile fatty acids (VFA), chemical oxygen
demand (COD), and five-day biochemical oxygen
demand (BOD), all determined using standard
methods.

The pH of the dried samples of RS, MDS, and
PDS was measured using a Hanna HI 8424 pH
meter, following the manufacturer’s instructions.
For each sample, 10 g of material were mixed with
100 mL of sterile distilled water, then centrifuged at
4000 rpm for 10 minutes. A 10 mL volume of the
supernatant was collected, and the pH was
measured directly by immersing the pH meter
electrode into the supernatant. Measurements were
performed in triplicate to ensure result reliability.

The moisture content (%H) of the samples was
determined using the gravimetric oven-drying
method, in accordance with standard protocols. For
each sample, an initial mass of 10 g (denoted as M)
was taken and placed in an oven at 105/°C for 24
hours to remove the moisture content. After drying,
the residual mass (denoted as M) was measured.
The moisture content was then calculated using the
following formula:

o = 100%(M0- M1) L)
MO
where:
- MO: the initial mass of the sample before drying
(in grams),
- M1: the mass of the sample after drying (in
grams),
- %H represents the moisture content as a
percentage.
Furthermore, the dry matter content (%DM) was
derived from the moisture content using the
following equation:

%DM =100 x % ..  (2)

where:

% DM: the percentage of dry matter.

For the determination of organic matter (OM), the
loss on ignition (LOI) method is applied in
accordance with the French standard AFNOR NF U
44-160 [20], related to the analysis of growing media.
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The dry matter, with a mass denoted as M1, is
placed in a previously weighed and tared crucible.
This crucible is then placed in a muffle furnace and
subjected to a temperature of 600 °C for 4 hours to
carry out the calcination. After calcination, the
crucible containing the sample is transferred to a
desiccator to cool for a minimum period of one hour,
after which it is weighed again to obtain the mass
M2. The organic matter (OM) is calculated using the
following formula:
M1-M2

PP 100 . (3)

OM ou VSC=

where:

- OM: the percentage of organic matter,

- Ma1: the mass of the sample after drying (dry

matter) in grams,

- M2: the mass of the sample after calcination in

grams.

Regarding the concentration of volatile fatty acids
(VFA), it was determined by the titrimetric method
(Kwamivi et al., 2012). For each digestate sample, 10
g of material were first mixed with 100 mL of sterile
distilled water, then centrifuged at 4000 rpm for 10
minutes. A 25 ml volume of the supernatant was
then collected for analysis. Each sample was then
acidified with sulfuric acid (0.1 M) to a pH of 3.5,
then heated for 3 minutes to remove carbon dioxide.
After cooling to room temperature, the pH was
adjusted to 4 (volume V1) to determine the partial
alkalinity (PA), corresponding to the alkalinity of
bicarbonates. Next, the pH was adjusted to 7
(volume V2) using NaOH (0.1 N), at which point the
total alkalinity (TA) was measured. The values for
PA and TA were calculated using the following
formulas:

Vi % Nx 1000

PA = — v . (4)
T4 — Y2 X Nx1000 6
v

where:

- V1: the volume of acid in milliliters required
to reach a pH of 5.75,

- V2: the volume of acid in milliliters required
to reach a pH of 4.3,

- V: the volume of the substrate in milliliters,
- N: the normality of the sulfuric acid solution
(0.1N).
The intermediate alkalinity (IA), which is directly
related to the concentration of volatile fatty acids, is
obtained by the difference between TA and PA.
Therefore, the concentration of VFAs was calculated

using the following equation:
VFAs = TA-PA .. (6)

This approach allows for the accurate assessment
of the VFA concentration present in the substrate
during the anaerobic digestion process.

The chemical oxygen demand (COD)
corresponds to the oxidation of oxidizable organic
matter present in the sample to be analyzed, using
an excess of potassium dichromate (KCrO) in an
acidic medium (HSO), under agitation and boiling
for 2 hours at a temperature of 150 °C + 5 °C. This
oxidation was carried out in the presence of silver
sulfate (AgSO), serving as a catalyst to facilitate the
oxidation process.

