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Abstract
Every day, a large amount of food waste (FW) is generated that causes serious environmental problems such as the production of
greenhouse gases and leachate. A possible treatment for this waste is anaerobic digestion (AD), but there are several problems
associated with the accumulation of volatile fatty acids (VFA), foaming, or low buffer capacity. In order to resolve or mitigate this
problem, FW was mixed with cabbage and cauliflower (CCF) leaves and stalks at different carbon/nitrogen ratios (C/N) to add
value to this agricultural waste and benefit from the advantages of co-digestion. Under the study conditions, promising results
were obtained during the co-digestion of FWand agricultural wastes at C/N = 45. These include a high biodegradability (98%), a
methane yield of 475 mLSTP CH4/g VS, and an organic loading rate (OLR) of 0.06 kg of VS/m

3 h for the CCF and FW mixture
(CCF + FW). Anaerobic co-digestion of CCF + FWmight be an interesting option for the simultaneous treatment of these types
of organic waste, with the consequent social and environmental benefits.
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Nomenclature
AD Anaerobic digestion
Alk Alkalinity (mg CaCO3/L)
BMP Biochemical methane potential
CCF Cabbage and cauliflower mixture
COD Chemical oxygen demand (mg O2/g dry weight)
FA Free ammonia (mg NH3/L)
FS Fixed solids (g FS/kg sample)
FW Food waste
G Methane volume (mLSTP CH4/L)
Gexp Maximum experimental methane volume

(mLSTP CH4/L)
GAL Glucose, sodium acetate, and lactic acid
Gm Maximum theoretical methane volume

(mLSTP CH4/L)
ICsoluble Inorganic soluble carbon (mg C/L)

K Kinetic constant (1/h)
OFMSW Organic fraction of municipal solid waste
OLR Organic loading rate (kg VS/m3·h)
rCH4 Methane production rate (mLSTP CH4/L·h)
STP Standard temperature and pressure (0 °C, 1 atm)
T Temperature (K)
T Time (h)
TCsoluble Total soluble carbon (mg C/L)
TKN Total Kjeldahl nitrogen (mg N/g sample)
TOC Total soluble organic carbon (mg C/L)
TS Total solids (g TS/kg sample)
TSN Total soluble nitrogen (mg N/L)
V Volume (L; m3)
VADIS Volatile acidity determined by titration (mg C/L)
VAGC Volatile acidity determined by Gas

Chromatography (mg C2/L)
VFA Volatile fatty acid (mg C2/L)
VS Volatile solids (g VS/kg sample)
YCH4/S Methane yield coefficient (mLSTP CH4/g VS)

1 Introduction

Biomass energy, also known as bio-energy, is a renewable
form of energy produced from organic matter. This type of
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matter can include agricultural or municipal solid waste
(MSW), and other organic substrates which are abundant
around the world. Although waste is considered an unusable
material and has a negative value because of its treatment
management costs, this raw material could be a potentially
recoverable resource due to its composition. In this regard,
organic waste has recently been the subject of global discus-
sions on how to improve its management because of the im-
pacts that residual streams produce in soils, water and air,
climate change, and other problems. Moreover, this waste is
characterized by kinetics of rapid decomposition in humid
climates which may involve risks to the environment and hu-
man health [1]. In particular, the organic fraction of MSW is a
significant contributor to greenhouse gas emissions mainly
because of its decomposition in landfill.

MSW is mainly comprised of FW [2] composed of high
levels of organic substrates such as carbohydrates, proteins,
and lipids, making it an ideal renewable resource [3]. The
catering industry is one of the largest producers of (FW such
as fruit, meat, and vegetables, which is produced daily and on
a permanent basis, particularly in hotels and university restau-
rants [4]. Due to the high moisture content and high propor-
tion of fruit and vegetables in kitchen waste, rapid decompo-
sition occurs naturally a few days after collection, thus causing
environmental problems, social issues, and health risks (bad
odors, potential proliferation of pathogenic microorganisms).
However, this type of waste might be desirable in biological
valorization processes.

