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Abstract

Organic amendments favor the development of sustainable agriculture by using less chemical fertilizers. In this way,
the use of digestates from anaerobic digestion as soil conditioners in agriculture has been gaining interest due to
their important N and P nutrient contents, among others. This study evaluated the potential use of digestates from
anaerobic reactors treating food waste in single (D1) and two-stages (D2: hydrolytic/acidogenic and D3:
acetogenic/methanogenic) configurations. Digestate characteristics and their potential application conditions (100,
50, 25, and 5%) were evaluated using Raphanus sativus as an indicator species. D3 reported the best performance in
terms of: (i) better physicochemical, microbiological, and parasitological characteristics, being a class B material,
without exceeding the established limits for heavy metals, fecal coliforms (FC < 1000 CFU 100 mL− 1), Salmonella
spp. (0 CFU g− 1), and viable helminth eggs (0 HE g− 1); (ii) better stability indicators on D3, followed by D1 (volatile
solids/total solids (VS/TS): 0.57 and 0.65, pH: 8.63 and 6.80, respectively), while D2 was the most unstable digestate
(VS/TS > 0.87 and acidic pH); and (iii) greater potential for agricultural use, since a 5% dose produced a germination
index > 120%, whose effect is associated with the presence of humic and fulvic acids and with N and P
concentrations > 1%. In addition, the study reported that volatile fatty acids > 2500 mg L− 1 act as antimicrobial
agents, reducing the required pathogen removal pretreatments.
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Introduction
Population growth and economic development have in-
creased the demand for food for human consumption,
leading to a considerable expansion of the agricultural
frontier. This is one of the anthropogenic activities that
has exerted the greatest impact on terrestrial ecosystems,
since it generates environmental issues such as ground

and surface water pollution, air pollution, and soil deg-
radation. All these problems derive from monocultures,
irrigation, and the use of pesticides and fertilizers [1].
One of the strategies implemented by governments

and the agro-industrial sector to secure high agricultural
production levels has been to foster the use of fertilizers
to the point that 50% of the world population now de-
pends upon them for food production [2]. As a conse-
quence of fertilizer saturation, soil absorption capacities
have been reduced and currently only 30–50% of
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fertilizers are retained in soils, which means that most
are released into the environment and therefore more
fertilizers will be required in the future [1].
In contrast, the application of organic amendments

and the consequential reduction in mineral fertilizers
are environmentally-sound and economically-feasible
approaches that may foster the development of more
sustainable agriculture, and contribute to a circular
economy through the exploitation of these by-
products [3].
Anaerobic digestion (AD) has gained an important

role as a technological option for the treatment of muni-
cipal solid waste (MSW), organic waste and food waste
(FW), with most experience focusing on the single-stage
configuration. However, two-stage configurations are be-
coming increasingly popular, since they are more effi-
cient in the management of solid substrates, such as
FW, due to increased biogas production, among other
aspects.
The main interest in this technological option is due

to the production of biogas with a high methane con-
tent, a renewable and sustainable energy source [4].
However the digestate continues to be a key challenge,
since improper handling can generate negative effects,
such as land occupation, nitrogen overloads, transporta-
tion costs, the presence of toxic microorganisms, and
greenhouse gas emissions [5].
From an agronomic point of view, AD transforms or-

ganic waste producing biogas and digestate, which is a
mineral reservoir [4]. Therefore, AD leads to the produc-
tion of significant amounts of ions and metals that are
essential and beneficial for plant development [6].
Some studies have shown that the application of an-

aerobic digestate in soils can have positive effects on
their physical properties, such as reducing the apparent
density, increasing the saturated hydraulic conductivity
and improving the moisture retention capacity, estab-
lishing the optimal dose according to the crop and type
of waste used to produce the digestate [7].
Additionally, the digestate also has great potential for

agricultural application due to the high level of nitrogen
(N), phosphorus (P), and potassium (K). Furthermore,
quality and crop applicability have been evaluated not
only from the point of view of nutrients, but also for the
content of heavy metals and pathogens. However, the
majority of digestate reports come from single-stage
configurations [5, 7, 8].
In contrast, the study and application of digestates ob-

tained from two-stage configurations have been studied
less [6, 9] according to authors such as Prochazka [10]
and Samaniego and Pedroza-Sandoval [11]. These diges-
tates generate by-products, such as volatile fatty acids
(VFAs), which exhibit phytostimulatory or phytopatho-
genic properties that can benefit crops.

