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Abstract

The objective of this work was to study the possibilities to manage and recycle dog faeces (DF)
using biological processes, using two approaches: composting (C) and anaerobic digestion (AD).
Thus, different experiments have been carried out: i) two laboratory/pilot scale experiments (self-
heating and composting tests) and one, on a commercial scale; ii) two AD experiments. In both
approaches, municipal waste such as the organic fraction of municipal solid waste (OMSW) and
urban pruning waste (GW) were used as co-substrates. The results obtained regarding the
optimization of the composting process indicated that the best strategy was the use of a 1:2 ratio of
DF, a 1:4 ratio of OMSW, and a 1:4 ratio of GW, according to the thermal parameters studied
(temperature and cumulative quadratic exothermic index (EXI?)), and the quality of the compost
obtained. A potentially limiting factor of the process was the high salinity of the DF waste. In
addition, AD experiments were performed on DF, OMSW, and GW wastes in controlled anaerobic
systems at a laboratory scale. In these experiments, the biogas production obtained was 229 mL
biogas/g total solids for the DF residue, 248 mL biogas/g total solids for GW, and 263 mL biogas/g
total solids for OMSW. The co-digestion yields a clear improvement in the efficiency of the process
against the use of a single residue, increasing the production of biogas by up to 27% with respect to
that of the DF waste alone during the first 25 days of AD. The results obtained with these
procedures have shown the possibilities to add value to this waste in an urban context where the
circular economy represents an increasingly favourable scenario, including the generation of

fertilisers and/or energy at a local scale, provided that the collection of dog faeces is optimized.
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1. Introduction

The problems related to the generation and management of dog faeces (DF) and the associated
environmental contamination have largely been overlooked and, surprisingly, relatively few
publications related with the management of dog faeces are available (Okoroigwe et al., 2014;
Okin, 2017). The increasing generation of waste from dog faeces can lead to health and
environmental problems, especially in urban areas, since these wastes are carriers of a large
population of bacteria and pathogens (Okoroigwe et al., 2014). Taylor (2004) estimated that a single
dog produces daily an average of 0.34 kg of faeces. The estimation for Europe is lower, 140 g, due
to the greater abundance of small dogs. The quantification of canine waste is associated with
censuses. As an example, the dog census in Spain is around 5.4 million dogs with an estimated
generation of solid waste of between 100 and 200,000 tonnes per year, on a dry weight basis. It is
estimated that in Europe there are around 41 million dogs with a generation of fresh solid waste of
between 0.8 and 1.6 million tonnes per year, and only in the United States it is estimated that dogs
produce approximately 10 million tonnes of fresh waste annually (ANFAAC, 2018; Brinton and
Storms, 2004). Moreover, there is no specific regulation for the management of this type of organic
waste, but the excrement is considered urban waste and, therefore, its usual destination is the
municipal container for generic waste, for later disposal in landfill. Therefore, a treatment is
necessary to manage and reduce the pathogenic charge in these organic wastes. Thus, the presence
in dog waste of high amounts of the macronutrients essential for plants orientates its processing
towards composting or anaerobic digestion. Dog excrement contains an average of 0.7% nitrogen,
0.25% P,0s, and 0.02% K0 (fresh weight basis); in comparison, fresh cattle manure contains 40%
more nitrogen, the same amount of P,0s, and 1/20 the amount of K,O (Nemiroff and Patterson,
2007). This material contains an excess of total nitrogen (N) with respect to total organic carbon
(TOC), so that aerobic or anaerobic self-degradation will not occur autonomously and it is
necessary to mix it with other, carbon-rich waste in processes of co-composing or co-digestion

(Nemiroff and Patterson, 2007; Okoroigwe et al., 2010).