The treatment and valorization of biomass through AD have
undeniable advantages in the fight against greenhouse effects
and global warming. AD also provides a clean, renewable, and
alternative source of energy to conventional fossil fuels, whose
reserves are diminishing at a rapid rate. AD is the decomposi-
tion of organic matter in the absence of oxygen. It is a natural
process carried out by highly diverse microbial populations
present in a multitude of environments. During the transforma-
tion of organic matter, AD produces biogas (a gas similar to
natural gas) consisting mainly of CH4 (40–70%) and CO2. In
addition to energy recovery under controlled conditions, AD
also produces digestate that can potentially be used as an or-
ganic soil conditioner with fertilizing properties for the benefit
of farming communities [5–7]. However, there are still some
problems that may limit the application of this technology. For
example, imbalanced C/N ratios in the organic substrates might
result in the accumulation of ammoniacal nitrogen and the sub-
sequent inhibition of microbial activity [8]. At an adequate
nutrients balance, carbon is the main source of energy for mi-
croorganisms, whereas nitrogen is an essential element for the
synthesis of amino acids and proteins. In reduced form, nitro-
gen neutralizes the volatile acids (VA) produced by the
fermenting bacteria and thus helps to maintain the neutral pH
conditions necessary for cell growth. Consequently, microor-
ganisms require a C/N ratio adapted to their metabolism [9].

FW has been reported to contain a high percentage of mois-
ture (> 70%) and organic matter (measured through the concen-
tration of volatile solids (VS) > 85%) [10, 11], while the C/N
ratio generally varies between 12 and 21 [12, 13]. Consequently,
FW is a promising substrate for renewable energy production
throughAD [10, 11, 13–16]. Despite the high potential of FW to
produce biogas, it also has some limitations for AD, particularly
the production of VFA in high concentrations, which can both
influence the pH value in the digesters and become toxic for the
development of microorganisms [17]. Furthermore, during an-
aerobic treatment, a complex set of biochemical interactions
occurs among several microbial species. The high concentration
or presence of certain nutrients could have an inhibitory or toxic
effect on the anaerobic process, such as ammoniacal nitrogen in
aqueous solution in the form of ammonium ion (NH4

+) and un-
ionized ammonia (free ammonia: NH3). For this reason, it is
important to quantify the concentration of ammoniacal nitrogen
and NH3 in the mixing liquor to ensure the stability of the AD
process [18]. Ammoniacal nitrogen may be responsible for in-
hibition. Depending on the pH and temperature in the digester,
the high protein content in FWmay lead to a significant nitrogen
concentration mainly in the form of NH4

+ or NH3after hydroly-
sis. Previous studies have reported a 50% inhibition in methane
production at 215 mg N-NH3/L for reactors at mesophilic tem-
perature and at 468mgN-NH3/L under thermophilic conditions.
Other studies have shown inhibition at concentrations of ammo-
niacal nitrogen ranging from 650 to 1200mgN-NH3/L [19–21].

Numerous studies have been conducted on the AD of FW.
Among the relevant studies, most have focused on the use of
FW as co-substrates, while others have sought to explore
methods for pre-treating this type of organic substrate [6,
21–25]. Kuczman et al. [14] evaluated the AD of FW with a
semi-continuous feeding system at 29 ± 0.5 °C, and a C/N ratio
close to 16 and reported amethane yield as high as 444 ± 20mL
CH4/g VS. However, authors such as Xu et al. [26] reported
several problems for the AD of FW. Therefore, to prevent the
likely failure of FW digestion, an interesting approach might be
the co-digestion of FW with other wastes that have a sufficient
buffering capacity to increase the stability of the process. Co-
digestion consists of the joint treatment of different residual
materials and supplies the microorganisms several sources of
carbon and other nutrients [27]. Although the availability of a
single substrate could be sufficient to ensure the growth of the
microbial population, many bacterial species are capable of
simultaneously using more than one substrate, even if one of
them is present at a very low concentration. This phenomenon,
called “co-use,” allows microorganisms to grow at an increased
rate, improves their adaptation to inhibitory substances, and
dilutes them because the co-digestion leads to the right balance
of nutrients [28]. Jian et al. [29] reported a positive effect of the
co-digestion of fruit and vegetable waste with FW generated in
China in terms of the waste methanogenic potential and process
stability. No accumulation of VFA and NH3were observed,
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while at the optimal mixing ratio of 1:1, the methane yield
increased to 0.49 m3 CH4/kg VS. In the same context,
Disndale [30] and Pahl et al. [31] reported that the choice of
co-digestion technology for kitchen waste and activated sludge
was a major factor in the success of the experiment and helped
to stabilize the process. In this context, the C/N ratio for anaer-
obic co-digestion is frequently chosen according to the charac-
teristics of the rawmaterial and the operational parameters, with
values that may vary from less than 10 to over 90 for efficient
treatment [32]. However, the most frequent C/N ratio values for
AD have been reported to be within the range 15–45 depending
on the type of bioreactor and nature of the substrates [33, 34].