From a normative perspective for the production and
use of these by-products, different countries have imple-
mented regulations, finding different aspects related to
environmental impacts, health risks and digestate
management practices. Some of the European coun-
tries that have these types of regulations are Italy
[12], Ireland [13], Spain [14], and the UK [15]. In the
case of Latin American regulations [16], in general
these are derived from the EPA 503B-1994 from the
United States on the use of biosolids from municipal
sewage treatment plants [17], which are similar to the
digestates from AD of solid waste.
Additionally, in Colombia and throughout Latin

America, most of the regulatory framework focuses on
organic fertilizers or amendments obtained from com-
posting and manure [18–20]. In Colombia, Decree 1287
of 2014 has been approved, “which establishes criteria
for using biosolids generated in anaerobic digesters at
municipal sewage treatment plants” [21], and which is
also a useful reference for assessing digestates from the
AD of organic substrates such as FW and the biowaste
found in MSW.
However, a safe and functional application of this ma-

terial in agriculture requires in-depth knowledge of its
composition, so that possible impacts on the soil and
plants may be determined based on its stability and ma-
turity, among other variables [22].
According to the above, the novel aspect of this study

focused on evaluating the influence of the configuration
of single and two-stage configurations of anaerobic reac-
tors treating FW, from the perspective of the physico-
chemical, microbiological, parasitological, stability and
maturity properties, in addition to evaluating the poten-
tial agricultural application of the digestates produced in
each configuration, using radish seeds (Raphanus sati-
vus) as an indicator species. Furthermore, the regulatory
framework of different countries was analyzed, taking
into account that in Colombia and some Latin American
countries, there are no application standards for organic
amendments obtained through anaerobic processes.

Materials and methods
Digestate sources
The digestates assessed were taken from the mesophilic
semi-continuous anaerobic reactors (35 ± 1 °C) treating
FW from the university restaurant at the Universidad
del Valle (Cali, Colombia), which serves 3000 students
on a daily basis and generates 86.6 kg d− 1 of FW.
Reactors operate at the following organic loading rates
(OLR): (i) single-stage (D1-R1: 9.2 L - 6.0 kg volatile
solids (VS) m− 3 d− 1); and (ii) two-stage (D2-R2-Acido-
genic Reactor: 5.75 L - 15.0 kg VS m− 3 d− 1 and D3-R3-
Methanogenic reactor: 9.2 L - 7.3 kg VS m− 3 d− 1), for a
span of 50 d. The solids retention times (SRT) for the
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single-stage configuration (R1) was 7.5 d while the
two-stage configuration (R2 and R3) corresponded to
3.0 and 5.5 d, respectively. This FW simulates the
MSW conditions of separation at the source with se-
lective collection, in which FW represents 65% of the
total waste [23].

Physicochemical, microbiological, and parasitological
characterization of digestates
The digestate collection process consisted of liquid and
solid fractionation of the material digested in the anaer-
obic process, which consisted of homogeneously mixing
both fractions mechanically. The digestates were stored
at a temperature of 4 °C until their physicochemical,
microbiological, and parasitological characterization was
conducted, in accordance with the agricultural applica-
tion standards from the Colombian regulations on or-
ganic products used as fertilizers and soil amendments,
Colombian Technical Norm (NTC) 5167 [18] and De-
cree 1287 of 2014 [21], in addition to elements from the
US EPA Part 503 rule of 1994 [17], the Italian Decree
No. 29 regarding the Use of Digestates on Agriculture
[12], and the Irish regulations governing the Agricultural
Application of Digestates [13].
The parameters measured herein followed the proto-

cols established by ICONTEC [18] and APHA [24]: pH
(potentiometric in a 50 mL extract of distilled water and
a 10 g sample), moisture (drying process at 100 °C), total
solids (TS), VS (drying and calcination at 150 and
550 °C, respectively), chemical oxygen demand (CODtotal

