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Abstract
Waste Opuntia is an abundant source of biomass to produce biogas and biofertilizer in a small and commercial scale. This crop
has a high biomass yield, wide adaptation to diverse climatic zones, rapid growth, and low input requirements. This study aimed
to evaluate the combined effect of adjusting C/N ratio and an alkaline pretreatment (AP) of waste Opuntia heliabravoana
Scheinvar in the production of biogas and biofertilizer in anaerobic reactors. AP bioreactors produced more biogas than the
control (C, without the combined effect of AP); besides, in this process, it was not necessary to use additional water due to the
high content of water that is present in the tissue of this crop. On the other hand, both biofertilizers (C and AP) had enssential
microbial groups that help to enhance plant nutrition as S-reducers, S-oxidizers, amylolytic, cellulolytic bacteria, anaerobic S-
mineralizers, cellulolytic fungi, and P-solubilizers. Also, the AP treatment to help to increase 1.5:1 total nitrogen (TN) concen-
tration decreased the pathogenic microorganisms in the biofertilizer compared to the C treatment. For this reason,Opuntia spp. is
a good substrate for production of biogas and biofertilizer with essential nutrients for many crops in area with water scarcity.
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Introduction

The potential energy crops growing in arid and semiarid areas
are an invaluable resource to produce sustainable energy be-
cause they do not compete with food crops for fertile farmland
and their water requirements are low. This last characteristic is
very important since water availability is the major factor that
constrains the cultivation of bioenergy crops (Dauber et al.
2012). Crassulacean acid metabolism (CAM) organisms such
as Opuntia spp. bring the opportunity for the production of
biomass feedstock in water-limited areas. CAM is a

photosynthetic adaptation that permits the uptake of CO2 at
night and thereby optimizes the water-use efficiency of carbon
assimilation in these plants. Such attributes highlight the po-
tential of CAM plants for carbon sequestration and as feed-
stocks for bioenergy production on marginal and degraded
lands (Borland et al. 2009). CAM plants require 10-fold less
water per unit of dry biomass production than the common C3
and C4 crops do (Mason et al. 2015).

The genus Opuntia includes a great diversity of cactus
species (also known as Bnopal^) that is widely distributed in
North, Central, and South America, South of Europe (Italy),
Africa, Asia, and Oceania (Volpe et al. 2018; Do Nascimiento
et al. 2016). It has a high agrotechnological potential for the
production of both human food and animal feed (Flores-
Váldez 2002). O. ficus-indica, O. robusta, and O. amyclaea
are extensively used in Mexico as a base element for the pro-
duction of cosmetics, pharmaceutical products, agricultural
products, textiles, additives for construction, coagulants in
wastewater treatment, and other applications (Nharingo and
Moyo 2016; Beltrán-Hernández et al. 2015; Aguilar et al.
2008).

InMexico, around 233,000 ha are cultivated with this crop,
of which 150,000 ha is bounded for human consumption (as
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cladodes and prickly pears), with a production of 139,193 tons
per year (Torres-Ponce et al. 2015). The production and the
management of nopal crops generate around 4 to
8 tons ha−1 year−1 of organic waste, which are piled on the
ground without any treatment thereby generating greenhouse
gases. Such wastage is still more evident if we consider that
the potential yields of O. ficus-indica as energy crops for bio-
mass production are from 160 to 600 tons ha−1 year−1 (15–
50 ton of dry matter ha−1 year−1) (García and Nobel 1992).
Furthermore, Opuntia wastes represent an abundant source of
biomass to produce chemical and speciality materials such as
mucilage, pectins, biofuels, and biofertilizers on a large scale.

Some species of Opuntia have shown relevant characteris-
tics for their use as bioenergy crops. O. amyclaea, under irri-
gated conditions, has higher productivity (45 tons of dry mat-
ter ha−1 year−1) than the more productive C3 and C4 crops
(40 tons of dry matter ha−1 year−1); besides, this crop is adapt-
able to a wide variety of rainfall regimes and requires low-
crop inputs (Bobich and Nobel 2001). O. ficus-indica has
36.3% of carbohydrates, low lignin fraction (12.3%), and
low cellulose crystallinity, and this characteristic makes it a
good substrate for fermentative processes (Yang et al. 2015).
Moreover, their high water content is particularly attractive for
aqueous-based processes such as anaerobic digestion. On the
other hand, the cladodes bagasse has high contents of ash
(23.7%), and that is why it serves a source of mineral nutrients
that could be recycled and reused as fertilizers. Do
Nascimiento et al. (2016) estimated the potential of ethanol
production from prickly pears (1490–1875 L ha−1 year−1),
which was lower than those derived from other traditional
sources of biomass. By contrast, prickly pear stands out as
biomass with a high potential for production of methane
(3717 m3 ha−1 year−1).

Anaerobic digestion processes have shown to be an effec-
tive way of transforming organic matter (from agricultural
waste, animal manure, and wastewater) into biofuels,
digestate, and other products of industrial interest. Anaerobic
digestion addresses the problems that are associated with or-
ganic waste disposal such as destroying pathogenic organisms
and reduces greenhouse gas emissions.