The cultivation and manufacture of agricultural products
such as cabbage and cauliflower generate a large amount of
waste (residual leaves, stalks, and roots). Although this waste
can be burned or blended when tilling soil, biochemical pro-
cesses such as AD might be another interesting alternative
for the sustainable management of these substrates due to
their high moisture content. However, CCF is characterized
by a high nitrogen concentration and hence a low C/N ratio
(between 7 and 12) [35, 36], which might inhibit the biolog-
ical process. It is worth noting that the annual production of
cabbage and cauliflower has been reported to be 11.4 and 2.3
million tons in Europe and 0.81 and 0.45 million tons in
North Africa, respectively. The amount of FW produced in
developed countries is 100–170 kg per person and year
(around 747 million inhabitants in Europe). Approximately,
80–90% of total FW is generated by food processing indus-
tries [37–39]. Consequently, their combined treatment might
be of interest from the standpoint of sustainable
development.

The main purpose of this study was to evaluate the feasi-
bility of the anaerobic co-digestion of CCF and FW (CCF +
FW) at different C/N ratios compared with mono-digestion.
The percentages of the mixing ratio used in the co-digestion
experiments were calculated as a function of the C/N ratio of
each waste type. Two high CCF + FW mixing ratios were
proposed (45 and 56) in order to increase the methane produc-
tion yield and establish a carbon and nitrogen balance. The
mixing ratios are equivalent, in dry weight, to 36.42% CCF +
63.57%FW and 14.38% CCF + 85.61% FW, respectively.
Higher C/N ratios than those reported in the available litera-
ture were chosen given that FW is generated in higher
amounts and continuous mode compared with CCF waste,
which is available seasonally.

2 Materials and methods

2.1 Experimental set-up

The experimental set-up used for the AD of CCF and FW
consisted of four, 1-L Pyrex reactors operating in batch or

discontinuous mode under mesophilic conditions through a
thermostatic jacket of water at 37 °C. The continuous stirred
tank reactors are equipped with four connections to load feed-
stock, ventilate the biogas, inject inert gas (nitrogen) to main-
tain the anaerobic conditions and remove effluent. The vol-
ume of methane produced during the process was measured
using 1-L Boyle–Mariotte reservoirs connected to each reac-
tor, and the experimental results were adjusted to standard
conditions of temperature and pressure (STP, 0 °C and
1013.15 hPa). To remove the CO2 produced during the pro-
cess, tightly closed bubblers containing NaOH solution (6 N)
were connected between the two elements. The methane vol-
ume displaced an equal measurable volume of water from the
reservoir, which was measured with the aid of a 1-L test tube
(Fig. 1).

2.2 Chemical analyses

The following parameters were determined in the effluents of
the reactors at the end of each load and in the wastes used as
substrates: pH, alkalinity (Alk, mg CaCO3/L), volatile acidity
(VADIS, mg C/L), conductivity (μS/cm), chemical oxygen de-
mand (COD, mg O2/g dry weight), total solids (TS, g TS/kg
sample), fixed solids (FS, g FS/kg sample), volatile solids
(VS, g VS/kg sample), total Kjeldahl nitrogen (TKN, mg N/
g sample), total soluble phosphorus (TP, mg P/g dry weight),
total soluble organic carbon (TOC soluble, mg C/L), and total
soluble nitrogen (TSN, mgN/L). C2–C6 VFAwas analyzed by
gas chromatography (VAGC, mg C2/L). All analyses were car-
ried out in accordance with the Standard Methods of the
APHA, except pH, conductivity, TOC soluble, and TSN,
which were carried out according to the test methods of the
US Department of Agriculture and the US Composting
Council.

A Shimadzu model TOC-VCSH carbon analyzer was used
to determine total soluble carbon (TC soluble), inorganic sol-
uble carbon (IC soluble), and TOC, which was obtained as the
difference between TC soluble (mg C/L) and IC soluble (mg
C/L). The CO2 generated by the catalytic oxidation of the
carbon in the sample was detected by infrared spectrometry.

The TSN was determined using a Shimadzu TOC-VCSH/
CSN TOC/N analyzer, which allowed burning the sample at
720 °C to decompose the total N into gaseous NO that cools,
dehumidifies, and is detected with a chemiluminescent gas
analyzer.