and CODsoluble) (closed reflux and spectrophotometry-
DR 500 spectrophotometer), total organic carbon (TOC)
(spectrophotometry-DR 500 spectrophotometer (λ = 578
nm), cation exchange capacity (CEC) (using an 50mL
extract of distilled water and a 10 g sample), total nitro-
gen (TN) (Kjeldahl method for total nitrogen titration),
total phosphorus (TP) (spectrophotometry- DR 500
spectrophotometer (λ = 880 nm), and metals (Copper-
Cu, Cadmium-Cd, Chromium-Cr, Zinc-Zn, Mercury-Hg,
Molybdenum-Mo, Nickel-Ni, Lead-Pb and Selenium-Se)
by atomic absorption spectroscopy (λ = 324.8 nm for Cu,
λ = 228.8 nm for Cd, λ = 357.9 nm for Cr, λ = 213.9 nm
for Zn, λ = 254 nm for Hg, λ = 313.3 nm for Mo, λ = 232
nm for Ni, λ = 216.9 nm for Pb and λ = 204 nm for Se).
VFAs (acetic acid-AA, and propionic acid-PrA) and

long chain fatty acids (LCFAs: palmitic acid-PA, and
oleic acid-OA) were quantified by liquid chromatog-
raphy (λ = 210 nm) using an Agilent Technology gas
chromatograph Model 7890B with flame ionization de-
tection and equipped with an HP-FFAP capillary column
(30 mm and an inner diameter of 0.53 mm) [23]. The
samples were filtered with 0.45 μm cellulose acetate,
then acidified with concentrated H3PO4 (pH < 3.0); the

injection volume was 0.6 μL, and the injector and de-
tector temperatures were 250 and 300 °C, respectively.
The microbiological and parasitological parameters

characterized were fecal coliforms (FC) (NMP in Fluoro-
cult LMX broth), Salmonella spp (biochemical tests and
serological identification), and viable helminth eggs (HE)
(settling-flotation in ZnSO4) as suggested by USEPA
[17], Boost and Poon [25] and Bailenger [26]. All physi-
cochemical, microbiological, and parasitological parame-
ters were measured in triplicate.

Determining digestate stability and maturity
Digestate stability was determined according to Tigini
et al. [27], in terms of CODtotal, CODsoluble, TS, and VS.
To determine digestate maturity, the level of phytotox-
icity was established through germination tests, using
radish (R. sativus) seeds, a sensitive, fast-growing, and
easy-to-handle indicator species, that exposes phytotoxic
substances through their negative effects on seed ger-
mination and growth [28].
The germination tests were assessed in triplicate using

their corresponding blank (pure distilled water) as a con-
trol treatment and with 100, 50, 25, and 5% doses of
each digestate diluted in distilled water [28]. Using twee-
zers, filter paper disks (Whatman No. 3) were placed in
the Petri dishes, wherein 10 radish seeds had been
placed with enough distance to account for root growth.
Then, a syringe was used to saturate these filter paper
disks with 4 mL of each digestate dilution. Next, the
seeds were allowed to germinate for 4 d within a cham-
ber at 25 °C.
At the end of the germination tests, the characteristics

of the germinated seeds were recorded for the roots and
the leaves, measuring their relative seed germination
(RSG), relative root elongation (RRE), and germination
index (GI) as specified by Eqs. (1)–(3), according to the
methodology described by Issarakraisila et al. [28]:

RSG ¼ No:of seeds germinated in the dilution
No:of seeds germinated in the blank

� 100 ð1Þ

RRE ¼ Average root length in the dilution mmð Þ
Average root length in the blank mmð Þ � 100 ð2Þ

GI ¼ RSG � RRE
100

ð3Þ

To assess the phytotoxicity levels, the results obtained
were analyzed considering that: (i) GI values ≤50% indi-
cate a strong presence of phytotoxic substances, (ii) GI
values between 50 and 80% indicate moderate presence
of phytotoxic substances [28], (iii) GI values exceeding
80% indicate a positive effect, and (iv) GI values exceed-
ing 120% evidence bio stimulation effects.
To complement the phytotoxicity analysis, bicarbonate

alkalinity (BA), VFA, and UV254 absorbance were
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quantified for the measurement of humic (HA) and ful-
vic acids (FA) at 50, 25, and 5% treatments. HA was
measured at a wavelength between 200 and 400 nm, an
absorbance > 2.5 cm− 1, FA between 270 and 330 nm,
and absorbance ranging between 0.6 and 3.0 cm− 1.
These tests excluded the 100% proportion because it
could lead to an overestimation of the results regarding
HA and FA presence [29].