The sample used for this analysis was collected in
250 mL jars, and a 100 mL volume of the sample was
taken for each analysis. The solution obtained after
the reaction was titrated with a ferrous sulfate and
ammonium solution (Mohr’s salt), allowing the
determination of the amount of oxygen consumed
during the oxidation. The COD, expressed in mg O/
L, is calculated using the following formula:
where:

Buuusc;ean vz) o)

- V1: volume of blank used for the test (mL),
V2: volume of burette drop for each sample (mL),
VO0: volume of the sample taken before dilution
(mL), C : concentration of the Mohr’s salt solution
used (mol/L), which is calculated by:

Do =

__ 5=040:6
vV

c . (8)

The five-day biochemical oxygen demand (BOD)
was measured using the OxiTop system, equipped
with a stirring device, in accordance with the self-
control method. A volume of 100 mL of the sample
was used for each BOD test. This system allows for
monitoring the evolution of oxygen consumption by
the microorganisms present in the sample over a 5-
day period at a constant temperature, typically 20°C.

Determination of micropollutant content in the
three types of digestate

The content of inorganic mineral elements in the RS,
the MDS, and the PDS was determined using the
MESA-50 X-ray fluorescence spectrometer(Horiba
Ltd., Japon). For each analysis, 15 g of the sample
were placed on the detector. The principle is based
on the excitation of the sample by X-rays and the
analysis of the secondary radiation emitted,
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allowing for the identification and quantification of
metallic elements. The analysis lasted for 5 minutes,
and the results were processed in real time by the
Horiba software. The data were securely stored, and
detailed reports were exported in Excel format for
further use.

Data processing

Statistical tests were performed using the XLSTAT
software, version 2016. One-way analysis of
variance (ANOVA) and Duncan’s tests were used to
compare the physicochemical characteristics (pH,
humidity, organic matter (OM), volatile fatty acids
(VFA), chemical oxygen demand (COD), and
micropollutant content) of each digestate.
Differences were considered significant for P values
< 0.05.

RESULTS AND DISCUSSION

Physico-chemical characteristics of Dried RS,
MDS, and PDS

The variations in physicochemical parameters of the
three types of slurry samples : RS, MDS, and PDS
are presented in Table 1. The analysis aims to
compare their characteristics to understand the
effects of anaerobic digestion on the composition of
the slurry.

Firstly, the pH variations observed in the three
types of digestate indicate favourable conditions for
using the digestate as a biofertiliser. Specifically, the
pH increases from 6.24 + 0.19 in RS to 6.60 + 0.10 in
the MDS before slightly decreasing to 6.37 + 0.18 in

the PDS. The pH of the slurry samples collected
during anaerobic digestion and dried tends toward
a near-neutral value. This pH stabilisation in PDS is
attributed to ammonia release and the progressive
neutralisation of volatile fatty acids (VFAs), as noted
in the studies of (Arbor, 2013) and (Kim et al., 2002).

Using PDS with a near-neutral pH as a
biofertiliser offers a significant advantage, as a
neutral pH reduces the risk of soil acidification
during spreading and promotes optimal nutrient
uptake by plants(Moller and Miiller, 2012; Tambone
et al., 2010). Conversely, a slightly acidic pH in PDS
can enhance the solubility of inorganic mineral
elements such as cadmium (Cd), lead (Pb), zinc
(Zn), and copper (Cu), as demonstrated by the
studies of (Luo et al., 2016) and (Adamczyk-Szabela
and Wolf, 2022). This solubility can lead to increased
bioavailability, adversely affecting living organisms,
including plants, animals, and microorganisms
(Gourlez et al., 2022; Violante et al., 2010). Moreover,
repeated application of excessively acidic digestate
may result in soil acidification.Secondly, a marked
decrease in moisture content was observed during
digestion and drying, from 56.94 + 1.40% in the RS
to just 1.77 + 0.23% in PDS. Similarly, comparable
moisture levels in the RS have been reported by
Bautista, (2019). Simultaneously, the percentage of
dry matter (%DM) significantly increased, reaching
98.65 + 0.93% in the PDS. These results are explained
by water evaporation during digestion and drying
processes. Consequently, the final PDS is more
compact, facilitating both transport and storage
(Moller and Miiller, 2012; Drosg et al., 2013).

