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Abstract

Purpose Urban organic solid waste (UOSW) has great potential to be transformed into solid and liquid organic
fertilizers, thus avoiding its accumulation in landfills and reducing the environmental impact caused by the gener-
ation of gases and leachates. Therefore, the purpose of this research was to study the management of the UOSW
in the municipality of Paipa as raw material for obtaining solid organic fertilizer through composting and a liquid
fertilizer through fermentation.

Method The UOSW of Paipa was combined with inorganic salts such as carbonates, phosphates, sulfates and
source of carbohydrates to enrich its bacterial load and chemical composition. The content of essential nutrients
that contribute to good soil-plant synergy, heavy metals and pathogenic microorganisms in the primary and final
material were determined.

Results The experiment showed a high COO load, between 24-35%, and similar values in organic N content in the
primary materials. Heavy metals were found below the minimum allowed by the CTS 5167 of 2011 for the organic
solid residue, and no pathogenic microorganisms were found. Composting and fermentation processes improved
the physical-chemical properties of the materials; however, the liquid mineral organic fertilizer did not comply
with the established parameters, while the solid one was in compliance with the requirements.

Conclusion After a period of 4 months, the study showed that solid UOSW from the municipality of Paipa can be
used as a potential source for producing organic fertilizers by adding nutrients in mineral forms, complying with
the nutrient requirements for plants and soil feeding organisms.

Keywords Compost safety, Leachate fermentation, Urban organic waste, Fertilizer

Introduction atmosphere as COZ, while another part is transformed

into more simple compounds that are mineralized, hu-
midified (Bridgham and Ye 2013) or stored in its own
microbial structures (Llorente et al. 2008). In addition,

The soil organic matter corresponds to the smallest sol-
id fraction, yet is the most dynamic, as it comes from

plant and animal waste or microbial mass in a decom-
position process that leads to mineralization and hu-
mification (Juma 1999). It decomposes aerobically or
anaerobically where oxide-reduction reactions occur,
and whose final product depends on this environment.
During its decomposition, a part of C is returned to the
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organic solid waste contains approximately 70-80%
water, depending on the source, so inadequate transfor-
mation processes may lead to problems of air, soil and
water pollution.

Undoubtedly, the Urban Organic Solid Waste
(UOSW) is an increasingly abundant source of external
organic matter. Its management has become critical due
to its excessive generation, as a consequence of pro-
duction and consumption processes, population growth,
increased demand of food as well as the expenditure
on resources and services. As far as the environmental
sanitation is concerned, the use of UOSW represents
benefits ranging from reducing the use and consump-
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tion of raw materials, minimizing the amount of waste
disposed of in sanitary landfills and reducing the flow
of leachate in those landfills which would greatly min-
imize environmental impacts. Regarding usable waste,
the Colombian legislation has established parameters
concerning collection methods, selective transport
as well as the characteristics of the classification and
harnessing stations; however, it has not indicated the
organic waste management methods; similarly, the
mandatory nature of harnessing energy has not been
established and is subject to the criteria of municipal-
ities, conforming to what each one includes in its Solid
Waste Integral Management Plan (SWIMP).

According to the DANE in Colombia (2018) ap-
proximately 1.58 tons of urban solid waste reaching the
landfills were generated by households, for example,
in Bogotd, at the Dofla Juana landfill, 187,963.8 tons
of waste were received per month. Likewise, at the
Pirgua-Tunja sanitary landfill in 2018, 4,281.12 tons
were generated monthly (Superintendency of Public
Domiciliary Services 2018), from which at least 40.3%
constitutes organic waste. In the case of Paipa munic-
ipality, 420 tons of solid urban waste (SUW) are col-
lected monthly, and according to the record of monthly
disposal in the municipality, this amount is character-
ized according to SWIMP as 44.51% organic, 36.12%
recyclable and 19.37% not usable waste.

On the one hand, the physicochemical and microbi-
ological analysis shows that the Paipa UOSW displays
favorable characteristics, firstly, in relation to harness-
ing and obtaining alternative energy and, secondly, as a
liquid fertilizer and solid fertilizer. On the other hand,
knowledge of microbial populations, as well as organic
and inorganic composition is required to assess a poten-
tial risk the people who handle waste are exposed to, tak-
ing into account that during the decomposition of organ-
ic waste, strong odors and polluting gases such as CH,,
CO,, NH,, H,S, NO, and NO, are produced, which in
combination with other gases contribute to the increase
in the planet’s temperature (Moreno and Moral 2008).
Decomposing urban waste in open-air facilities may lead
to this problem not only because of the gases released
into the atmosphere but also because of a leachate that
ends up polluting soil and water. Additionally, Zahrim
et al. (2015) stated that based on the greenhouse gas re-
duction measurement composting option is preferred to
incineration as a waste management option.

As a consequence, the purpose of this article is to
analyze the management of UOSW as raw material for

obtaining a solid organic fertilizer by composting, and
a liquid fertilizer by fermentation, with the addition
of micro-elements in the form of inorganic salts and a
source of carbohydrates to enrich its chemical compo-
sition and bacterial load.

Materials and methods
Characterization of UOSW (Urban Organic Solid Waste)

The analysis of the UOSW management was com-
menced by establishing the chemical and microbiolog-
ical composition of the solid and liquid raw materials,
for which samples were taken directly from a compac-
tor refuse collection lorry (Fig. 1). The liquid waste was
collected in sterilized glass jars with 1000 cc capacity,
without leaving an air chamber; these were then her-
metically closed and transported in a thermal polysty-
rene refrigerator containing ice. Following that, the sol-
id sample was placed on a dehydration platform. Next,
10 subsamples were collected in a plastic container and
mixed until homogenized; 1 Kg was taken in a plastic
bag with a hermetic seal and placed in a thermal poly-
styrene refrigerator which was then transported to the
laboratory of the Molecular Studies Interdisciplinary
Group (MSIG) at the University of Antioquia for the
corresponding analyzes.