Statistical analysis
To assess the influence of each digestate dose on RSG,
RRE, and GI, a statistical analysis was performed using
the R Statistical Computing software version 3.6.5® to
determine the existence of significant statistical differ-
ences (p < 0.05). In addition, a one-way analysis of vari-
ance (ANOVA) was performed and the post-ANOVA
test was applied (Tukey: p < 0.05) to determine any sig-
nificant differences between the examined treatments.

Results and discussion
Physicochemical, microbiological, and parasitological
characterization of digestates
Table 1 below reports the characterization results for
the digestates assessed and the values from the different
standards used as benchmark.
Regarding pH, the values are within the range estab-

lished as per NTC 5167 [18] for all digestates. While D2
exhibited acidic characteristics, D1 and D3 displayed al-
kaline characteristics. This is because of the type of
process and environmental conditions of each of the re-
actors and is related to the BA concentrations (> 1000
mg L− 1) for methanogenic digestates (D1 and D3) and
their absence in acidogenic digestates (D2) [30]. These
characteristics are critical from the standpoint of diges-
tate use, since they determine its potential applicability
in acidic or alkaline soils [16].
In Colombia, acidic soils represent 85% of all agricul-

tural lands [31], which indicates greater potentiality for

Table 1 Physicochemical, microbiological, and parasitological characterization of digestates

Parameter Value NTC
5167

NU NCa NI NIt

D1 D2 D3

Physicochemicals

pH 6.77–6.83 4.57–4.67 8.56–8.70 4–9 N.E N.E N.E N.E

BA (mg L− 1) 1052 ± 120 0.00 ± 0.0 1666 ± 350 N.E N.E N.E N.E N.E

Moisture (%) 92.5 ± 7.2 93.0 ± 5.3 93.1 ± 6.3 35 N.E N.E N.E N.E

CEC (cmol kg− 1) 20.9 0 ± 1.2 70.7 ± 5.5 51.8 ± 6.2 ≥ 30 N.E N.E N.E N.E

TOC (g kg− 1) 38 ± 3 37 ± 1 40 ± 2 ≥ 15 N.E N.E N.E N.E

TN (g kg− 1) 6.9 ± 1.2 14.3 ± 3.2 14.6 ± 3.3 > 1.0 N.E N.E N.E 1.5

TP (g kg− 1) 7.2 ± 1.5 1.4 ± 0.5 10.5 ± 1.7 > 1.0 N.E N.E N.E 0.4

AA (mg L−1) 5090 ± 250 2422 ± 150 3501 ± 178 N.E N.E N.E N.E N.E

PrA (mg L−1) 1062 ± 168 1156 ± 148 1039 ± 201 N.E N.E N.E N.E N.E

PA (mg L−1) 178 ± 60 546 ± 25 122 ± 17 N.E N.E N.E N.E N.E

OA (mg L−1) 107 ± 25 546 ± 45 61 ± 24 N.E N.E N.E N.E N.E

Cu (mg kg−1) 31.7 ± 0.4 60.6 ± 0.8 148.3 ± 0.7 N.E 1500 1750 149 230

Cd (mg kg−1) 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 N.E 39 40 1.3 1.5