Composting has proven to be an efficient technique in the reduction of pathogenic microorganisms
in different organic wastes, since temperatures > 55°C are easily reached during the thermophilic
stage of the process (Meng et al., 2018; Gavilanes-Teran et al., 2016; Bernal et al., 2009; Suarez-
Estrella et al., 2007). Very little information is available concerning the composting of this organic
waste. Thus, Nemiroff and Patterson (2007) composted dog waste in an experiment developed in
Alaska, due to the conditions of this area (high generation of this type of waste and small area of
appropriate land available for its application). Moreover, USDA (2005) reported that the
composting of dog faeces might be a suitable option for its subsequent use in revegetation and
landscaping. Additionally, the efficiency of the management of dog faeces by composting may be
enhanced with the use of compostable plastic bags instead of polyethylene or "oxo"-degradable
polyethylene ones, due to the low degradability of these materials under industrial composting
conditions, as it was reported by Musiot et al. (2017). This aspect also involves the implication of
dog owners, with the adoption of new practices to enhance the sustainability of the later
management of this type of wastes. However, as it was reported by Guerin (2001) in a study about
the challenges and barriers to adopt innovative and sustainable land use practices, generally not all
recommended practices, designed to enhance sustainability, are likely to be adopted, and this aspect
should be also considered in the implementation of the management options proposed in this study
Similarly, anaerobic digestion (AD) can also constitute a viable treatment to reduce the pathogenic
charge of this type of waste, additionally obtaining a renewable energy, biogas, and the digestate, a
by-product of the process rich in nutrients that can be used as an agricultural amendment. This
process usually uses lignocellulosic biomass (easily degradable) as raw material, such as food
waste, sludge, and different types of animal manure (Lin et al., 2018). There are many studies on
the AD of livestock waste; however, there are very few studies regarding AD of dog faeces. Manyi-
Loh et al. (2014) and Okoroigwe et al. (2010) carried out different experiments of anaerobic

digestion of dog faeces, using carbon-rich materials as co-substrates, both reporting a decrease in



the number of bacteria and pathogens during the process. In addition, Demirel et al. (2010) reported
the in situ treatment of dog waste with AD to obtain a local source of energy.

Therefore, the main objective of this work was to compare the feasibility of two biological
treatments (composting and anaerobic digestion) to manage and recycle canine excrements, using
different optimization protocols for each treatment. In both treatments, the same co-substrates
(organic fraction of municipal solid waste (OMSW) and urban pruning waste (GW)) were used to
enhance the process development. For the composting treatment, two laboratory/pilot scale
experiments (self-heating and composting) and one on a commercial scale were performed. For AD,
two experiments were developed to evaluate the biogas production of all the organic wastes
considered in the process (DF, OMSW, GW and cellulose) and to study the co-digestion process of

DF mixed with these wastes.

2. Material and methods

2.1 Experimental design

The organic wastes used in the experiments of co-composting and anaerobic digestion were dog
faeces waste (DF) mixed with two co-substrates, the organic fraction of municipal solid waste
(OMSW) and urban pruning waste (GW). DF was collected from an animal protection charity
placed in Orihuela (Alicante, Spain); OMSW come from the selective collection at source of
Carricola (Valencia, Spain) and GW was the green waste derived from the pruning activities of
urban gardening of the city of Orihuela (Alicante, Spain). The main characteristics of these organic

wastes are shown in Table 1.

2.1.1 Composting procedure
Three co-composting strategies were established on consecutive experimental scales:

1. Experiment C1: Self-heating tests using Dewar vessels.



2. Experiment C2: Pilot scale composting.
3. Experiment C3: Semi-industrial composting
In Experiment C1 (self-heating in Dewar vessels), three mixtures were established in the following

proportions on a dry matter basis:

- C1B: 50% DF + 50% OMSW
- C1C: 50% DF + 50% GW

- C1D: 50% DF + 25% OMSW + 25% GW

The mixtures were developed in triplicate in 5 L Dewar vessels, for 168 hours, measuring the
internal and environmental temperature every 15 minutes by means of a PASCO® system
temperature sensor. Every 12 hours, the Dewar vessel was aerated for 2 minutes to assure the
aerobic conditions.