Table 1. Physico-chemical parameters of the three types of dried digestates

Slurry at the three stages of anaerobic digestion

Studiedparameters RS MDS PDS

pH 6.24+0.19° 6.600+0.1 2 6.373+0.18 a
Moisture (%) 56.937+1.4 2 3.667+0.55° 1.767+ 0.23 ®
Dry Matter (DM) (%) 43.48+1.3 ¢ 95.5+1.18 ® 98.653+0.93 @
Volatile Solids (VS) (%) 87.937+2.37 @ 14.56+1.96 * 8.268+0.88 ©
Total OrganicCarbon (TOC) (%) 454+ 3.712 9.433+0.86 © 4.067+0.27 ®
Total Carbon (TC) (%) 15.407+0.99 © 84.893+2.63 ° 97.93+1.64 *
Total Alkalinity (TAC) (mg CaCO,/L) 0.767+0.051 ® 0.947+0.035 ° 0.62+0.045 ©
Partial Alkalinity (PA) (mg CaCO,/L) 0.377+0.041 0.773+0.041° 0.357+0.025 ®
VFA (Volatile FattyAcids) (mg/1) 0.145+0.022 = 0.068+0.013 ® 0.091+0.005 ®
Nitrogen (%) 2.84+0.265 ° 1.007+0.181® 0.630+ 0.085 *
Protein (%) 16.75+0.57 * 5.83+0.496 © 4.455+0.568 ©
COD (Chemical OxygenDemand) (mg O /L) 1543.233+1.98° 247.2+7.99 @ 300.347+4.14 °
BOD; (BiochemicalOxygenDemand at 5 days) (mg O/L) 90.213+1..89 2 20.157+1.59 ® 23.857+1.29 ®
BOD, / COD Ratio 0.058 0.082 0.079
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Additionally, the low moisture content in the PDS
(1.77 £ 0.23%) can reduce the leaching of inorganic
mineral elements into the soil while enhancing its
agronomic value and making nutrients more
accessible to crops (Moller and Miiller, 2012;
Tambone et al., 2010).

Furthermore, anaerobic digestion significantly
reduced volatile organic matter (VOM), from 87.94 +
2.37% in the RS to 8.27 + 0.88% in the PDS. This
decrease in VOM reflects the complete degradation
of organic compounds by microorganisms,
eliminating fermentable fractions that could cause
secondary fermentations during spreading.
Similarly, total organic carbon (TOC) also decreased
from 45.40 + 3.71% in the RS to 4.07 + 0.27% in PDS.
This reduction in TOC indicates that most
biodegradable carbon substrates were transformed,
leaving stabilised digestate with more resistant
organic compounds, less prone to rapid
decomposition.

The reduction of organic compounds, as
measured by indicators like VOM and TOC,
highlights their bioconversion into methane (CH),
carbon dioxide (CO), and various by-products
during anaerobic digestion. This observation aligns
with the studies of Tambone et al. (2010) and
Gerardi, (2003), which emphasise the critical role of
microorganisms in converting organic compounds
into biogas. Consequently, the PDS is stabilised and
poses a low risk of secondary fermentation post-
spreading, as also noted by Alengebawy et al. (2024).

Regarding the analysis of total alkalinity (TA), it
is higher in the MDS (0.95 + 0.035 mg CaCO/L) than
in the RS (0.77 = 0.041 mg CaCO/L) and the PDS
(0.62 + 0.045 mg CaCO/L). The reduction in TAC
and AP in PDS reflects the near-complete
consumption of volatile fatty acids (VFAs) during
the methanogenic phase. Methanogenic
microorganisms utilise these VFAs as substrates to
produce methane (CH) and carbon dioxide (CO),
leading to the chemical and biochemical stabilisation
of the digestate, as highlighted by Tambone et al.
(2010) and Gerardi, (2003). Although the TA and AP
values decrease inthePDS, they retain a buffering
capacity that can benefit soils, particularly in
correcting acidity. This buffering capacity has been
emphasised by Al Seadi and Lukehurst, (2012), who
underline the agronomic advantages of stabilised
digestates, including their ability to improve soil
chemical properties.