Cr (mg kg−1) 11.2 ± 0.2 25.9 ± 0.2 52.8 ± 0.2 1200 1200 1500 92 0.5

Zn (mg kg−1) 202 ± 25 1055 ± 80 1177 ± 61 N.E 2800 2800 397 600

Hg (mg kg−1) < 0.01 < 0.01 < 0.01 17 17 20 0.4 105

Mo (mg kg−1) < 2.3 < 2.3 < 2.3 N.E 75 75 N.E N.E

Ni (mg kg−1) 7.8 ± 1.1 12.9 ± 6.5 32.8 ± 2.5 420 420 420 56 100

Pb (mg kg−1) 3.6 ± 3.5 6.5 ± 2.5 22.8 ± 2.9 300 N.E 400 149 140

Se (mg kg−1) < 0.01 < 0.01 < 0.01 N.E 36 100 N.E N.E

Microbiological and Parasitological

FC (CFU 100mL−1) 0 ± 0.0 0 ± 0.0 0 ± 0.0 < 1000 < 1000 < 2 E + 6 1000 N.E

Salmonella spp. (CFU 25 g− 1) A A A A < 3 NMP 4 g−1 < 1E + 3 A A

HE (HE g−1) 16 ± 1.0 6 ± 1.0 0 ± 0.0 N.E < 1.0 < 10 N.E N.E

Parameters measured on a dry matter; A Absence, NTC Colombian Technical Norm, NC Colombian Standards, NU US Standards, NI Irish Standards, NIt Italian
Standards, N.E Not Required aClass B. Source: [12, 13, 17, 18, 21]
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D1 and D3 application. In addition, the presence of BA
can improve the agricultural potential of acidic soils
(≤ 5.5 units), considering that these soils can exhibit
soluble Al3+ and Mn2+ concentrations, which can
reach toxic levels for crops and affect the microbial
consortiums and the activities of the microorganisms
that mineralize organic matter and perform the mi-
crobial transformation of nitrogen and sulfur [32].
Regarding moisture, an excess in soil water contents

displaces oxygen, generating anaerobic conditions and
causing aerobic microorganisms to start using other ele-
ments, such as N, Mn, and S, to fulfill their life cycle.
Therefore, the availability of these crucial macronutri-
ents for root growth and cytokine synthesis is decreased
[33]. Since the values reported for all digestates is higher
than the recommended value (35%), the application of
moisture reduction processes, such as thermal or chem-
ical pretreatments, which can even contribute to diges-
tate sanitation by reducing pathogenic microorganisms
without affecting their soil improvement capacities, is
highly recommended [16].
CEC is related to the gradual release of nutrients to

crops and the retention of potential pollutants that are
in the soil [1]. D1 reported a lower CEC than the value
established in NTC 5167 [18], while the D2 and D3
values are within the range established therein, and are
similar to values reported by Voelkner et al. [34], who
mention that CEC values depend on the content of or-
ganic matter and hydroxides (particularly from the –
COOH and –OH groups), since they interact with the
interchangeable cations in the soil [16].
For D1, its low CEC may be associated with the oper-

ating OLR reported by the reactor (6.0 kg VS m− 3 d− 1),
which led to an overload and, in turn, to the presence of
non-mineralized organic matter [4].
Overall, TOC, TN and TP meet the minimum require-

ments for organic amendments used in crops, estab-
lished in NTC 5167 [18], wherein the potential
contribution from digestates in terms of organic matter
and nutrients is emphasized. D3 reported the highest
concentrations of TN and TP, followed by D1 and D2.
The values found are also similar to other digestates ob-
tained through the AD of FW, such as those reported by
Drosg et al. [35] (4.93 g N kg− 1 and 0.90 g P kg− 1).
These characteristics are especially interesting since

about 40% of Colombian soils evidence erosion condi-
tions, with one of their preceding aspects being the
shortage of organic matter, and the presence of these
nutrients can bring about a reduction in soil tempera-
tures fluctuations due to the fact that they promote
rapid seed germination, which leads to cohesion between
the soil and the root of the plant [19]. In this study, the
TOC, TN, and TP values agree with the findings re-
ported by Tambone et al. [36] which assert that high

contents of these elements are commonly found in
digestates.
With respect to heavy metals, Zn was the only metal

that exceeded the Irish (397 mg kg− 1) and Italian (600
mg kg− 1) standards in D2 and D3, although fully com-
plying with the concentration levels provisioned in the
NTC 5167 standards, Decree 2187, and the USEPA Part
503 standard.
D1 did not report an excess of Zn since the organic

compounds produced in single-stage reactors generate
low metal accumulation rates [37]. Nevertheless, al-
though regulations regarding this metal are usually
based on total concentrations, its ecotoxicity depends
not only on total concentrations but also on its speci-
ation. In fact, speciation determines its bioavailability
[38], because this element exhibits very low mobility and
tends to build up in plant roots and withered leaves [39].
Another interesting aspect in terms of digestate char-

acteristics is the presence and quantity of VFAs, which
influences the volatilization of the nitrogen levels avail-
able at concentrations ranging from 1100 to 4900mg
L− 1, thus, improving crop assimilation [40].
In addition, we must also determine what type of acid

(short or long chain) is generated, to establish whether
its potential effect on the crop is either toxic or stimulat-
ing [11]. Both aspects are subject to the dynamics of the
organic matter transformation process (composting, AD,
and vermicomposting) [10].
Within this context, Samaniego and Pedroza-Sandoval