In the composting experiment at pilot scale (Experiment C2), a composting mixture (Pile C2) was
tested in triplicate in 350 L thermocomposters. The proportions of the mixture, on a fresh matter

basis were the following:

- Pile C2: 64.9% DF + 18.3% OMSW + 16.8% GW

In this mixture, the ventilation was supplemented from the base of the thermocomposter by periodic
manual turnings, forming the piles in a sandwich system. Daily measurements of temperature and
humidity were monitored, maintaining the humidity in values between 40% and 70%, especially in
the bio-oxidative phase when the loss of water by evaporation was greater. In this experiment, the
cumulative quadratic exothermic index (EXI?) was determined according to Vico et al. (2018).

The next step in the optimization of the recycling of the dog faeces was carried out at a semi-

industrial scale (Experiment C3). Two composting mixtures (about 700 kg) were composted in the



composting plant of GESREMAN S.L., located in Madridejos (Toledo, Spain), using a
mechanically turned pile. In these piles, the humidity was also controlled to keep it at values

between 40-70 %. The proportions of these mixtures were the following (on a fresh matter basis):

- Pile C3A: 58.8% OMSW + 23.5% GW + 17.7% DF

- Pile C3B: 82.4% OMSW + 17.6% DF

In the Experiments C2 and C3, samples from the beginning and end of the process (maturity) were
collected by mixing seven sub-samples from seven sites of the composting pile, from the whole
profile (from the top to bottom). Each sample was divided into two fractions: one was air-dried and
ground to 0.5 mm for analysis and the other was immediately frozen and kept for later

determinations. All the analytical determinations were performed in triplicate.

2.1.2 Anaerobic digestion procedure

In this experiment, two methodological approaches were used:

AD1) Anaerobic digestion of waste materials: 100% DF + inoculum, 100% GW + inoculum, 100%
OMSW + inoculum, 100% cellulose + inoculum (as a C source, established as a control), and only
inoculum (control).

AD?2) Anaerobic co-digestion/biomethanization: Five ternary mixtures were made using DF, GW,
and OMSW. Their respective fresh matter percentages were:

Mixture 1: 33.3/33.3/33.3

Mixture 2: 16.7/66.7/16.7

Mixture 3: 16.7/16.7/66.7

Mixture 4: 66.7/16.7/16.7

Mixture 5: 83.3/8.3/8.3.



The determination of the biogas formation potential was carried out according to Angelidaki et al.
(2009). Briefly, in a sealed glass reactor at 35°C, a known amount of the sample to be studied was
incubated with an inoculum containing the biomass that will undergo the anaerobic digestion and
the mineral medium necessary for the growth of the biomass. Sewage sludge from a wastewater
treatment plant was used as the inoculum source. The pH of the inoculum was 7.60; the content of
total solids was 2.88 g/L, 61.5% being volatile solids; the ammonium concentration was 1656 mg/L
and those of acetic acid and butyric acid were 23 and 25 mg/kg, respectively.

The assays consisted of the measurement, at different times, of the pressure of the biogas generated
during the incubation (at 35°C and in triplicate) of the above described inoculum, previously diluted
in water (water/inoculum: 3/2). Each digester (250 mL) contained 150 mL of the inoculum solution,
purged with nitrogen for 1 minute (1 L/min) to remove any oxygen, and, for each of the different
samples studied, an amount equivalent to 0.100 g of carbon. The production of biogas was
determined by measuring the pressure of the gas generated and stored in the head of the digester
over different intervals of time; it was corrected for the biogas generated by the inoculum. The
biogas pressure was measured at 35°C, the excess pressure generated during the degradation was
then eliminated, using a cannula, and subsequently the contents of each digester were mechanically

stirred for 10 seconds.

2.2 Analytical methods

Electrical conductivity (EC) and pH were determined in a water-soluble extract (1:10, w/v).
Organic matter (OM) was evaluated by determining the loss-on-ignition at 430 °C for 24 hours
(Navarro et al., 1993). Total nitrogen (N+) and total organic carbon (TOC) were determined by
automatic microanalysis (Navarro et al., 1991), as were the organic carbon extractable with 0.1 M
NaOH (Cex) and the fulvic acid-like carbon (Cfa), the later after the precipitation of the humic acid-
like carbon (Cha) of the NaOH extract at pH 2.0 (Sanchez-Monedero et al., 1996). Cha was