Additionally, the results reveal a marked
reduction in total nitrogen, from 2.84 + 0.27% in the

RS to 0.63 = 0.09% in the PDS. This decrease
indicates the transformation of organic nitrogen into
ammoniacal nitrogen (NHz), a form more readily
assimilated by plants, as noted by (Moller, 2015).
This conversion is particularly beneficial for using
PDS as a fertiliser, as it facilitates the immediate
availability of nitrogen for crops, which is
advantageous for agriculture, as observed by
Gerardi, (2003) and Alengebawy et al. (2024).

In terms of volatile fatty acids (VFAs), the results
indicate a significant decrease in VFA concentration,
from 0.145 + 0.022 mg/I in theRS to 0.091 + 0.005
mg/1in thePDS. This reduction, coupled with the
decline in total alkalinity (TAC), confirms the
biochemical stabilisation of PDS, which limits
fermentation risks and odorous emissions after
applicationan essential consideration from an
agronomic perspective (Tambone et al., 2010;
Samoraj et al., 2022) . This biochemical stabilisation
supports the notion that PDS is safe for use as a
biofertiliser, aligning with the findings of Mdller and
Miiller, (2012) and (Tambone et al., (2010).

Finally, the results related to the chemical oxygen
demand (COD) and five-day biochemical oxygen
demand (CH) confirm a significant reduction in
organic load. COD decreases from 1543.23 + 1.98 mg
O/L in theRS to 300.35 + 4.14 mg O/L inthePDS,
while CH drops from 90.21 = 1.89 mg O/L to 23.86
+ 1.29 mg O/L. This reduction could lower the
complexation and mobility of inorganic mineral
elements in the digestate, making them more stable
and less likely to migrate into the environment
(Sawatdeenarunat et al., 2014).

The low BOD/COD ratio in PDS (0.079) reflects
the low biodegradability of residual compounds,
reducing the risk of soil and groundwater pollution
after application. Indeed, according to the
biodegradability table for organic waste based on
the BOD/COD ratio established by Reinhart and
Townsend (1988), a BOD/COD ratio < 0.1 indicates
very low biodegradability. The BOD,/COD ratio of
0.079, below 0.1, indicates that PDS primarily
consists of refractory organic matter, which is less
biodegradable and less likely to decompose in the
environment.

This low biodegradability of PDS is
advantageous for micropollutant management, as it
reduces their mobility in soil. Stable organic matter,
such as that found in thePDS, can complex or adsorb
certain inorganic mineral elements , thereby limiting
their availability and mobility in the environment
(Sawatdeenarunat et al., 2014; Pajura, 2024). This
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characteristic makes PDS a more stable biofertiliser,
less likely to cause environmental risks related to
soil and water contamination.

From a circular economy perspective, the use of
PDS allows for the valorisation of pig slurry while
contributing to the sustainability of agricultural
practices without compromising ecosystem quality.

The observed physicochemical transformations
confirm the effectiveness of anaerobic digestion in
stabilising and valorising pig slurry. These findings
reinforce the notion that PDS can be used as a
biofertiliser for sustainable agriculture in Cote
d’Ivoire. However, further analysis of residual
inorganic mineral elements , particularly heavy
metals, is recommended to ensure the safe use of
PDS.

Inorganic inorganic mineral elements in dried RS,
MDS and PDS

In this study, conducted from a circular economy
perspective, the evolution of inorganic
micropollutant concentrations in the three types of
slurry during anaerobic digestion was analyzed to
assess the environmental risks associated with their
use as biofertilizers while evaluating the process’s
effectiveness in reducing the concentrations of these
substances.

The analysis of dried slurries (RS, MDS, and PDS)
identified 35 inorganic mineral elements,
categorized into five groups based on their presence,
absence, or changes in concentration throughout the
digestion process. Table 2 summarizes this
categorization, indicating the percentage of each
group, as well as the micropollutant concentrations
(in mg/kg) in the different types of dried slurry
compared to the threshold values defined by the
AFNOR NF U 44-051 standards.