[11] further claim that VFAs, such as AA and PrA, exhibit
properties against the phytopathogenic organisms in the
soil (concentrations > 307mg L− 1). In fact, these organisms
die in just minutes, because the VFAs modify the osmotic
gradient of the cell membrane of these microorganisms
[34]. This effect was evidenced in this study, wherein the
microbiological characterization denoted an absence of FCs
and Salmonella spp. in the digestates, as well as high VFA
levels (AA: D1: 5090mg L− 1, D2: 2422mg L− 1, and D3:
3501mg L− 1 and for PrA: D1: 1062mg L− 1, D2: 1156mg
L− 1, and D3: 1039mg L− 1). Furthermore, since PA and OA
are considered phytostimulants [29], their presence must
be assessed in the digestates.
However, it is necessary to consider any negative ef-

fects that these types of acids may have on microorgan-
isms which are beneficial for crops, since some are
tolerant to certain concentrations or use this type of
compound as a carbon source.
The infectious properties of HE can be preserved be-

tween 20 months and 6 yr [41]. In this study, D1 re-
ported a higher level of HE than D2 (60% reduction) and
D3 (total inactivation). This behavior is also related to
the antiparasitic effect from the VFAs and the double
exposure of these compounds experienced by the
digested material in the two-stage configuration.
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These two conditions also contribute to the complete
obliteration of the protective membrane surrounding the
parasites [11]. Furthermore, Timper [42] determined
that nematodes like Meloidogyne spp. are completely re-
moved at AA concentrations of 331 mg L− 1.
In summary, in terms of physicochemical, microbio-

logical, and parasitological characteristics and in accord-
ance with Colombian (NTC 5167–2011 and Decree
1287–2014) and American (EPA 503–1994) standards,
the two-stage AD-FW configuration favored digestate
features, with D3 exhibiting the best quality, not only in
terms of organic matter and nutrients but also in terms
of metal contents, low FC loads, and the absence of Sal-
monella spp. and HE. Hence, D3 was classified as a type
B material, which could be used as a soil improver or
organic fertilizer for crops that require subsequent pro-
cessing (i.e., corn, sugar cane, wheat, among others).
Conversely, although D1 and D2 report contents of

organic matter and nutrients that would allow them to
be potentially used as amendments, the presence of HE
dictates the implementation of sanitation strategies. Fur-
thermore, since D2 reports a low pH level, it may only
be used in alkaline soils or requires pH and alkalinity ad-
justments [16]. In all cases, the moisture content of
these digestates should be reduced before they can be
used for agricultural purposes.

Digestate stability
Regarding the stability parameters of the digestates,
Table 2 presents the parameters related to stability.
Regarding the CODtotal and CODsoluble values, the high

concentrations reported are possibly associated with the
VFAs and the preceding HA materials (lignin and hemi-
cellulose, among others, found in the FW), which biosti-
mulate plant growth due to stable molecules such as
lignin and proteins [11]. Notwithstanding, the concen-
trations reported for D2 and D3 are lower than those re-
ported for D1, which is associated with a more efficient
organic matter transformation in the two-stage configur-
ation [23].
Akhiar et al. [43] sustain that reducing organic loads

by more than 50% guarantees stable conditions for the
organic matter; however, there is no agreement in the
proposed values to secure a stable digestate in terms of
COD. In addition, Tigini et al. [27] claim that the lower

the COD concentration, the higher the digestate
stability.
The VS/TS ratio has often been considered as an indi-

cator variable of stability [43]. In this regard, MVCT [21]
mention that a higher content of organic matter (repre-
sented by a higher VS/TS ratio) reflects lower stability.
Conversely, Akhiar et al. [43] and Peng et al. [6] estab-

lish a 0.37–0.77 range for stable digestates, emphasizing
that the content of organic matter must be related to the
presence of substances such as VFAs and lignocellulosic
material. In this study, D3 reported the lowest VS/TS ra-
tio (0.57) followed by D1 (0.65). Still, D2 reported a
much higher value (0.85), which indicates that D3 is the
least active digestate of the three and therefore, the most
stable [21].
In terms of digestate generation, Fig. 1 denotes VS bal-

ances for each reactor, wherein the two-stage configur-
ation reduces VS content by 80% (35% less digested
material produced during the AD) as opposed to the
single-stage configuration. This may be attributed to the
greater transformation of organic matter from the sub-
strate into biogas (approximately 30%) reported for the
two-stage configuration. Within this context, Parra-
Orobio et al. [23] agree that two-stage reactors remove a
higher amount of VS and COD, as reflected by the lower
quantity and greater stability of the digestate produced.
These results suggest that the two-stage AD-FW, in

addition to being more favorable than the single-stage
configuration in terms of generating greater substrate
degradation by improving the hydrolysis process [23], is
also more favorable in terms of higher digestate stability,
which is consistent with the findings reported. During
its decomposition processes within the soil, this material,
as an organic matter source, can contribute to the gener-
ation of a colloidal humus, thus, providing structure and
porosity to the soil [6].