Analytical methods
Solid sample

In the raw and final materials obtained in the compost-
ing process a pH at 10% in water and electrical conduc-
tivity in the soluble extract in aqueous medium using a
ratio of 1:200 were established. The moisture content
was determined at 378.15 K for a time of 24 hours. The
content of Cd, Cr, Ni and Pb was determined through
Atomic Absorption (AA). The total oxidizable organ-
ic carbon content was obtained by titrimetric methods;
the density was determined by gravimetry and the total
organic nitrogen by the Kjeldahl method (AOAC offi-
cial methods). The C/N proportion data was calculated
using the abovementioned results. Additionally, ash
and moisture content were measured by the gravimetric
method. Microbiological tests corresponded to meso-
philes, thermophiles, molds, yeasts, CFU/g Enterobac-
teriaceae and Salmonella presence per 25 g and nema-
todes and protozoa count per 100 g CTS 5167 (2011).
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Liquid sample

For this product, electrical conductivity and pH tests
were run using a potentiometric technique. Further-
more, total phosphorus was measured by spectropho-
tometry while total solids, total suspended solids, total
dissolved solids, volatile solids and fixed solids were
determined through gravimetric tests. BOD, was cal-
culated with an OxiTop measurement technique and,
finally, Chemical Oxygen Demand (COD) was deter-
mined by closed reflux CTS 5167 (2011).

Fermentation process

In the dehydration zone, the leachate generated from
the solid material was collected by gravity in an un-
derground tank with a capacity of 4 m?® then it was
passed through a tube to a fermentation tank, where
sugarcane molasses was added at 3% as an energy
source, in the same way Zn, Cu, Mn, Fe, K and H,BO,
sulfates were dissolved at 0,5% and MgSO, at 1%.
The fermentation process of the liquid took 20 days,
during which a supernatant of different colors ap-
peared. It corresponded to the fungal microorganisms
and bacteria that were not identified in this test. The
fermented liquid samples were then put in sterilized
1000 cc glass bottles and packed, without leaving an

Fig. 1 Compactor refuse collection lorry employed
in Paipa, Boyaca, Colombia

air chamber, in a thermal polystyrene refrigerator with
cooling gel. They were later taken to a laboratory to
be analyzed.

Composting process

The material discharged in the dehydration area (Fig.
2) was turned around daily for 10 days until humidity
was reduced to 50% in order to allow oxygen to enter,
and subsequently increase the temperature. Following
that, the material was transferred to the composting area
where overturning occurred for a period of 40 days,
during which time temperature and humidity monitor-
ing was performed until both factors stabilized at room
temperature and at 30% humidity. At this point, the pile
was humidified by adding 20 L/t of pure leachate to
reactivate the microbial activity and increase the tem-
perature. Subsequently, it stabilized again at room tem-
perature with tumbling repeated every three days for 15
days. Next, it was watered with a fermented liquid min-
eral fertilizer at a ratio of 20 L/t. Finally, the obtained
solid was ground, sieved and Ca (PO,)F phosphoric
rock and dolomite lime (CaCOMgCO,) were added
at a concentration of 5%. This was done to guarantee
a mineralogical composition with the characteristics
of an organic mineral fertilizer that contributes to the
feeding of soil organisms and plant nutrition.
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At this point of the process (65 days of composting),
10 subsamples were collected from the pile at differ-
ent heights and depths and put in a plastic container.
Then they were homogenized and a single sample was
extracted in a plastic bag with a hermetic seal. It was
placed in a thermal polystyrene refrigerator with cool-
ing gel and, just like the raw material samples, was sent
to the MSIG laboratory. The monitoring was carried out
every 30 days for four months.

Results and discussion

Physicochemical and microbiological composi-
tion of organic solid and liquid waste

Leachate

Compositional characteristics of our leachate, raw
material for a liquid organic fertilizer, coincide with
those presented for leachates generated in open and
closed composting facilities and are in the range of
30 to 74,000 mg/L for BOD, and 42,180 to 107,160
mg/L COD (Roy et al. 2018). In our study, BOD, of
4000 mg/L was obtained, which corresponds to a se-
riously polluted classification taking into account that
it exceeds 120 mg/L. Moreover, COD of 74,700 mg/L
was detected. Its parameter is located within Class 4
of contaminated fluids that are between 4,000-50,0000

Having obtained the laboratory results, we proceed-
ed to analyze them and make corresponding compar-
isons with other studies carried out. The product was
evaluated in accordance with the mandatory require-
ments established by the Colombian Technical Stan-
dard CTS 5167 regarding products for the agricultural
industry, organic products used as fertilizers or fertiliz-
ers and soil improvers or conditioners.

Fig. 2 Area used for the composting process in
Paipa, Boyacda, Colombia

mg/L (Esguerra 1989) and also corresponds to seriously
contaminated fluids, considering that the value is >200
mg/L in accordance with what has been mentioned in
some studies (Hammer and Hammer 2003; Wan et al.
2019). The high values of COD indicate the need to
treat this waste in order to avoid possible damage to the
environment (Hashemi and Khodabakhshi 2016) and to
be able to use it as a liquid organic fertilizer. The con-
tent of oxidizable organic carbon (COO) was at 24.4%;
this COO level may be related to the solid-liquid mass
transfer processes caused by the hydrolysis of organic
matter by enzymatic reactions, solubilization of organ-
ic and inorganic molecules and, finally, entrainment
of particulate matter as mentioned by Krogmann and
Woyczechowski (2000).