Among the identified inorganic mineral elements,
16 (representing 45.71%) showed increased
concentrations during the anaerobic digestion
process. These elements, grouped under Category I,
include copper (Cu), zinc (Zn), phosphorus (P),
chlorine (Cl), potassium (K), chromium (Cr), iron
(Fe), cobalt (Co), nickel (Ni), silver (Ag), cadmium
(Cd), barium (Ba), aluminum (Al), magnesium (Mg),
and sodium (Na). Concentrations in the PDS were
significantly higher than those measured in raw
slurry (RS), with variations ranging from 0.001 + 0.0
mg/1 for cobalt (Co) to 38.452 + 2.0 mg/1 for
phosphorus (P) in LB, compared to 0.002 + 0.0 mg/
1 for silver (Ag) to 46.08 + 1.5 mg/I for phosphorus
(P)in PDS.

Some of these inorganic mineral elements are
frequently identified as contaminants in agricultural
soils and exhibit toxic effects at elevated levels.
These elements include cadmium (Cd), lead (Pb),
chromium (Cr), and nickel (Ni) (Wuana and
Okieimen, 2011; Téth et al., 2016). Among them,
cadmium (Cd), lead (Pb), and chromium (Cr) stand
out for their high toxicity and adverse effects on
plants, even at low concentrations (Singh et al., 2016;
Tiwari and Lata, 2018; Rai et al., 2019). Although the
concentrations of cadmium (0.005 + 0.0 mg/kg) and
chromium (0.004 + 0.0 mg/kg) in the digestate are
well below the limits set by AFNOR NF U 44-051
standards (3 mg/kg and 120 mg/kg, respectively),
these elements require strict monitoring due to their
high toxicity and persistence in the environment
(Carocci et al., 2014; Genchi et al., 2020; Prasad et al.,
2021). Furthermore, the WHO thresholds for metals
in plants, such as 0.02 mg/kg for cadmium, 10 mg/
kg for copper, 2 mg/kg for lead, and 0.6 mg/kg for
zinc (Rashid et al., 2023), emphasize the need for
rigorous management of these inorganic mineral
elements .Other elements that increased in the PDS,
such as copper (Cu), zinc (Zn), iron (Fe), nickel (Ni),
and magnesium (Mg), are essential for plant cellular
functions, particularly in ion homeostasis,
photosynthesis, and sugar metabolism (Shahid et al.,
2015; Bashir et al., 2016). Among these elements, the
excessive accumulation of Cu and Zn (two elements
commonly used as additives to promote piglet
growth and prevent pig diseases) in soil can
compromise agricultural soil sustainability and
cause toxic effects on plant growth and reproduction
(Maksymiec and Krupa, 2007; Shahid et al., 2015).
On the other hand, concentrations below critical
thresholds may lead to nutritional deficiencies in
this study, their concentrations after anaerobic
digestion in the PDS mostly comply with the
AFNOR NF U 44-051 standards, except for certain
elements such as phosphorus, whose values close to
the thresholds require careful management.

Alumina, although not specified in the AFNOR
standards, showed a significant increase after
digestion (RS: 0.002 + 0.0 mg/kg; MDS: 0.099 + 0.0
mg/kg; PDS: 0.099 + 0.0 mg/kg). This increase may
result from its release from organic structures during
digestion. The accumulation of alumina in
agricultural soils deserves particular attention, as
soluble forms of aluminum, especially Al®z, can
disrupt root development and, under extreme
conditions, become toxic to terrestrial plants (Samac
and Tesfaye, 2003). Additionally, aluminum
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released from the soil may migrate to groundwater,
lakes, and rivers, causing deleterious effects on
aquatic organisms, particularly in its mobile form
(Dragicevic et al., 2018).

Similarly, the increased sodium concentrations in
pig digestates are notable (RS: 8.936 + 1.0 mg/kg;
MDS: 15.61 + 2.0 mg/kg ; PDS: 14.95 + 2.1 mg/kg).

However, these levels remain lower than those
observed in food waste digestates (FWAD), where
Naz concentrations range from 36 mg/L to 319 mg/
1 (Mickan et al., 2022; Weimer et al., 2011). High NaCl
content can harm plant growth by reducing water
and nutrient uptake and inducing toxicity
(Bergstrand et al., 2020). Although pig digestates

Table 2. Mineral elements contained in RS, MDS and PDS and their classification according to their presence, absence
or variation in concentration throughout the digestion process.