Digestate maturity
Table 3 lists the resulting germination and physico-
chemical parameters values for the different digestates
assessed.
As it can be observed, the RSG, RRE, and GI values re-

ported an inverse relationship with the doses assessed
for all digestates. In this sense, the 5% dose produced
better results for the variables associated with phytotox-
icity, which is confirmed from the statistical point of
view, where significant differences were found among all
digestates and doses (p < 0.05) and among D1, D2, and
D3 doses (p < 0.05), confirming, from the Tukey test,
that the 5% dose reported the biggest differences in
these indicators for all digestates.
This is consistent with the findings reported by Da

Ros et al. [22], who achieved better germination rates
and physicochemical properties with doses under 12.5%,

Table 2 Stability parameters for the digestates assessed

Parameter D1 D2 D3 Unit

CODtotal 69.07 ± 1.68 14.17 ± 7.72 30.87 ± 1.70 g L− 1

CODsoluble 57.81 ± 0.30 11.70 ± 0.76 25.28 ± 0.49 g L− 1

TS 44.90 ± 3.30 7.98 ± 0.60 33.38 ± 1.64 g L− 1

VS 29.30 ± 0.40 6.82 ± 0.65 18.91 ± 0.30 g L− 1
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as these conditions allow nutrients to be assimilated
more easily by the plant, and in turn, dilute potential in-
hibitory substances for the root system [33].
At concentrations of 100 and 50%, the RSG value was

0%. The RSG value increased for the 25% concentration
(14–34%), however the digestates at this dose had not
yet completed their maturity stage, and, therefore, con-
tained phytotoxic substances, such as VFAs (> 950mg
L− 1) and organic compounds that had not been fully
metabolized at that point [11].
Although some authors point out the beneficial effect

of VFAs in the soil, the findings described here may be

related to the fact that soil is not used in the phytotox-
icity test, an element that reduces the potential of VFAs
due to the interaction of the abiotic and biotic compo-
nents that constitute them [11].
For the 5% doses, the RSG values ranged between 70

and 95%, similar to those by Bona et al. [44], who
concluded that as diluted digestate doses decrease, ger-
mination increases. This is attributed to an increase in
organic carbon availability as organic carbon exhibits a
tendency to form compounds with potential contami-
nants, thus reducing the effects from any phytotoxic
substances found in digestates.

Fig. 1 Solids stream in single-stage and two-stage configurations

Table 3 Germination, pH, BA, and VFAs test results

D Do (%) RSG (%) RRE (%) GI (%) pH BA (mg L− 1) VFAs (mg L− 1)

D1 100 0 0 0 8.07–8.08 1053 ± 43 8581 ± 2627

50 0 0 0 8.03–8.07 543 ± 2 4479 ± 185

25 33 ± 30 3 ± 3 1 ± 1 8.07–8.17 305 ± 39 2501 ± 37

5 70 ± 17 100 ± 2 70 ± 16 8.19–8.21 61 ± 1 640 ± 9

D2 100 0 0 0 4.68–4.70 0 8200 ± 781

50 0 0 0 4.74–4.76 0 6609 ± 126

25 14 ± 4 31 ± 8 4 ± 1 4.75–4.77 0 4310 ± 30

5 97 ± 6 100 ± 2 73 ± 2 5.04–5.06 0 1175 ± 140

D3 100 0 0 0 9.30–9.32 1649 ± 23 3626 ± 137

50 0 0 0 9.14–9.16 788 ± 3 1734 ± 5

25 28 ± 25 6 ± 6 2 ± 2 9.11–9.13 445 ± 5 921 ± 37

5 95 ± 3 207 ± 19 195 ± 36 8.56–8.60 92 ± 3 127 ± 0

D Digestate, Do Dose, D1 Single-stage AD digestate, D2 Acidogenic phase digestate, D3 Methanogenic phase digestate
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With relation to RRE, the 5% dose also reached values
above 90%, which may indicate that the doses of 100, 50,
and 25% may exhibit moderately phytotoxic metabolites
or an imbalance of the buffer capacity within the
medium, as reflected in the high VFA concentrations.
Although this does not prevent the seed from germinat-
ing (as evidenced by the RSG values), it can constrain
root development as roots may be exposed to stress
from organic acid activity [11]. This phenomenon is
similar to those results reported by Mupambwa et al.
[45], who achieved a 47–97% RRE value using different
cultures at digestate doses under 10%.
Regarding the GI, for both D1 and D2, the 5% dose re-