calculated by subtracting Cfa from Cex. The water-soluble polyphenols (WSP) were determined,



according to the modified Folin Ciocalteu method, in an aqueous extract (1:20, w/v) (Beltréan et al.,
1999) and the germination index (GI) was calculated using results obtained with seeds of Lepidium
sativum L. (Zucconi et al., 1981). After digestion with HNO3/HCIO,4, the P was evaluated
colorimetrically as molybdovanadophosphoric acid, and the Na and K were determined by flame
photometry. In addition, the cation exchange capacity (CEC) was evaluated using BaCl,-

triethanolamine, according to the method of Lax et al. (1986).

2.3 Statistical analysis

An ANOVA using one factor (initial time versus final time) was performed for each assay. In the
cases in which the F-ANOVA showed statistical significance, the Tukey-b test was used as a post-
hoc test to evaluate the differences between specific means; in the tables, letters were used to
indicate differences significant at the 95% probability level (p < 0.05). The IBM SPSS version 25

statistical package was used.

3. Results and discussion

3.1 Composting experiment

a) Experiment C1 (Self-heating assay)

In the initial assay using Dewar vessels (C1), the TOC/N+ ratio of the initial mixtures (C1B, C1C,
and C1D) were 16.5, 25.8, and 21.1, respectively. These values were similar to that obtained for the
initial mixture of dog faeces and wood chips by Nemiroff and Patterson (2007). An increase in the
initial TOC/N+ ratio of DF was observed when using a greater proportion of the more bulking agent
GW; in this case, the best cumulative quadratic exothermic index (EXI?) was obtained (Figure 1).
The use of OMSW did not improve the properties of the DF at the beginning of the

biotechnological process due to its low TOC/N+ ratio. However, the potential value of the OMSW



fraction at the levels of production, synergy, and nutrient content make it interesting to carry out
trials involving the elaboration of ternary mixtures. Therefore, taking into account the results
obtained in the Experiment C1, the next step in the optimization of the processing of the DF was a
composting assay on a scale of thermocomposter (Experiment C2), using a ternary mixture of these

three residues.

b) Experiment C2 (Pilot scale composting)

Temperatures above 55°C are necessary to eliminate pathogenic microorganisms during the
composting process (Bernal et al., 2009). In this case, a sudden heating of the mixture was observed
as a consequence of the proliferation of microorganisms, reaching the maximum temperature
(63.2°C) on day 4 (Figure 2). A rapid increase in temperature was also observed by Paredes et al.
(2015) for the composting of mixtures of goat and rabbit manures, the thermal profile during the
bio-oxidative phase being similar in both cases. Nemiroff and Patterson (2007) also reported
temperature values greater than 50°C during three consecutive days in an experiment of composting
of dog excrement. Turning was carried out after 15 days to favour the homogenization of the
mixture; after this, the temperature value observed prior to turning was then recovered, indicating
good natural aeration and a homogeneous mixture. On day 38 another turning was made; at this
point, a slight increase in temperature, and therefore in activity, was observed. Subsequently, no
significant increases in the temperature of the mixture were observed with respect to that of the
environment, and the bio-oxidative phase was concluded on day 53. After this, the compost was
allowed to mature for a month. The period of bio-oxidative activity was prolonged considering the
environmental conditions and the scale of the work, in a thermocomposter, which suggests that
there would be a high level of degradation if performed at commercial scales. The values of the
parameters number of days of bio-oxidative phase/number of days with temperature values >40°C,

EXI?%, and EXI*number of days of bio-oxidative phase were 33, 14150, and 295, respectively,
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comparable to other urban waste composting processes (Vico et al., 2018, Jara-Samaniego et al.,
2017).

In this experiment, the initial mixtures did not have particularly high pH values (Table 2). In fact,
these values are lower than those observed in other works where different types of manures were
composted (Rich et al., 2018; Bustamante et al., 2008; Paredes et al., 2015). By the end of the
process a significant increase in pH had taken place, associated with the enrichment in exchange
bases and the loss of volatile fatty acids. This increase in pH is commonly observed in the
composting of manures with plant residues (Gavilanes-Teran et al., 2016; Benito et al., 2009).
According to previous studies, the pH of composts obtained from dog faeces was close to neutrality
(Nemiroff and Patterson, 2007). Values of pH in the range 6.0-8.5 are considered suitable for
compost (Bustamante et al., 2010; Hogg et al., 2002).