The value of CE calculated in this study was low
(Table 1) considering that the values range from 14,2
to 826 uS/m as reported by Roy et al. (2018); this can



International Journal of Recycling of Organic Waste in Agriculture (2021)10: 379-395

383

be related to a low content of dissolved inorganic sub-
stances such as chlorine anions, nitrates, phosphates and
some cations such as sodium, magnesium, calcium and
iron (Mishra et al. 2014). Besides, the leachate present-
ed a strongly acidic pH of 4,313, which is consistent
with that reported by Mokhtarani et al. (2012). This pH
value can be attributed to the presence of acid-forming
organisms through fast decomposition of organic mat-
ter, and can be responsible of accumulation of organic
acids such as acetic, propionic, butyric and other acids
(Samaniego and Pedroza 2013; Mokhtarani et al. 2012).
Additionally, our results are below the ranges men-
tioned by Chelliapan et al. (2020) which are between
5.8 and 8.5 for the leachate from landfills, which would
point to a lower amount of organic matter available to
be degraded.

The total P content in this study stood at 0.73%,
higher than reported by Azeem (2015) that was 0.308%
in restaurant and hotel waste, this P present in the lig-
uid phase could originate from different decomposition
processes of phosphate organic molecules such as chi-
tins, phospholipids, nucleic acids, amino phosphates,
among others (Turner et al. 2007). The difference in
the results could be related to the diversity of organic
matter present in each of the test samples.

Regarding the total organic N content that was
1.73%, it was higher than the value presented in the work
of Azeem (2015), which was 1.15%; the difference could
be associated with hydrolytic processes of protein pep-
tide bonds, which are the main N source present in urban
solid waste (Jokela et al. 2002). Additionally, the N con-
tent found in the Paipa UOSW is relatively equal to the
cattle, goat, pig, rabbit and poultry manure; however, it is
lower than the vegetable residues with a high content of
N such as tomato, beetroot and radishes, which contain
2.0% of N on average (Mufioz 2000).

Finally, the results show that the leachate does not con-
tain heavy metals or pathogenic microorganisms (Table 1),
which suggests that under the conditions in which the
leachate was formed, they did not favor the mobility of
metals, taking into account that high concentrations of
metals are favored at a low pH, by the presence of humic
and fulvic molecules and the formation of organometal-
lic complexes (Roy et al. 2018). Besides, a high popu-
lation of mesophiles was observed, which according to
Salazar (2014) may correspond to bacteria, mold, yeasts
and actinomycetes. The population of thermophiles was
smaller considering that it is a liquid compound and, fi-
nally, molds form the least numerous population. Taking

into account these characteristics, it is believed that the
leachate can be used as a raw material to prepare a liquid
organic fertilizer through fermentation.

Organic solid waste

For the UOSW, 35.7% COO was obtained, which rep-
resents food supply for the composting organisms, and
which stimulated the microbial growth involved in
self-heating during the initial stage of the fermentation
process (Danon et al. 2008), taking into consideration
the fact that, theoretically, municipal waste is composed
of carbohydrates (52%), lignin (20%), hydrogenated
compounds (12%), lipids (3%) organic acids (2.5%)
and other compounds (10%) (Porta et al. 2003) and, ac-
cording to Blasco and Burbano (2015), the COO of the
UOSW presented a lower value than that reported for
plant residues such as wheat straw (46%), barley (58%),
rice (42%), corn stubble (38%), legumes (41%), dried
leaves (44%) and sawdust as well as equine (40%), goat
(40%) and duck (38%) manure, respectively. However,
the COO in the UOSW is found in a higher concentra-
tion than the data obtained from the studies of cattle,
sheep, pig, rabbit, hen, turkey manure or plant material
such as oat straw, vegetables and tubers. The difference
can be related to the presence of polysaccharides such
as cellulose and lignin which have low biodegradability
due to their complex structure, and which form part of
the compounds the UOSW.

As it can be seen in Table 1, an average of 1.67% of
total organic N was obtained, being higher compared to
animal manure and plant residues similar to that report-
ed by Samaniego et al. (2017). According to the United
States-Canadian Tables of Feed Composition (1982), the
percentage of N could correspond to the mineralization
processes of nitrogenous compounds such as amino ac-
ids, hexosamines, nucleic and ribonucleic acids due to
the presence of purines and pyrimidines among other
molecules, which result in the formation of NH," and
NO,, a reaction that is strongly influenced by the pH
and process temperature. The C/N ratio was 21.4, which
indicates a slow mineralization rate considering that the
COO percentage greater than 35.1 delays decomposition.
On the other hand, a porous material with the density of
1.28 g/cm’ allows the entry of O, as the material loses
humidity reported at 76.6% by draining the water. This
helps to increase the temperature, which allows the pres-
ence of thermophilic microorganisms responsible for the
degradation of polymers such as cellulose.
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Table 1 Physico-chemical characteristics of the leachate and the UOSW