Mineral elements
present in slurry

Mineral element
content in organic

Mineral element content in
slurry at different stages

(mg/Kg) of anaerobic digestion. composts in
accordance with
AFNOR NF
U 44-051
standards
(mg/Kg)
Categories of mineral RS MDS PDS
elements (%)
Category I (45%) Alumina (Al)) 0.002 + 0.0° 0.099 + 0.0° 0.099 + 0.0°
Sodium (Na) 8.936 + 1.0° 15.61 £ 2.0° 14.95 +2.17
Phosphorus (P) 38.452 + 2.0 46.75 + 1.5¢ 46.08 + 1.5°
Sulfur (S) 0.008 = 0.0° 0.008 + 0.0 0.009 + 0.0°
Silver (Ag) 0.001 +0.0° 0.002 +0.02 0.002 £0.0 a 6
Potassium (K) 21.435+ 1.0° 26.67 £ 2.12 26.67 £ 2.1a
Chromium (Cr) 0.002 + 0.0° 0.005 + 0.0° 0.004 +0.0° 120
Cadmium (Cd) 0.001 £0.0® 0.005 + 0.0 0.005 + 0.0° 3
Iron (Fe) 0.854+ 0.0 4.85 +2.0° 2.85 + 0.0
Cobalt (Co) 0.001 +0.0° 0.003 + 0.0° 0.003 + 0.0°
Nickel (Ni) 0.002+0.0° 0.004 + 0.0 0.004+ 0.0a 60
Copper (Cu) 0.005+0.0° 0.009 + 0.0 0.009 + 0.0° 600
Zinc (Zn) 0.004 £0.0° 0.007 = 0.0° 0.007 + 0.0a 300
Magnesium (Mg) 14.63 + 1.0b 32.69 £ 2.5° 30.68 = 0.0°
Barium (Ba) 0.008 +0.0b 0.009 + 0.0 0.009 + 0.0°
Category II (14.28%) Radon (Rn) 0.003+0.0b 0.003 +0.0°® 0.003 + 0.0°
Zirconium (Zr) 0.003 +0.0b 0.003 +0.0° 0.003 + 0.0°
Strontium (Sr) 0.001 £0.0a 0.001 £0.0 0.001 = 0.0°
Rubidium (Rb) 0.002 +0.0a 0.002 £0.0° 0.002 + 0.0°
Francium (Fr) 0.003 £0.0a 0.003 £0.0* 0.003 = 0.0°
Category III (20%) Silicon (Si) 0.008 +0.0a 0.006 + 0.0 0.006 + 0.0°
Argon (Ar) 0.166+0.0a 0.005+ 0.0° 0.005 + 0.0°
Manganese (Mn)) 0.072 + 0.0a 0.012 + 0.0° 0.012 + 0.0°
Lead (Pb) 0.002 + 0.0a 0.001 +0.0®° 0.001 + 0.0° 180
Chlorine (Cl) 0.042 +0.0° 0.005 + 0.0° 0.005 + 0.0°
Technetium (Tc) 0.024 +0.0° 0.017 +0.0® 0.017 + 0.0°
Molybdenum (Mo) 0.048 +0.0® 0.021+0.0° 0.021 + 0.0°
Niobium (Nb) 0.056 +0.0 2 0.032 £0.0° 0.032 + 0.0°
Category IV (11.42%) Iodine (I) 0.000 +0.0° 0.009 £0.0* 0.009 +0.0°
Gallium (Ga) 0.000 +0.0° 0.001 £0.0° 0.001 + 0.0°
Antimony (Sb) 0.000 +0.0° 0.001 £0.0° 0.001 + 0.0°
Tin (Sn) 0.000 +0.0° 0.003 +0.0° 0.003 + 0.0°
CategoryV (8.57%) Tellurium (Te) 0.001 +0.0? 0.000 = 0.0 ® 0.000 + 0.0°
Ruthenium (Ru) 0.004 +0.0° 0.000 +0.0® 0.000 + 0.0°
Thallium (Th) 0.001 +0.0° 0.000 = 0.0 ® 0.000 + 0.0°
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have lower concentrations than FWAD, repeated
application could increase soil salinity and affect its
fertility in the long term.The increase in inorganic
mineral elements in the PDS raises major concerns,
particularly regarding soil and water contamination
(Rashid et al., 2023 ; Kovaeiz et al., 2022). If these
digestates are used as fertilizers or discharged into
the environment, they could degrade soil and water
quality, primarily due to heavy metals and
unregulated elements like alumina and sodium.