In addition, the content of short-chain VFA (acetic,
propionic, butyric, isobutyric, valeric, isovaleric, and
caproic acid) was determined using a Hewlett-Packard
HP-560 gas chromatograph. The chromatograph is
equipped with a 15 m × 0.53 mm (i.d.) Nukol silica
semi-capillary column, a flame ionization detector, and
an oven to gradually increase the temperature from 100
to 150 °C at a rate of 4 °C/min.
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2.3 Substrates

The CCF agricultural waste (leaves and stalks) was collected at
a farm in Cordoba, Spain, in February 2017 and completely
mixed. As cabbage and cauliflower are usually grown in the
same season and cultivated in closely located places, their re-
sidual streams were used as co-substrate at a ratio of 50:50.
After chopping to a particle size of < 2 mm, the CCF mixture
was stored in plastic containers in a refrigerator at 4 °C for
subsequent use. FW was collected from a restaurant at the
Rabanales Campus of the University of Cordoba. The restau-
rant serves a variety of menus consisting of appetizers, burgers,
pasta, salads, sandwiches, eggs, lentils, oranges, steak, chicken
fingers, beef, fish and chips, and other foods. Samples were
collected over 3 days in March 2017 in order to estimate the
composition of organic waste contained in the residual streams.

The organic waste from the university restaurant was het-
erogeneous, so it was necessary to carry out a mechanical
pretreatment using a blender to homogenize the waste and
finally collect a representative sample, which was used as
the raw material for this study. On the basis of the character-
ization of FW, and in order to increase the methanogenic po-
tential of this waste, CCF was used as a co-substrate with FW
at different C/N ratios (45 and 56). The characterization of
CCF and the different mixtures evaluated are shown in
Table 1. The C/N ratio was calculated using the following
formula, considering the total concentration of VS and TKN
in the substrates:

C=N ¼ VS %ð Þ=1:76
TKN %ð Þ ð1Þ

where 1.76 is the Wasksman number [40].

2.4 Anaerobic digesters: experimental procedure

The reactors were inoculated using granular biomass obtained
from an anaerobic digester of the EMACSAwastewater treat-
ment plant of Cordoba, Spain (VS = 10.27 ± 0.48 g/L; see
Table 2), which has a methanogenic activity of 56.28 ± 5
mLSTP CH4/g COD·h (STP, 0 °C and 1 atm). The anaerobic
reactors were initially loaded with 7 g VS/L of granular
sludge. In order to activate the inoculum prior to the experi-
ments with organic waste, the reactors were first fed with a
synthetic medium (GAL medium) composed of glucose, so-
dium acetate, and lactic acid at concentrations of 50 g/L, 25 g/
L, and 20.8 mL/L, respectively [41]. During this initial period,
the load added to the reactors varied from 0.25, 0.50, 0.75, to
1.00 g VS of GAL/L over a 15-day period. After this initial
stage, biomass acclimatization was carried out. The reactors
were fed with 1.00 g VS/L composed of GAL and waste. The
proportion of waste in the mixture varied from 25 to 100%
after four loads. This acclimatization step was carried out in
each reactor over a 15-day period. Following this adaptation
period, each reactor was loaded with 100% of each selected
waste. The added load was increased from 1.0, 1.5, to 2.0 g
VS/L, and 8 replicates were performed for each load in semi-
continuous mode, once biogas production completed in the
loads. In all cases, the duration of each experiment was equal
to the time interval required for maximum methane produc-
tion. The volume of methane, under STP conditions, was
measured as a function of time, and samples of the liquid
digestate were taken and analyzed before and after feeding.
The operational volume of the reactors remained constant by
extracting the same volume of sample as the added volume.
After sampling, the solid fraction of digestate (which included
microorganisms and non-biodegraded substrate) was

Fig. 1 Experimental set-up used
for the anaerobic digestion exper-
iments. (1) digester; (2) thermo-
static jacket; (3) agitation blade;
(4) water circuit input; (5) water
circuit output; (6) liquid substrate-
feeding tube; (7) solid substrate-
feeding tube; (8) sampling tube;
(9) stirrer; (10) bubbler containing
a NAOH solution (6 N) to remove
CO2; (11) gasometer; (12) gradu-
ated tube
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recovered from the samples and recirculated into the digesters
after centrifugation at 2000 rpm. All the experiments, includ-
ing the start-up, biomass acclimatization, and waste treatment,
were carried out over a 60-day period.

2.5 Kinetic study

2.5.1 First-order kinetic model

In order to fit the experimental results obtained during AD, a
first-order kinetic model was used to compare the methane
production of the loads. According to this model, the volume
of methane accumulated G (mLSTP CH4/L) with time can be
calculated by the following equation [42]:

G ¼ Gm � 1−exp −K � tð Þ½ � ð2Þ
where Gm is the maximum theoretical volume of methane
(mLSTP CH4/L) per liter of reactor measured under standard
conditions (1 atm and 0 °C), k is an apparent kinetic constant

that includes a specific constant and the concentration of bio-
mass in the reactor (1/h), and t is time (h).