Analysis Parameter Units Value Value
Organoleptic State Liquid Solid
Color Terracotta Heterogeneous
Texture - Heterogeneous
Physical - Chemical Cd ppm Not Determined ND
CaO % - -
Cr ppm <0.02 <0.02
MgO % - -
Ni ppm <0.003 8.5
Pb ppm <0.01 2.8
Ashes % - 15.5
Total Organic Oxidizable Carbon % 24.4 35.7
Electrical conductivity (1 /200) dS/m 0.0025 -
CRA % - -
Density (20°C) g/cm’ 1.02 1.28
Total phosphorus % 0.73 -
Humidity % - 76.6
Total organic nitrogen % 1.73 1.67
pH (10%) - 4313 -
Total solids mg/L 73354 -
Total Suspended solids mg/L 17367 -
Total dissolved solids mg/L 55987 -
Volatile solids ST% 71.4 -
Fixed solids ST% 28.6 -
BOD, mg/L 4000 -
Total COD mg/L 74700 -
C /N ratio - - 214
Microbiological Mesophilic cfu/g 3.0E+09 1.7E+09
Thermophiles cfu/g 1.0E+06 1.0E+06
Molds cfu/g 1.0E+03 0.0E+00
Yeasts cfu/g 0.0E+00 3.5+04
Nematodes and/or protozoa Absent Absent
Enterobacteria cfu/g 0.00E+00 0.00E+00
Salmonella g 25 Absent Absent

Compared to the leachate, the solid material does
contain trace quantities of metals such as Cd, Cr, Ni and
Pb that are below the minimum allowed by CTS 5167
of 2011. Although a high population of mesophilic mi-
croorganisms was found, followed by thermophiles,

according to Alvarez (2010) these will likely be fun-
gi from the Actinomycetes group (Micromonospora,
Streptomyces and Actinomyces) that are characteristic
of this type of material since they intervene in the deg-
radation of organic matter such as cellulose and lignin,
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even though it must not be forgotten that populations
change according to the percentage of humidity, tem-
perature, pH, and oxygenation level. Finally, the pres-
ence of pathogenic bacteria such as Enterobacteriaceae
and Salmonella was not detected.

Physicochemical and microbiological composition
of the organic mineral solid and liquid fertilizer

Liquid fertilizer

Table 2 shows the results obtained within the analyzed
parameters for four different samples of the final prod-
uct: sample 1 with the addition of 3% molasses and
samples 2, 3 and 4 with the addition of minerals and
molasses. It has been observed, for example, that the
COO in sample | has the lowest value, 18.1%, while
for the others it is between 28.6% to 35.8% after 20
days of fermentation; which may be associated with
inhibition processes due to the addition of sulfate-type
mineral salts, which can affect the growth of microor-
ganism populations and, additionally, affect metabolic
processes as reported by Lin (1993) who found that the
presence of metals such as Cu, Zn and Pb can inhibit
acidogenic organisms (Table 3). Therefore, it can be
observed that the larger the population of microorgan-
isms, the lesser the amount of COO.

However, in compounds that contain COO, C is an
energy source and N is used by the microorganisms
present there for the formation of new cells, proteins
and reproduction (Garcia et al. 2009; Wang et al. 2012),
which is consistent with the percentage of total N that is
lower in the Organic Liquid Fertilizer (OLF) where the
populations of microorganisms are larger, and higher in
Liquid Mineral Organic Fertilizer (LMOF) where the
populations are lower. According to the study, the total
nitrogen (TN) values were higher for the LMOF than
for the OLF perhaps due to the higher pH (5.52) of the
OLF that could have affected the balance between the
ammonium ion (NH,") and ammonia (NH,) by convert-
ing non-volatile ammonium ions into volatile ammonia.
Nevertheless, a lower amount of TN was also observed
in sample 1, in relation to the samples treated with min-
erals. This could also be associated with the increase
of thermophilic microorganisms in higher temperature,
causing alterations in the NH,*-NH, balance (Pagans et
al. 2005).

According to the report of Granada and Prada
(2015) for agro-ecological and conventional compost

leachates, the total nitrogen (TN) values are lower than
those from the Paipa® UOSW, with and without min-
erals. The differences between these results could be
related to the pH values or the biochemical composition
of the different organic wastes present in the residue.
However, both the agro-ecological leachates and the
UOSW are within the range for foliar fertilizers, as a
pH between 3.5-5.5 allows the cations solubility, while
a pH greater than 5.5 makes cations reaction with the
hydroxides and the elements precipitate (Li et al. 2018).

The content of P in the OLF and LMOF is very
low and it presented a minor decrease in samples 1, 2
and 3 during the fermentation process, which can be
attributed to the consumption of P by the microorgan-
isms in order to obtain energy during the degradation
of organic material, similar behavior to the one ob-
served in the agro-ecological and conventional leach-
ate in which phosphoric rock was added as a source
of P; however, the reports were then 0.17-0.27 g/L,
respectively. When comparing the P content in other
liquid fertilizers such as that reported by Peralta et al.
(2016) obtained through the fermentation of bovine
manure and sugar cane molasses, with the addition of
a microorganism consortium, it was observed that the
total amount of phosphorus doubled to 0.74 g/L. The
P was surely released by lactic acid bacteria found in
the manure and molasses. Otherwise, for the total P of
the UOSW, the reported amount corresponds to the one
that comes from the phosphate organic molecules, tak-
ing into account that this element was not added with
mineral sources. According to the United States-Cana-
dian Charts of Feed Composition (1982), all residues of
animal and plant origin contain P, thus the LMOF and
OLF may become food for the microbial populations of
the fertilizer and the soil where it is applied, but these
residues are not a source of P for plants.