The EC and the N content increased significantly during the composting process due to the
mineralisation of the OM and the relative concentration of ions due to the loss of pile mass
(Bustamante et al., 2008). In addition, the compost from dog faeces showed high contents of N, P,
and K, and had a high salinity, so it is recommended to mix it in a 1:4 ratio with soil before its
application (Rippy et al., 1997; Freeborne, 1994; Nemiroff and Patterson, 2007).

The contents of OM and TOC decreased significantly during the composting process as a
consequence of the mineralisation of OM by microorganisms (Bernal et al., 2009). In this
composting experiment, the OM content decreased from 66.1% to 51.5%. In this case, the
percentage of OM in the final compost was higher than the limits established for compost by the
European guidelines and the Spanish legislation (OM > 15% (European Commission, 2014); OM >
35% (BOE, 2013)) (Paredes et al., 2015). Similar OM values were observed by Idrovo-Novillo et
al. (2018) when composting different poultry manures with flower waste.

The TOC/N+ ratio decreased significantly, indicating good mineralisation of the OM, during the
composting process. In the Experiment C2, this ratio was lower since in this case there was a slight

increase in Nt in the final compost with respect to the initial mixture, while in the piles N+ had
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decreased at the end of the process. Generally, N+ increases during the composting process due to
the concentration effect, while most of the N losses that occur during composting when animal
manure is used are due to the volatilization of ammonium (Bernal et al., 2009).

The germination index (Gl) is a biological test that is very sensitive to the inhibitory effects of
phytotoxins (phenols, fatty acids, ammonia, etc.) resulting from the processes of mineralisation of
OM. According to the method proposed by Zucconi et al. (1981), compost is mature when GI >
50%. In this case, a Gl of 85% was obtained, indicating no phytotoxic effects of the final material
(Table 3).

The CEC is a parameter indicative of the degree of quality and maturity of the final compost
obtained. The CEC and CEC/TOC values and the GI were high and, indicating a high degree of
maturity and quality and the absence of phytotoxic effects in the final compost (Table 3).

A content of humic and fulvic acids equal to 5.2% of the weight of the final product was obtained -
a value comparable to those obtained in green and municipal waste composts, although somewhat
lower than those obtained for agri-food compost (Bustamante et al. al., 2010).

Finally, considering the fertilising richness, expressed as the N-P,05-K,O content, a value in
fertiliser units of 2.4-8.7-2.1 was obtained, expressed as a percentage on a dry matter basis. If a
moisture content of 30% is considered in the product, its fertiliser value would be 1.7-6.1-1.5,
similar to that of the compost obtained from livestock manure by Eckhardt et al. (2018).
Therefore, the high CEC values obtained, the absence of phytotoxic effects, and the fertiliser value
of the final compost produced at the pilot scale (Experiment C2) together justified a further step in
the optimization of the composting process with the development of two piles on a commercial

scale (Experiment C3).

c) Experiment C3 (Semi-industrial composting)
In this Experiment, the EC and the P content decreased at the end of the process, probably due to

the leaching of salts by irrigation and rain. This decrease in EC during composting has been
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observed in other works (Paredes et al., 2015; Gavilanes-Teran et al., 2016). The EC values of the
final composts indicate that the salinity was a little higher than the limit value considered tolerable
by plants with an average sensitivity to salinity (Lasaridi et al., 2006).

The final content of OM was over 30%, a value comparable with those of other composts produced
from livestock waste (Gavilanes-Teran et al., 2016). The piles had a very low initial TOC/N+ ratio
due to the presence of DF, which is very rich in N (Table 2). There was a high loss of N in the
system, so it would be advisable to formulate mixtures with a higher percentage of bulking agent
(Bernal et al., 2009). The Gl values obtained were below 50%, probably due to the potentially
limiting factors of the process that were detected, such as the high salinity of the final compost,
which strongly depends of the characteristics of the DF waste used.