2.5.2 Sigmoidal kinetic model

The following expression represents the sigmoidal kinetic
model used to analyze the cumulative methane production
obtained for each experiment, particularly those with lag
phase [43]:

G ¼ Gm

1þ exp −
t−x0
b

� �� � ð3Þ

WhereG is the volume of methane accumulated (mLSTP/L)
at a given time, Gm is the maximum methane production
(mLSTP CH4/L), t is the time necessary for the anaerobic di-
gestion of each load (h), and x0 and b are fitting parameters of
the model.

2.5.3 Methane production rate

The methane production rate was calculated according to the
mathematical model proposed previously (Eq. 2 and Eq. 3) as
the time derivative of methane production (rCH4, mLSTP CH4/
L·h), calculated by the following equations:

dG

dt
¼ rCH4 ¼ Gm � k � exp −k � tð Þ ð4Þ

dG

dt
¼ Gm � 1þ exp − t−x0ð Þ=bð Þð Þ

b � 1þ exp −
t−x0
b

� �h �i
2

ð5Þ

Table 1 Characterization of the substrates

Variable CCF (C/N = 13) FW (C/N = 64) FW+CCF (C/N = 45) FW+CCF (C/N = 56)

pH 5.54 ± 0.01 5.28 ± 0.01 4.62 ± 0.01 4.61 ± 0.01

Alkalinity (mg CaCO3/L) 1102 ± 5 101 ± 4 122 ± 5 244 ± 5

Conductivity (μS/cm) 887 ± 1 947 ± 2 865 ± 4 904 ± 7

Moisture (%) 88.66 ± 0.19 66.76 ± 0.59 76.12 ± 0.38 71.68 ± 0.23

VS (g/kg dry weight) 832 ± 8 927 ± 15 916 ± 11 923 ± 8

FS (g/kg dry weight) 159 ± 3 73 ± 3 83 ± 12 76 ± 2

N-NH+
4 (mg N/kg dry weight) 8324 ± 352 4365 ± 51 5540 ± 113 5798 ± 35

N-TKN (mg N/kg dry weight) 37,328 ± 141 8204 ± 523 8375 ± 326 6384 ± 70

TP (mg P/kg dry weight) 1516 ± 10 1176 ± 5 1197 ± 2 2415 ± 2

IC (mg C/ kg dry weight) 26 ± 1 15 ± 1 79 ± 1 60 ± 1

TOC (mg C/kg dry weight) 34,973 ± 10 1002 ± 10 5355 ± 10 3202 ± 10

TSN (mg N/kg dry weight) 3139 ± 5 397 ± 5 439 ± 5 271 ± 5

CODt (g O2/kg dry weight) 980 ± 65 1290 ± 155 1190 ± 120 1250 ± 70

Table 2 Characterization of the inoculum

Variable Sludge

pH 7.72 ± 0.01

Conductivity (mS/cm) 16.83 ± 0.01

TS (g/kg) 23.57 ± 0.25

FS (g/kg) 13.29 ± 0.39

VS (g/kg) 10.27 ± 0.48

TOC (mg C/L) 159 ± 10

TC (mg C/L) 415 ± 15

IC(mg C/L) 256 ± 5

TSN (mg N/L) 172 ± 3

Methanogenic activity (mL STP CH4/g COD·h) 56 ± 5
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2.6 Software

The Sigma-Plot software (version 11.0) was used to create
graphs, perform the statistical analysis (mean values and stan-
dard deviations), and fit the experimental data presented in
this work.

3 Results and discussion

3.1 Characterization of substrates

The VS concentration in the CCF and FW was determined
and reached similar values in both cases, while the TKN con-
centration was higher in the CCF (Table 1). In order to eval-
uate the viability and the methane yield of the methanogenic
process and to prevent inhibition due to the marked presence
of nitrogen in the case of CCF and high C/N ratio in the case of
FW (C/N = 64), two different mixtures with FW were inves-
tigated at C/N ratios of 45 and 56 (FW provides carbon and
compensates the excess of nitrogen in CCF). These values are
within the range reported in the literature. Although Habiba
et al. [44] and Fricke et al. [45] determined a C/N ratio of 25–
30 as a reference value for AD, other authors such as Aiyuk
et al. [46] have reported correct operation at C/N ratio values
as high as 60. In addition, Giovanna et al. [47] studied the AD
of water buffalo manure collected over a period of 3 years to
investigate the effect of the substrate C/N ratio on biomethane
production. The investigated samples showed a C/N ratio be-
tween 9 and 50, which is a wider interval than that typically
considered in the literature as optimal for waste digestion
processes.