Regarding K, the reported value in the OLF is low
(Table 1), while in the LMOF it is higher due to the ad-
dition of sulfates; though the content of K, O, based on
the study done by Granada and Prada (2015), was 33.7
g/L, which is high in comparison to the liquid fertilizer
of UOSW, which is surely because one of the sources
is a banana stem that is considered rich in potassium.
Similarly, the liquid fertilizer reported by Peralta et al.
(2016) that has as a source of bovine manure, sugar
cane molasses and lactic acid bacteria of the Lactoba-
cillus, Streptococcus and B ifidobacterium genuspre-
sented a value of 17.2 g/L, while it was lower in the
study done by Torres et al. (2016), who reported 8.3 g/L
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in the liquid organic fertilizer obtained from the mix-
ture of 75% vermicompost leachate (whose substrate
consisted of 10% coffee parchment an 10% chopped
Cambur stem) and 25% Leonardite. Consequently, it
can be observed that an important source of potas-
sium corresponds to organic compounds, since the
contribution of K SO, increases this element by only
5.10 g/L in the LMOF. However, this product does
not comply with the requirements of the Colombian
Technical Standard (CTS) for liquid mineral fertiliz-
ers, taking into account that it requires at least 40 g/L
of TN, P,O, and K O.

Regarding Ca, the value reported in the OLF is
less than in the LMOF. This behavior can be associat-
ed with the addition of minerals such as, for example,
CaSO, . However, it is not rejected out that the reducing
the populations of microorganisms where sulfates are
added the consumption of phosphatic and Ca molecules
decreases. On the other hand, when comparing with
agro-ecological and conventional leachates, its content
is greater than 0.42 and 0.62 g/L, respectively; while
both the liquid fertilizers from bovine manure with the
addition of lactic acid bacteria and the one obtained
with vermicomposting show 5.2 and 4.5 g/L, corre-
spondingly.

Equally, the behavior of Mg is similar to Ca, occur-
ring in smaller amounts in the OLF than in the LMOF.
The highest content is due to the fact that it is added as
a sulfate; similarly, it is less than that reported in the
agro-ecological leachate, 0.22 g/L and the conventional
one, 0.47 g/L. In the case of the liquid fertilizer reported
by Peralta et al. (2016), the content was 1.74 g/L, which
is similar to the one presented by the LMOF, 1.95 g/L,
while it is lower than the liquid fertilizer obtained from
vermicompost, 3,79 g/L.

The elements Zn, Mn, Fe, Cu, presented different
quantities in each of the samples, despite the fact that
they were added in the same proportion. This behav-
ior may be associated with different direct or indirect
microorganism interactions with these metals, affecting
their solubility (Li et al. 2018). In the sense, different
pH values and a diversity in the chemical composition
of the LMOF could be responsible for different values
in the samples. When comparing agro-ecological, con-
ventional leached products, manure with lactobacillus
and vermicompost, in all cases a greater quantity of the
mentioned elements has been observed due to the addi-
tion of sulfates and boric acid in a proportion of 0.5%
of each of them.

It was observed that heavy metals are reported in
quantities below 3 ppm; a value that is considered very
low according to the parameters required by the CTS
(See Appendix A.1), which made us realize that both
OLF and LMOF as fertilizers are harmless with respect
to these elements. This is why they can be used in food
production; it is also important to bear in mind that these
elements are consumed by plants in their metabolism in
minimal quantities (Li et al. 2018; Stroppa et al. 2020).

Table 3 shows that there is no record of yeasts,
nematodes, protozoa, Enterobacteriaceae or Salmonel-
la, which indicates that they do not pose a biological
risk. In this sense, Boucourt et al. (2006) mentioned
that the fermentation processes decrease the levels of
bacteria, for example fermentation of sugarcane with
cattle manure decreases the levels of E. coli at 48 h and
Sotil (2007) reports a reduction in the levels of total
and fecal coliforms in the artisanal digestion of manure
and organic matter, where initially a value of 107-10%
MPN 100 mL! was determined and within a period of
61 days, it was reduced to 10° MPN 100 mL"'. Equally,
the same author reports that the greatest reduction in
total and fecal coliforms occurred in the first 24 days, a
period in which a pH decreased to 5.

Regarding the content of mesophiles and molds, it
is higher in the OLF, while thermophiles represent a
smaller amount. It could be said that this happens due
to the cons umption of biodegradable organic com-
pounds, taking into account that growth factors consti-
tute organic components that come from digestion of
molecules of plant or animal origin such as vitamins,
enzymes, antibiotics, phenol esters, toxins, some amino
acids, unsaturated fatty acids, among others supplied in
low concentration, which are not synthesized or metab-
olized by cells but incorporated into cellular structures
and into specific metabolic function (Golueke 1992).

However, mesophiles, thermophiles and molds are
present in the fertilizer without the addition of sulfates,
while the product with added sulfates does not report
molds. It should be noted that mesophiles were consid-
erably reduced by the existence of sulfates, but thermo-
philes increased in two of the samples. This could be
attributed to the presence of additives such as sulfates
and sugar cane molasses that can affect temperature
profiles and stimulate microbial activity, resulting in
an earlier start and longer duration of the thermophilic
phase compared to the OLF (Chen et al. 2010).