This study also identified a second category
(Category II) of inorganic mineral elements ,
representing 14.28% of the analyzed elements,
whose concentrations remain remarkably stable
throughout the anaerobic digestion process. This
category includes radon (Rn), rubidium (Rb),
zirconium (Zr), francium (Fr), and strontium (Sr),
with concentrations ranging from 0.001 + 0.0 mg/1
for strontium to 0.003 + 0.0 mg/I for radon in the
PDS. The absence of major chemical transformations
during digestion suggests chemical inertness under
biodigester conditions.

The concentrations of these inorganic mineral
elements comply with the regulatory thresholds
defined by the AFINOR NF U 44-051 standard where
specified. For'example, sulfur (S) (SR: 0.008 + 0.0
mg/kg; MDS: 0.008 + 0.0 mg/kg; PDS: 0.009 + 0.0
mg/kg) and strontium (Sr) (SR: 0.001 + 0.0 mg/kg;
MDS: 0.001 + 0.0 mg/kg; PDS: 0.001 + 0.0 mg/kg)
remain constant throughout the process, confirming
their low reactivity and chemical inertia.

However, this stability should not overshadow
the risks associated with zinc, where repeated
application of digestate can lead to long-term soil
accumulation. As noted by Yen et al. (2024),
excessive accumulation may degrade soil quality
and inhibit crop growth, an issue exacerbated by
intensive livestock farming, where significant
amounts of zinc are added to animal feed and
subsequently transferred to digestates
(Albuquerque et al., 2012). The third category (III) of
inorganic mineral elements , representing 20% of the
analyzed elements, is characterized by a reduction
in their concentration during anaerobic digestion.
This category includes elements such as silicon (5i),
argon (Ar), manganese (Mn), lead (Pb), technetium
(Tc), molybdenum (Mo), and niobium (Nb). The
decrease in the concentrations of certain inorganic
mineral elements , notably argon, lead, technetium,
molybdenum, and niobium, is crucial for mitigating
soil contamination risks during digestate
application. These findings align with the work of

Golovko et al. (2022), which demonstrated the
effectiveness of anaerobic digestion in reducing
inorganic mineral elements present in digestates.

The anaerobic digestion process promotes the
transformation or degradation of these inorganic
mineral elements , limiting their accumulation in the
final digestate and their dispersion into the
environment. This significantly reduces their
potential impact on soil ecosystems, thereby
preserving soil and water quality while minimizing
health risks. These results highlight the importance
of anaerobic digestion as a sustainable solution for
managing nutrients from organic waste while
mitigating negative environmental impacts.

For instance, the concentration of argon (Ar)
decreases significantly from 0.166 + 0.0 mg/1l in raw
slurry (RS) to 0.005 + 0.0 mg/1in the PDS. Although
argon is an inert gas, its presence in high
concentrations in soils could disrupt soil chemistry.
A similar reduction is observed for chlorine (Cl),
with its concentration decreasing from 0.042 + 0.0
mg /1l in the RS to 0.005 = 0.0 mg/L in the PDS. This
decrease is beneficial, as high chloride ion content in
digestates can lead to chlorosis or physiological
drought, compromising plant growth and causing
significant economic losses for agricultural
operations (Rivero-Nufiez et al., 2021; Skrzypczak et
al., 2023). Regarding lead (Pb), its concentration
slightly decreases during anaerobic digestion, from
0.002 + 0.0 mg/kg in LB to 0.001 + 0.0 mg/kg in the
PDS. Although modest, this reduction could be
attributed to mechanisms such as precipitation or
adsorption by microorganisms, as shown by
Blaszczyk et al. (2024) in their studies on the
anaerobic digestion of sewage sludge. Furthermore,
the measured concentrations remain well below the
threshold of 6 mg/kg set by the AFNOR NF U 44-
051 standard, ensuring the digestate’s compliance
for agricultural use and minimizing toxicity risks for
soils and crops.