The pH values of the different residual substrates were
found to be acidic in a range between 4.61 ± 0.01and 5.54 ±
0.01. Although the pH of FW depends on its composition
(according to dietary habits, country/restaurant of origin,
etc.), the pH value of this waste was found to be similar to
that obtained by Xu et al. [26], who reported a pH range of
3.3–5.7 for household and restaurant FW composed of banana
skins, eggshells, and uneaten food such as plate waste. It is
worth noting that the acidic pH of the evaluated wastes was
neutralized by the mixing liquor of the digesters, as the micro-
bial inoculum used had an initial pH value of 7.72 ± 0.01
(Table 2), which is close to the optimal pH of methanogenic
archaeas (6.80–7.50) [48].

3.2 Co-digestion stability

The stability of the process was monitored at the end of each
load through the variation in pH, the concentration of VAGC,

and the VADIS/Alk ratio (eq acetic acid/eq CaCO3) in the
reactor effluents.

As can be seen in Fig. 2a, the pH remained in a stable
operating range between 7.50 and 7.82 with a mean value of
7.60 ± 0.10. There was a slight increase in the pH of the di-
gester loaded with the CCF mixture, which was probably due
to the nitrogen content of the substrate (7.78–7.81).In general,
a high organic carbon concentration increases the formation of
carbon dioxide and reduces the pH value, while the presence
of nitrogen leads to the generation of NH4

+ that could increase
pH inside the reactors. Nevertheless, the pH range was within
the optimal values for AD stability. Moreover, the FW led to
lower pH values of the mixing liquor than the other substrates
and was stable for higher loads, which could be due to the
higher C/N ratio observed in the other residual substrates
(allowing more organic matter to be available for acidifica-
tion). In the case of the AD of CCF, an accumulation of nitro-
gen occurred (more than 150 mg NH3/L), which reached con-
centration values that inhibited methane production at loads
higher than 1.0 g VS/L and for which a pH value of around
7.80, was observed.

In addition, the VA/Alk ratio, expressed as equivalents,
reached values of 0.103 eq acetic acid/eq CaCO3 in the worst
case for the digestion of CCF + FW (C/N = 45), as can be seen
in Fig. 2b. A similar trend was also observed for substrates
with a higher C/N ratio: FWand CCF + FW (C/N = 56). In all
cases, the VA/Alk ratio increased with the load added to the
reactors. However, the ratio values were markedly lower than
the inhibition thresholds. Specifically, this ratio indicates the
proper operation of the reactors, without risk of acidification,
when its value is lower than 0.300–0.400 [49].

3.3 Biodegradability of substrates

The biodegradability of the single and co-digested substrates
was another fundamental operational variable determined in
the study (Fig. 3). According to the mean value of the methane
production yield, the percentage of organic matter trans-
formed into methane was quantified considering that 350
mLSTP CH4/g COD is the theoretical maximumCH4 produced
per gram of COD [50].This value is proportional to the bio-
degradability, without taking into account the organic matter
used for cellular growth and metabolism. Based on this infor-
mation, the FW showed a maximum biodegradability value of
around 60% for the 1.5 g VS/L load, while the biodegradabil-
ity of CCF was lower due to the accumulation of nitrogen in
the digesters. The percentage of biodegradability of FW
makes it a favorable raw material for AD. However, maxi-
mum biodegradability was achieved using CCF + FW, specif-
ically 85% and 98% for the different C/N ratios evaluated (56
and 45, respectively) when the added load was 1.5 g VS/L.
These values are higher than those obtained by Zhang et al.
[15] in a BMP test at 37 °C. Therefore, under the study con-
ditions, the abovementioned load was considered the optimal
operational load in terms of the biodegradability of the
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substrates. It is worth noting that the biodegradability of the
mixture at C/N = 45 is markedly higher than the value obtain-
ed for the single digestion of FWunder mesophilic conditions.
Consequently, anaerobic co-digestion could be a viable treat-
ment method for the types of waste evaluated.