The addition of an easily assimilated carbon source
(sugar cane molasses at 3%) allowed the proliferation of
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Table 2 Physio-chemical composition of the organic and mineral liquid fertilizer

Average Value for

Parameter Units Value Value Value Value samples 2, 3 and 4
SC Sample 1 Sample 2 Sample 3 Sample 4
State - Liquid Liquid Liquid Liquid
Color Brown Brown Brown Brown
TON g/L 1.34 3.75 2.64 2.40 2.93
TP g/L 0.35 0.30 0.12 0.88 0.43
CaO g/L 1.821 3.878 6.300 3.500 4.56
MgO g/L 0.109 1.414 2.112 2.310 1.95
K,0 g/L 0.637 4910 6.270 4.130 5.10
Na g/L 0.106 0.699 0.850 0.520 0.69
Zn g/L 0.146 1.080 1.492 1.230 1.27
Cu g/L 0.200 1.052 1.340 1.040 1.14
Fe g/L 0.30 0.71 0.90 0.62 0.74
Mn g/L 0.400 0.971 1.278 1.030 1.09
B g/L 0.0006 0.0045 0.0098 0.0081 0.01
S g/L 0.0030 0.0659 0.0059 0.0450 0.04
Total COO g/L 18.1 35.8 28.6 28.6 31.00
C /N ratio - 13.5 9.6 10.8 11.9 10.77
EC (1/200) dS/m 4.41 3.75 5.17 4.46 4.45
Density (20 °C) g/ ml 1.01 1.00 1.02 1.05 1.02
TSS g/L 88.60 22.00 29.00 23.00 24.67
pH (10%) - 5.52 4.00 4.00 5.20 4.40
SC: Sample Code. TON: Total Organic Nitrogen. TP: Total Phosphorus. TSS: Total Suspended Solids
Table 3 Microorganisms present in the liquid mineral organic fertilizers
Parameter Units Value Value Value Value Average
SC Sample 1 Sample 2 Sample 3 Sample 4
Mesophiles c.fu/g 6.60E+08 1.10E+07 1.00E+06 2.00E+06 4.67E+06
Thermophiles c.fu/g 2.00E+03 4.00E+06 5.00E+06 1.00E+06 3.33E+06
Molds c.fu/g 2.00E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Yeasts c.fu/g 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Nematodes and/or Protozoa Absent Absent Absent Absent 0.00E+00
Enterobacteria c.fu/g 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Salmonella g25 Negative Negative Negative Absent 0.00E+00

bacteria from the microbial consortium that was formed
in the fermentation, which affected the pH decrease.
According to Garcés et al. (2004), as in spontaneous
lactic fermentation under anaerobic conditions, lactic
acid bacteria ferment water-soluble carbohydrates, pro-
ducing lactic acid and a minor quantity of acetic acid.
As these acids are generated, the pH of the fermented

material drops to the level that inhibits the presence of
microorganisms inducing putrefaction.

Solid compost

During the study, four samples of the organic miner-
al solid fertilizer (OMSF) were analyzed. The results
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indicate that the average content of COO is 15.5% in
the final product. This is due to the fact that organic
molecules were mineralized due to decreased humidi-
ty during the process, reaching 11.64%, which allowed
the entry of oxygen, temperature increase and the pres-
ence of thermophilic microorganisms (Charest et al.
2004) in an amount of 7.45E+07 c.f.u/g, as indicated in
Table 4. Furthermore, it was observed that this variable
decreased with respect to the initial, which corresponds
to the maximum microbial activity, reflected in the
highest values of temperature (Samaniego et al. 2017;
Gavilanes et al. 2016). This behavior contributes to the
loss of C in the form of CH, and CO,.

The C/N ratio represents values that reveal a high
mineralization rate of the compost. This ratio is low-
er than the mineralization of other composted products
that, in general, should be between 20 and 30. A low
C/N value of 8.95 on average, as in the case of the pres-
ent study, points to the fact that the available carbon is
fully used by microorganisms while excess nitrogen is
released, mainly in ammonia form (Wang et al. 2012),
which could be due to volatilization, immobilization
and nitrification processes, as reported by Bustamante
et al. (2008). For this reason, the OMSF from UOSW
will act faster as a nutrient for plants and soil organisms
since they carry out the decomposition of organic mat-
ter through oxidation; a route followed by mineraliza-
tion that corresponds to the assimilation and immobili-
zation processes; that means the incorporation of C, N,
P and S in inorganic compounds assimilable by plants
such as NH,", HPO,*, SO,* and the organic ones such
as starches, cellulose, sugars and organic acids, con-
sumed by microorganisms. The samples have diverse
contents of TN which is low in relation to the quantities
that plants may require. Temperature loss and the al-
kaline pH of 8.4 on average (Bustamante et al. 2008)
cause liberation of the NH, " generating a strong ammo-
niacal odor (Pagans et al. 2005).

As for P, the values are similar, but as it was add-
ed as apatite in proportion 5% of the mineral, it has a
concentration of 23%, which means that each ton of a
solid fertilizer receives 11.5 Kg of P,O,, which results
in a concentration of 1.15% as mineral contribution.
However, depending on the P concentration, research-
ers have established the 20% rock phosphate as the
maximum limit for addition to compost, since higher
values could be toxic to microorganisms, decreasing
the decomposition rate due to the presence of fluorine
(Sanchez et al. 2017). Besides, the other part corre-

sponds to organic P of the composted organic materi-
al that contains phospholipids and phytases which are
mineralized by phosphate solubilizing microorganisms
(Gaind 2014).