However, among the Category III inorganic
mineral elements , the reduction of elements such as
silicon (5i) and manganese (Mn) could influence the
quality of digestate as a biofertilizer. Silicon,
essential for plant tolerance to biotic and abiotic
stresses, decreases in concentration from 0.008 + 0.0
mg/1in raw slurry (LB) to 0.006 + 0.0 mg/l in the
PDS, potentially increasing the susceptibility of
crops like rice and wheat to environmental stress
(Hassan et al., 2024).

Similarly, manganese (Mn), crucial for
photosynthesis and plant defense mechanisms,
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experiences a significant reduction, from 0.072 + 0.0
mg/kg in RS to 0.012 = 0.0 mg/kg in the PDS.
Although this reduction remains well below the 100
mg/kg limit set by the AFNOR NF U 44-051
standard, regular monitoring is recommended to
prevent long-term accumulation or deficiency. These
findings are consistent with the studies by Lim-Hing
et al. (2024) and Fernando and Lynch (2015), which
emphasize the importance of maintaining
manganese balance for optimal crop growth.

Some elements, such as tin (Sn), antimony (Sb),
iodine (I), and gallium (Ga), though absent in raw
slurry, appear in mid-digestion slurry (MDS) and
digestate (PDS) at concentrations around 0.001 mg/
L. These inorganic mineral elements, classified as
the fourth category (IV), account for 11.42% of the
analyzed inorganic mineral elements. Their
appearance may be attributed to the release of
inorganic mineral elements initially bound to
organic matter or other complex compounds present
in the raw slurry. The presence of these elements in
digestate, despite their relatively low concentrations,
likely results from the degradation of organic
compounds during anaerobic digestion. This
phenomenon highlights the importance of
monitoring the release of these inorganic mineral
elements , particularly those potentially associated
with substances contained in digestion equipment.
While their presence in digestate does not pose an
immediate threat due to their low concentrations, it
could have serious environmental implications,
particularly regarding soil and water resource
contamination, if digestates are used as fertilizers.

The fifth category (V) of inorganic mineral
elements, comprising Tellurium (Te), Ruthenium
(Ru), and Thallium (T1), represents 8.57% of the
analyzed inorganic mineral elements and is entirely
degraded during anaerobic digestion. Initially
present in raw slurry at concentrations of 0.001 + 0.0
mg/kg for Te, 0.004 + 0.0 mg/kg for Ru, and 0.00
mg/kg for Tl, these elements become undetectable
during the mid-digestion (MDS) and post-digestion
(PDS) phases, likely due to microbiological and
abiotic mechanisms, including chemical
transformation, precipitation, and volatilization
(Patureau and Trably, 2006; W3odarczyk-Makula,
2008).

The concentrations of Te in digestate are far
below the values typically measured in soils, which
range from <0.08 to 0.12 mg/kg in Sweden
(Eriksson, 2001) and from 0.01 to 0.16 g/kg in Japan
Sekine et al. (1991), with a global average of 0.006

mg/kg (Reimann and De Caritat, 1998). This
effective elimination minimizes the environmental
and health risks associated with the accumulation of
these elements in agricultural soils. The absence of
these inorganic mineral elements in digestate
enhances its quality and promotes its use in
sustainable agricultural practices while reducing the
risks of soil and water resource contamination.

CONCLUSION

This study answers the issue of pig slurry
management in Cote d'Ivoire by demonstrating the
effectiveness of anaerobic digestion in reducing
inorganic inorganic mineral elements , particularly
heavy metals, in digestates. The results show a
significant reduction in lead and chlorine
concentrations, as well as complete removal of
tellurium and ruthenium. Physicochemical
parameters, such as volatile organic matter, chemical
oxygen demand, and moisture content, confirm the
degradation of organic materials and improvement
in digestate quality. These results confirm that, with
proper monitoring, the use of digestate as a
biofertilizer can be safely considered, thus
contributing to sustainable management and
valorization of slurry in a circular economy
approach. However, regular monitoring of
micropollutant concentrations remains essential to
ensure the environmental and health safety of this
practice.
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