3.4 Kinetics of methane production

As an example, Fig. 4 shows the evolution of the experimental
methane production as a function of time in the case of CCF +
FW with a C/N = 56. As can be seen, the behavior is not the
same as when the load was increased from 1.0 and 1.5 to 2.0 g
VS/L. The highest value was obtained at 1.5 g VS/L (598 ± 45
mLSTP CH4/L). However, a lag phase was observed at higher
loads (2 g VS/L), which was possibly due to a slowdown of

the metabolic pathway, since the hydrolytic phase is the lim-
iting stage. In order to fit the experimental results obtained in
this study and to facilitate comparison between different loads,
the mathematical equation by non-linear regression of order
one (Eq. 2) described in the “Kinetic study” section was used.

TheK andGm values were calculated numerically from the
experimental data obtained for each load by non-linear regres-
sion using Sigma Plot (version 11.0; see Table 3).The kinetic
constants diminished as the load added to the digesters was
increased, which indicates inhibition by substrate.
Furthermore, the sigmoidal model (Eq. 3), which includes a
lag phase, was selected to analyze the cumulative methane
production. A marked decrease in methane production was
observed at the highest load (2 g VS/L), which was probably
due to the presence of inhibitory factors.
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In order to evaluate the accuracy of the proposed mathe-
matical models, a linear relation between the maximum ex-
perimentally accumulated volume of methane (G) and the
maximum theoretical volume (Gm) was investigated. The pro-
posed model (Eq. 2) predicts 97% of the experimental maxi-
mum methane values with a confidence interval of 99%
(Fig. 5). However, due to the lag phase at high loads that did
not fit the mathematical model proposed for low loads, the
methane production rate was investigated to compare the ki-
netics of different loads (Eq. 4 and Eq. 5).

As can be seen in Fig. 6a, b, and c, the methane production
rate (Eq. 3) showed a similar trend along the loads. The
highest methane production rate was achieved at 1.5 g VS/L

for all the substrates studied, reaching the highest rates in the
first 20 h. At 2.0 g VS/L, the methane production rate (Eq. 4)
showed a growing trend until reaching a maximum, after
which it declined due to the lag phase explained previously.
In this second case, the highest rate was achieved at approxi-
mately 60 h. Similar results were observed during the anaer-
obic digestion of FWand CCF + FW (C/N = 45). Specifically,
the highest rates increased slightly in the case of the co-diges-
tion. According to these figures, the 1.5 g VS/L load showed
the highest methane rate production due to an optimal
microorganism/substrate ratio, and also achieved better biode-
gradability than at higher loads, where the accumulation of
nitrogen might cause inhibitory effects.
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3.5 Relation between methane yield production
and C/N ratio

The methane yield coefficient (YCH4/S) was determined from
the experimental maximum methane volume produced (Gexp)
and the load added to the reactors (g VS added/L). The single
AD of CCF and FW generally achieved a lower methane
production yield (from 247 to 280 mLSTP CH4/g VS, respec-
tively). These values are lower than those obtained by
Kuczman et al. [14], who reported 444 mLSTP CH4/g VS
when using FW as substrate at 29.0 ± 0.5 °C. However, in
the co-digestion of CCF + FW at different C/N ratios, we
noticed significant methane production for the 1.5 g VS/L
load, especially for C/N = 45 (475 ± 9 mLSTP CH4/g VS).
This increase in methane production might be due to an ade-
quate nutrient balance and the adaptation of anaerobic micro-
organisms to the substrate used, which ensures the easy deg-
radation of the mixture. According to Gil et al. [51], who

evaluated various nutrients at different combinations of C/N
ratios under mesophilic conditions (37 °C), although co-
digestion might not always improve the methane production
yield, it allows the joint treatment of different wastes.

Figure 7 shows the variation in methane yield production
as a function of the C/N ratio of the substrates. As can be seen,
the increase in the C/N ratio caused a decrease in methane
yield for all the loads. Additionally, the co-digestion of FW
with CCF showed better results than those obtained with the
single digestion of FW. The best results obtained for CCF +
FW (C/N = 45) were 475 ± 9 mLSTP CH4/g VS. This value is
slightly higher than that obtained for the other C/N ratios and
significantly higher than the value obtained for FW. The opti-
mal results were achieved at 1.5 g VS/L, which correspond to
a maximumOLR of 0.06 kg of CCF + FW/m3 h. These results
are in concordance with Xu et al. [26], who reported a meth-
ane yield production of 460–530 mL/kg VS. The co-digestion
of FW with CCF might improve methane yield production
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Fig. 5 Validation of mathematical
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and the maximum theoretical
volume of methane (Gm) (mLSTP

CH4/L)

Table 3 Kinetics of methane production

G =Gm [(1 − exp (–K · t)]
G ¼ Gm

½ð1þexp − t−x0ð Þ=bð Þ� **

FW
(C/N = 64)

CCF
(C/N = 13)