sults indicate a moderate presence of phytotoxic sub-
stances (50% < GI < 80%), which means that they had not
yet reached maturity. Conversely, the 5% doses yielded
better maturity levels with some biostimulation signs for
D3 (GI > 120%). Hence, the results reported for both D1
and D2 suggest the existence of organic matter that par-
tially stimulates plant growth, as well as the presence of
phytotoxic compounds [28].
Furthermore, Sipkova et al. [46] specify that plants as-

similate FAs better, since HAs are soluble in an alkaline
aqueous media but insoluble in water under acidic con-
ditions, while FAs are the soluble fraction at all pH
values. In addition, FAs stimulate plant root systems.
Figure 2 below denotes the presence of HAs and FAs in
terms of UV254 absorbance, which is typically associated
with the presence of natural organic matter, such as
these organic compounds [29].
The observed behavior is in accordance with the find-

ings reported by Zheng et al. [29] who claim that these
compounds are commonly found in digestates, since FW
contains substrates with an important fraction of

lignocellulosic material, which fosters the formation of
these organic compounds. Therefore, UV254 values may
potentially identify agriculturally viable organic com-
pounds that originate as AD-FW by-products, such as
digestates.
As for D3, this digestate may have exhibited better

characteristics than the others due to its concentrations
of PA, OA, and HA substances that, in addition to being
phytostimulants, also serve as electron acceptors that
improve effectiveness and accelerate organic matter bio-
degradation through microbial action. These results are
also associated with the presence of FAs as evidenced in
the second peak from Fig. 2 representing D3.
The aforementioned phenomenon actually constitutes

an additional advantage when using these digestates as
partial replacement for chemical fertilizers, since these
compounds are commonly added to the soil through
chemical inputs. Furthermore, most agricultural soils in
Colombia report higher a HA than FA content. Overall,
5% D3 is the digestate that fosters optimal development
of radish (R. sativus) crops due its nutrient availability
and buffer capacity, which did not affect the root system
of the plant, as well as for the presence of humic acids
and, in particular FA.

Conclusions
The anaerobic digestion of food waste confirms the pos-
sibility of obtaining highly agriculturally viable diges-
tates. In this sense, the best quality digestates were
produced through the anaerobic two-stage configuration.
The digestate from acetogenic-methanogenic reactor
(D3) was much better due to its content of essential
macronutrients, such as nitrogen and phosphorus, ex-
ceeding the acceptable metal levels by 1%, in addition to

Fig. 2 UV254 curves used to identify HA and FA at 50, 25, and 5% doses for each digestate assessed
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the presence of short-chain fatty acids with antimicrobial
effects, such as acetic and propionic acids, and long-
chain volatile fatty acids, such as palmitic and oleic,
which exert a phytostimulating action.
D3 evidenced the best characteristics among the diges-

tates assessed (best stability and maturity properties in
terms of VS/TS content, COD, and GI, with values ex-
ceeding 120% at a 5% dose), which favors biostimulation
for growing radish (Raphanus sativus) crops. This bio-
stimulation is also attributed to its nutrient content and
the presence of humic and fulvic acids. D3 presented
class B material conditions. However, all digestates re-
quire additional treatments to reduce the moisture con-
tent by about 35%, as established in the agriculture use
standards and regulations that govern these products.
It is necessary to recommend revision and adjustment

the Colombian standard in terms of moisture content,
since it is difficult to achieve moisture percentages of
35% through anaerobic digestion of food waste without
resorting to pretreatment.
The dilution of the digestate to 5% with the water used

in the irrigation processes of crops on a larger scale
should be evaluated, analyzing effects in the field and
considering agriculture operational factors. Likewise, the
use of other types of water as dilution agents for diges-
tates than can also provide nutrients, such as wastewa-
ter, should also be evaluated, whilst considering their
prior physicochemical characterization.
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