Ca in the form of oxide has been observed in greater
quantity, as it was added as CaO and CaCO; in phos-
phoric rock and dolomite lime. It corresponds to 31
Kg/t, that is to say 3.1%, which indicates that the rest
of the calcium comes from organic material; Mg, on the
other hand, is 0.6% lower than the level required by the
CTS 5167 whereas K is between 1.2 and 1.6%, coming
mostly from organic material. This AOMS could con-
tribute to the improvement of exchangeable potassium
in different crops as reported by Bhattacharyya et al.
(2007). Moreover, taking into account that it is added
as K SO, to the liquid fertilizer with an average con-
centration of 0.5% and when adding the solid fertilizer
in a proportion of 20 L/t, it presents a concentration of
0.1% of K sulfate.

In reference to the cation exchange capacity (CEC),
it corresponds to a variable that complies with the min-
imum required by the CTS; however, it is low with
respect to compost maturity, taking into account that
this value for mature compost is 67 cmol kg'. The de-
polymerization caused by microbial activity, hydroly-
sis and temperature is expected to increase the CEC by
generating negative charges due to the deprotonation
of carboxylic and hydroxy-phenolic compounds. Con-
versely, the increase in the polymerization degree caus-
es a considerable increase in the specific surface area of
the “humic” macromolecules which can generate more
negative charges, increasing this value.

Compost maturity is determined by the CEC/COO
rate that indicates what percentage of organic matter is
responsible for cation exchange, whose minimum must
be 1.9 (Roig et al. 1988) for the UOSW compost. Then,
as it is observed in Table 4, in the first two samples
the rate is below the parameter and samples 3 and 4
do comply with it. Although the product does not have
a high maturity rate, its pH, temperature and humidity
are stabilized, maintaining its characteristics; for this
reason, when it is applied to the soil, it becomes food
for the organisms, since it is less constant than humus.

The humidity retention capacity in the case of the
final product varies between 254.2-101.8% due to the
material heterogeneity; however, it retains 100% of its
weight in water. This occurs because humic substanc-
es which are formed in the compost are hydrophobic
compounds surrounded by hydrophilic residues, which
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constitute a hydrophobic space through weak non-spe-
cific interactions (Perminova et al. 2005) where water
is stored. Water molecules that occupy nanopores can
form a constant network of hydrogen bonds in the
structure of humic substances. As a result, when it is
applied to soil, the water plant tolerance deficit is fa-
vored (Kunhi et al. 2012; Cihlar et al. 2014).
Regarding particle sizes, Table 4 shows that on av-
erage, particles > 2 mm constitute 46.22%, while the
size < 2 mm has a higher percentage of 53.7; however,
sample 2 contains 85% of particles <2 mm while sam-
ple 3 reports a percentage of 71.1% of particles > 2 mm.
The importance of the particle size consists in the fact
that it allows a closer proximity of organic molecules

with cations and clay charges, favoring the formation
of soil aggregates increasing their size (Charest et al.
2004; Bello et al. 2016).

Table 5 shows abundant populations of mesophilic,
thermophilic and mold microorganisms. It is surely due
to the fact that the initial microbiota of the materials
to be composted is highly variable, depending on the
substrate and the conditions in which it is preserved
(Moreno and Moral 2008). On the other hand, accord-
ing to Rickeboer et al. (2003), few mesophilic micro-
organisms and a high quantity of thermophiles were
found in domestic organic waste, differing from what
was reported in this study.

Table 4 Physico-chemical composition of the organic solid mineral fertilizer

Parameter Units Value Value Value Value Average
SC Sample 1 Sample 2 Sample 3 Sample 4

State Solid Solid Solid Solid -
Color Brown Brown Brown Brown

Texture C. Htg C. Htg C. Htg C. Htg

TON % 1.82 1.73 1.97 2.03 1.8875
TP % 1.75 2.45 1.99 1.78 1.9920
CaO % 8.90 11.20 10.66 10.59 10.3372
MgO % 0.529 0.687 0.666 0.872 0.6885
K20 % 1.233 1.403 1.563 1.690 1.4722
Na % 0.259 0.301 0.294 0.284 0.2846
Zn % 0.00883 0.01440 0.01223 0.01600 0.0128
Cu % 0.00318 0.00400 0.00200 0.00300 0.0030
Fe % 0.1109 0.1800 0.1300 0.1210 0.1354
Mn % 0.0400 0.1052 0.0520 0.1000 0.0743
B % 0.0017 0.0018 0.0015 0.0011 0.00152
S % 0.125 0.085 0.130 0.092 0.1080
Ashes % 51.1 56.3 60.1 57.6 56.2750
C /N ratio - 8.9 10.8 7.5 8.6 8.9500
CEC mEq/100 g 20.8 213 31.7 33.8 26.9000
CEC/CO mEq /g CO 1.29 1.56 2.13 1.93 1.7252
Total COO % 16.2 13.7 14.9 17.5 15.5750
EC (1/200) dS/m 0.72 0.98 0.39 0.52 0.65250
CRA % 156.3 109.8 254.2 101.8 155.5250
Density (20 °C) g/cm? 0.43 0.69 0.41 0.50 0.507500
Humidity % 8.12 8.25 17.6 12.6 11.6425
pH (10%) - 8.06 7.90 8.89 9.05 8.4750
Dry particle size % dry mass > 2 mm 44.9 14.5 71.1 54.4 46.2250
Dry particle size % dry mass <2 mm 55.1 85.5 28.9 45.6 53.7750

SC: sample code. TON: Total Organic Nitrogen. TP: Total Phosphorus. C Htg: coarse heterogeneous
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In this sense, the record of detected microorganisms
in different composting processes, using techniques
that involve cultivation, included a total of 155 differ-
ent species of bacteria, 33 of those were actinomycetes,
belonging to 66 different genus, and 408 species of
fungi included in 160 different genus (Ryckeboer et al.
2003). The diversity of organisms in this type of ma-
terial allows the presence of cellulolytic, amylolytic,

phosphate solubilizers and proteolytic enzymes (Garcia
2006). This data makes it difficult to generalize a pat-
tern of microbial diversity for composting. However, it
is assumed that the knowledge of the composting mi-
crobiota is still limited, since even the results obtained
by applying the most advanced molecular techniques
do not report the total microbial populations associated
with the composting process (Schloss et al. 2005).