Wastes rich in cellulose, hemicellulose, and lignin require
pretreatment to alter the structure of hemicellulose, reduce the
crystallinity of cellulose, and to remove lignin to improve their
digestibility before anaerobic digestion (Chaturvedi and
Verma 2013). An alkaline pretreatment is a viable option for
substrates with a low lignin content, as reported in Opuntia
spp., because this pretreatment is inexpensive and efficient
while helping to maintain the pH of the medium at suitable
values during the anaerobic digestion process. The control of
the hydrolysis is a key factor in Opuntia-like substrates be-
cause the medium in the reactor tends to acidify and affect the
enzymatic activity of the methanogenic bacteria (Boontian
2014). The C/N ratio is another key factor. O. maxima

(Ramos-Suárez et al. 2014) and O. ficus-indica (Jigar et al.
2011) that increased the yield of methane and biogas, respec-
tively, when added as a co-substrates to increase the C/N ratio.
These studies demonstrate the potential of Opuntia spp. as a
biomass source for the production of biofuels, as well as the
importance of characterizing it adequately (regarding its dry
and volatile mass contents and its C/N ratio) to improve the
production of biogas in anaerobic processes. The operating
parameters such as hydraulic retention time (HRT) and mass,
organic load rates (OLR) should also be controlled to optimize
the anaerobic digestion process (Moncayo 2013).

In this work, the combined effect of an alkaline pretreat-
ment and the adjustment of the C/N ratio on the enhancement
of the production of biogas and biofertilizer from cladodes of
O. heliabravoana Scheinvar (forage nopal) in anaerobic reac-
tors was evaluated. Other parameters, such as pH, microor-
ganisms, and the quality of the biofertilizer obtained, were
also monitored during the process.

Materials and methods

Characterization of O. heliabravoana Scheinvar
as a substrate

O. heliabravoana Scheinvar is a native species of the state of
Hidalgo, which grows on rocky soil and rhyolitic rocks. This
plant of cactus family is shrubby with 1.30 m high and they
have flattened branches; one of the characteristics is that its
flower changes color from yellow to pink-red (like the color of
salmon). The fruit is greenish-white, with a sour taste known
as xoconostle (Lira et al. 2016). The cladodes of O.
heliabravoana Scheinvar were used as a substrate for the pro-
duction of biogas and biofertilizer. A homogeneous mixture of
cladodes was prepared in an extractor (model Philips® HL-
3161). This mixture was characterized in terms of total organ-
ic carbon (TOC) by theWakley and Blackmethod (García and
Ballesteros 2005); chemical oxygen demand (COD) by the
method 5220 of the Standard Methods (APHA, AWWA,
WEF 2012); biochemical oxygen demand after 5 days
(BOD5) by the OxiTop™ measurement system (WTW™,
Germany); TN by the micro-Kjeldahl method (APHA,
AWWA, WEF 2012); total solids(TS), and volatile matter
(VS), by the method 2540-E, and finally pH by the method
4500 (APHA, AWWA, WEF 2012).

Biogas production

Four lab-scale bioreactors were used to evaluate the effect of
both alkaline conditions and C/N ratios in the biogas and
biofertilizer production. Two control bioreactors (C) were
started up without pH nor C/N ratio adjustments (the mea-
sured ratio was 44:1). Two experimental bioreactors with
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adjusted C/N ratio (30:1; by the addition of 0.06 g Ca(NO3)2)
and alkaline pretreatment (AP, with 0.45 g of Ca(OH)2 1 M)
were started up at an initial pH of 8.5. The inoculum used in all
the bioreactors was prepared by mixing fresh rabbit manure
and water (1:3 v/v). The mixture was kept under anaerobic
conditions for 50 days before being utilized for inoculating
the bioreactors.

The four bioreactors with 1.54 L of working volume were
fed semi-continuously (each 24 h), with an OLR of
2.31 kgVS m−3 days−1 and HRT of 36 days. The bioreactors
were operated during 85 days at a room temperature (about
20 °C). The anaerobic digestion process was evaluated by
assessing the following parameters in the inlet and the outlet
of the experimental bioreactors: TOC, COD, TN, and pH.
These parameters were measured by the techniques listed in
the section BCharacterization of O. heliabravoana Scheinvar
as a substrate^.

The methane and other gases (hydrogen, carbon dioxide,
hydrogen sulfide) in the biogas samples for 36, 50, 70, and
85 days were analyzed by gas chromatography (Gow
Chromatograph, Instrument Company Series-350, thermal
conductivity detector, USA).

Evaluation of the biofertilizer

In the biofertilizer produced in the C and AP bioreactors after
85 days of culture, pH, electrical conductivity (EC), and total
dissolved solids (TDS) were also measured with multiparam-
eter (Hanna instruments HI9828, USA), total organic carbon
(TOC), total nitrogen (TN), total phosphorous (TP) and were
evaluated. The contents of humic-like acids were also
assessed (Yeomans and Bremner 1988). Furthermore, the con-
centrations of metals (K, Na, Ca, Fe, Mn, Mg, Zn, Ni, Cu, Pb,
Cd, and Cr) were also measured by absorption spectrometry
(in a Spectra 800 Varian, Australia), following the EPA 3051
method (EPA 1995).