The N-P,05-K,0 fertiliser capacity of the commercial composts was: 1.6-1.1-1.0 for the ternary
compost (C3A) and 1.8-1.5-1.1 for C3B, significantly lower than in the C2 phase, although similar
to that obtained by other authors using poultry manure (Gavilanes-Teran et al., 2016; Leconte et al.,

2009).

3.2 Anaerobic digestion experiment

In the mono-ingredient biomethanization assay (AD1), a biogas production of 229 mL/qg total solids
(TS) was obtained for DF (Table 4). For DF, the value coincided almost exactly with the average
value of the experiments (76.2% methane richness), GW being the residue with the highest
percentage of methane (Figure 3).

The production of biogas was higher for both GW and OMSW than for DF, so different mixtures
were made using these wastes with the objective of improving the efficiency of the process

In the second biomethanization assay (AD2), all the mixtures studied, except M3, gave improved
biogas production (Table 4), M1 and M5 giving the highest values (279 and 291 mL/g TS,
respectively). Mixtures M2 and M4 showed the highest percentage values of CH, (78.6% and

79.2%, respectively), so the presence of garden waste seemed to promote greater biogas richness.
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An increase in the production of biogas and methane due to the mixing of the waste from dog faeces
with plant waste was also observed in the study of Okoroigwe et al. (2010). According to these
authors, the contribution of methanogenic bacteria in the waste derived from dog faeces can
increase the metabolic decomposition of cellulose in plant material, and the combination of
microorganisms present in both these materials, such as Bacteroides sp., could contribute to a
greater production of biogas.

Although the concept has been put into practice, as described in the literature (Okin, 2017;
Nemiroff and Patterson, 2007), it is difficult to find specific biogas production values for canine
faeces. Okoroigwe et al. (2014) obtained values of 28.6 L/kg of fresh matter (113 L/kg total solids,
140 L/kg volatile solids) for the anaerobic fermentation of canine faeces over a period of 59 days.
These same authors (2010) studied the codigestion with herbaceous residues and cattle manure,
obtaining biogas yields - at 50 days - of 178, 218, and 297 L for 5 kg of canine faeces alone, 5 kg of
canine faeces plus 5 kg of herbaceous waste, and 4 kg of canine faeces plus 6 kg of cow manure,

respectively.

4. Conclusions

The obtaining of potential value-added products from dog faeces waste, such as compost and
biogas, and the efficiencies and viability of both processes have been evaluated and compared in
this study. The thermal profile, the lack of phytotoxicity, and the fertiliser value obtained by
optimization of the composting process indicated that the best alternative was the use of ternary
mixtures for composting. Factors that could potentially limit the process (high salinity) were
detected in the piles prepared at semi-industrial scale. The significant N loss found in the
composting system makes necessary the use of higher percentages of bulking agent in the
composting mixtures. Concerning the anaerobic digestion experiment, DF waste yielded a biogas
production of 229 mL/g TS. An evident improvement in the efficiency of the process was produced

when using mixtures of this waste with urban prunings and the organic fraction of municipal solid
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waste. The mixtures with the highest percentages of DF waste and prunings seemed to enhance the
biogas richness during the first 25 days of anaerobic digestion. Therefore, the results obtained have
shown the viability of large-scale dog waste composting programs, which can be successfully
implemented in urban environments, providing an alternative to partially reduce the quantity of
solid organic waste sent to municipal landfills. In this sense, these results also highlight the need of
implying dog owners in the improvement of dog faeces management, with the use of compostable
plastic bags instead of polyethylene or "oxo"-degradable polyethylene ones to collect dog faeces.
Canine faeces are not commonly used to produce biogas, but the results obtained in this study
showed that the mixtures of this waste with material of plant origin may increase their potential to
generate biogas, to values that are even equal to those of livestock waste. Therefore, the results
obtained in this research are key to the design of integrated models for the recycling of different

sources of organic matter, such as canine excrements, in a municipal context.
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