Table 5 Microorganisms of the solid mineral organic fertilizer

Parameter Units Value Value Value Value Average

Mesophiles cfu/g 1.10E+10 4.70E+09 4.40E+07 9.00E+06 3.94E+09
Thermophiles cfu/g 9.40E+07 2.00E+08 1.00E+06 3.00E+06 7.45E+07
Molds cfu/g 1.60E+06 1.10E+06 1.30E+04 3.20E+04 6.86E+05
Yeasts cfu/g 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Nematodes and / or protozoa Absent Absent Absent Absent 0.00E+00
Enterobacteria cfu/g 0 2.00E+02 1.00E+02 1.00E+02 1.00E+02
Salmonella g25 Negative Negative Negative Negative 0.00E+00

According to the requirements for vegetables in
nutrition, trace elements were labeled as heavy metals
which are not frequently absorbed by plants, and which
should not be present in fertilizers added to the soil (See
Appendix A.2). It is observed that although these are
present in the fertilizer, they are below the minimum
required by the CTS and international standards. In this
regard, the total concentration of heavy metals (Cd, Ni,
Cr, Pb, among others) present in some organic residues
increases during the mineralization of organic matter
(Elvira et al. 1995). Though it can decrease due to the
formation of insoluble complexes of elements with
neo-formed humic acids and more polymerized organic
fractions (Dominguez 2004).

With reference to the above, the As present 0.379
ppm on average where can reach the soil and trans-
form into arsenate (AsSO,”) and cannot intervene in
glycolysis and use to decouple oxidation from phos-
phorylation that cannot occur without it. In the case
of Cd with an average of 4.35 ppm from the added
minerals, mainly associated with Zn, it is below the
CTS average. One must bear in mind that it is very
toxic to living beings because it reacts with the hy-
droxyl and carboxyl groups; however, some bacteria
possess the expulsion mechanism of the cells, prevent-
ing their intoxication. It should be noted that Cr is the
element with the highest proportion in the fertilizer,

28.35 ppm, which may be associated with the fact that
this element is used in various agro-industrial process-
es, yet it can be reduced by the Aderomonas, Bacillus,
Clostridium, Desulfovibrio and Streptomyces bacteria
genus.

On the other hand, Pb that may come from fuels and
whose content in the soil can be between 0.1-1 ppm,
can be found in the fertilizer at an average of 13.63
ppm; which is lower than the amount allowed by the
international standards, even though it can be methylat-
ed by bacteria genus such as: Aeromonas, Alcaligenes,
Flavobacterium and Pseudomonas. Finally, Hg with a
low presence of 0.00075 ppm can be used by the Bacil-
lus, Clostridium and Bacillus and the Aspergillus and
Neurospora fungi in their metabolism, reducing its con-
centration by volatilization or metallization through the
Hg-reductase enzyme and the intervention of methylco-
balamin coenzyme (Dominguez 2004). For the future
study, phytotoxicity test is vital to conclude whether the
compost is suitable or not as a soil conditioner (Zahrim
et al. 2016).

Conclusion
The LMOF and OMSF do not pose any risk with regard

to heavy metals or pathogenic microorganisms, which
ensures soil safety where it is applied.
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The CEC/COO shows that the maturity of the
OMSF depends on the raw material used rather than
on the composting time, considering that the minimum
rate is 1.9 for UOSW.

The CEC of the OMSF presents a lot of variability,
nonetheless, the minimum value complies with the re-
quired parameters and it may increase considering that
the mineralization rate is high, allowing the release of
H for the charges availability, which can improve this
variable in the ground.

The liquid mineral organic fertilizer does not com-
ply with the foliar or fertigation fertilizer require-
ments, specifically in the total organic nitrogen pa-
rameters P,O; or K,O, whose minimum content must
be 15 g/L and the total of all the elements must not
reach 40 g/L.
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Appendices

Appendix A.1 Heavy metals present in the organic liquid mineral fertilizers

Parameter Units Value Value Value Value Average
SC Sample 1 Sample 2 Sample 3 Sample 4

Cd ppm N.D 0.583 0.000 0.000 0.19

Cr ppm <0.02 0 0.02 0.02 0.01

Ni ppm <0.003 0.47 0.53 1.03 0.68

Pb ppm <0.01 2.23 1.59 0.01 1.28

Hg ppm N.D 0 0 0 0.00

As ppm <0.1 0.1 0.1 0.1 0.10

Appendix A.2 Heavy metals present in the organic solid mineral fertilizers

Parameter Units Value Value Value Value Average
SC Sample 1 Sample 2 Sample 3 Sample 4

Cd ppm 17.400 0.003 0.003 0.003 4.35225
Cr ppm 11.0 24.0 42.7 35.7 28.3500
Ni ppm 13.8 12.0 12.4 21.11 14.8275
Pb ppm 2.37 19.30 18.60 14.28 13.6375
Hg ppm 0.01 0.01 0.01 0.00 0.00750

As ppm 0.278 0.310 0.931 0.000 0.37975
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