FW + CCF
(C/N = 45)

FW + CCF
(C/N = 56)

Load (g
VS/L)

Gm

(mLSTP
CH4)

K (1/h) r2 Gm

(mLSTP
CH4)

K (1/h) r2 Gm

(mLSTP
CH4)

K (1/h) r2 Gm

(mLSTP
CH4)

K (1/h) r2

1.0 129 ± 4 0.21 ± 0.20 0.8782 228 ± 5 0.14 ± 0.01 0.9584 143 ± 8 0.35 ± 0.06 0.8674 113 ± 14 0.17 ± 0.06 0.7334

1.5 453 ± 15 0.09 ± 0.01 0.9294 - - - 779 ± 112 0.05 ± 0.01 0.7953 598 ± 45 0.05 ± 0.01 0.9113

2.0** 417 ± 14 - 0.9814 - - - 302 ± 2 - 0.9995 155 ± 13 - 0.9746

G: volume of methane accumulated (mLSTP, at 1 atm and 0ºC) at a given time; Gm: maximum methane production (mLSTP CH4); t: time required for
biomethanization of an organic load (h); x0 and b: parameters of each model; K: apparent kinetic constant (1/h)
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due to the dilution of toxic chemicals such as the high con-
centration of nitrogen, increase the micro-nutrients and micro-
biological activity [24], and also decrease treatment costs
through the co-digestion of different raw materials.

The methanogenic potential of a mixture of substrates may
be different from the sum of the methanogenic potentials of
the constituent substrates in the mixture [52].In some cases,
the methanogenic potential of a mixture of substrates is higher
than the sum of the methanogenic potentials of the constituent
substrates, reflecting synergy between the substrates in the
mixture. In other cases, however, antagonism may be ob-
served. In this context, synergism is considered an additional
production of methane produced by co-digestion rather than
mono-digestion. According to Mata-Alvarez et al. and Joute
et al. [53, 54], the formulation of co-digestion substrate mix-
tures should allow the dilution of the constituting disadvan-
tages of the substrates (presence of toxicity, high concentra-
tion of dry matter, low C/N ratio, etc.) and accumulate their
strengths in order to constitute a methanogenic synergy.
Table 4 summarizes this analysis for the co-digestion of
CCF and FW compared with the mono-digestion of the resid-
ual substrates under study. The results illustrate the differences
in methane yields for co-digestion and mono-digestion. The
methanogenic potential obtained from the mono-digestion of
FW was 287 mLSTP CH4/g VS for the load of 1.5 g VS/L,

while it reached 247 mLSTP CH4/g VS for CCF. A simple
mass balance allowed the calculation of the methane produc-
tion that might be expected from CCF + FWat the mentioned
load. As can be seen, an increase was observed in the exper-
imental valued obtained. In absolute terms, the enhancement
in the final volume of methane generated was even higher at
the optimal load (1.5 g VS/L), with 475 and 433mLSTP CH4/g
VS for C/N ratios of 45 and 56, respectively. It is worth noting
that these values were obtained with waste mixture at OLR of
0.06 kg/m3 h (at C/N = 45) and 0.11 kg/m3 h (C/N = 56).
Therefore, compared with the mono-digestion of FW, the
use of CCF as a co-substrate had a significant synergistic
effect.

4 Conclusions

AD was stable in all cases. A slight increase in pH was ob-
served for the CCF material, while in the case of FW, the pH
was stable for higher loads. All of the VA/Alk ratios operated
under optimal conditions.

Maximum biodegradability values were achieved when
using the CCF + FW co-substrate with C/N ratios of 56 and
45 (85% and 98%, respectively).
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Fig. 7 Methane yield coefficient
(YCH4/S) determined from the
experimental maximum methane
volume produced (G) and the load
added to the reactors (g VS
added) as a function of the C/N
ratio

Table 4 Effect of co-digestion on methane production

Co-digestion (C/N) Methanogenic potential
(mLSTP CH4/g VS)

Difference compared with mono-digestion
of CCF (mLSTP CH4/g VS)

Difference compared with mono-digestion
of FW (mLSTP CH4/g VS)

45 475 + 228 + 188

56 433 + 186 + 146
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The highest methane production was observed for co-
digestion with the mixture at C/N = 45 during the 1.5 g VS/
L load, which obtained a methane yield of 475 ± 9 mLSTP

CH4/g VS.
The combination of CCF + FW (C/N = 45) with 0.06 kg of

raw material/m3 h achieved the maximum OLR, with 1.5 g
VS/L being the optimal load and mixture under the study
conditions.
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