Besides, we evaluated the presence of some beneficial mi-
crobial groups (amylolytic, cellulolytic, phosphate-solubiliz-
ing, anaerobic sulfur-mineralizing, sulfur-oxidizing, and
sulfur-reducing microorganisms) in the biofertilizers obtained
from the C and AP bioreactors. To accomplish it, the 10-fold
serial dilution method was assessed and some appropriate di-
lutions were selected of each microbial group as explained
below. For amylolytic microorganisms, 0.1 mL of 10−4 to
10−6 dilutions was plated onto starch agar (soluble starch
10 g, nutritive agar 23 g, distilled water 1000 mL, at pH 7.2
± 0.3) and incubated at 28 °C for 48–72 h; after, a solution of
Lugol was added to the plates, and the colonies with a clear
halo were considered as amylolytic (Ghosh et al. 2002). The
concentrations of cellulolytic microorganisms were measured
by spreading 0.1 mL of 10−4 to 10−6 dilutions on cellulose
Congo red agar [K2HPO4 0.5 g, MgSO4 0.25 g, cellulose 2 g,
Congo red 0.2 g, agar 5 g, gelatin 2 g, soil extract 100 mL

(500 g of dried soil and 0.5 g of CaCO3 were dissolved in
500 mL of distilled water, sterilized at 121 °C for 15 min, then
allowed to cool and to settle and finally filtered), distilled
water 900 mL, at pH 7.0 ± 0.2] supplemented with griseoful-
vin (0.4 g L−1) or chloramphenicol (0.4 g L−1) to prevent the
growth of fungi or bacteria, respectively. The time and condi-
tions of incubation were the same as mentioned above. The
cellulolytic colonies were identified by a clear halo surround-
ing them (Gupta et al. 2012). For the measurement of
phosphate-solubilizing microorganisms, the pour plate meth-
od was employed: 1 mL of 10−3–10−5 dilutions and GL me-
dium [glucose 20 g, Ca3(PO4)2 2 g, yeast extract 2 g, agar
15 g, chloramphenicol 0.4 g, distilled water 1000 mL, at
pH 7.0 ± 0.2] were used (Sylvester-Bradley et al. 1982). The
microorganisms of the sulfur cycle and the phosphate-
solubilizing colonies were cultured in specific liquid media,
using 1 mL of 10−7 to 10−9 dilutions incubated at 30 °C
showed a clear halo after 4 weeks, and finally, most probable
number (PMN) was calculated using a table (FDA 2017). For
anaerobic sulfur-mineralizing microorganisms, the composi-
tion of the mediumwas as follows: NH4Cl 1 g, K2HPO4 0.5 g,
CaCl2 0.1 g, C3H5NaO3 5 mL (60% solution), D-L
Methionine 0.5 g, ammonia iron citrate 0.5 g, and distilled
water 995 mL. After inoculation, 1 mL of nujol was added
to each tube to prevent oxygen entry. The presence of a black
precipitate, i.e., the formation of iron sulfide, indicated a pos-
itive result. Starkey’s mediumwas used for culturing of sulfur-
reducing microorganisms, according to the formulation pro-
posed by Butlin et al. (1949) (per liter): H2HPO4 5 g, NH4Cl
1 g, Na2SO4 1 g, CaCl2·2H2O 0.1 g; MgSO4·7H2O 2 g, sodi-
um lactate (70% solution) 5 g, FeSO4·(NH4)2SO4·6H2O 0.5 g,
a small fragment of iron, and distilled water 1000 mL, at
pH 7.0 ± 0.5. The formation of iron sulfide around the iron
fragment indicated a positive result. For the assessment of
sulfur-oxidizing microorganisms, the composition of the me-
dium was as follows: K2HPO4 0.25 g, MgCl2 0.1 g, NaCl
0.1 g, NH4NO3 2 g, CaCO3 5 g, and distilled water
1000 mL, at pH 7.0. Before sterilization, 0.2 g of elemental
sulfur was added to each tube a sole electron donor. After
incubation, 1 mL of each tube was placed in a clean tube
and three drops of BaCl2 5% solution were added. The pres-
ence of sulfates was detected by the formation of a white
precipitate.

Also, pathogens like Salmonella enteric Serotype
Typhimurium and Enterobacter aerogenes were evaluated in
the biofertilizers obtained from both bioreactors (C and AP)
with the use of red bile agar violet MCD LAB, Mexico.

Statistical analysis

The homogeneity of variance of the physicochemical data was
analyzed with the Levene test and the deviation from normal-
ity with Kolmogorov-Smirnov and Shapiro-Wilk tests. Some

Environ Sci Pollut Res (2018) 25:28403–28412 28405



variables were transforming using square root for obtaining
variables with homogeneity and normality. After, we applied
the Student’s t test (independent samples t test) to determine
the significant differences between both treatments (C and
AP) during the anaerobic digestion of O. heliabravoana and
the biofertilizer quality at the end of the experiment. All the
parameters were analyzed in triplicate and the statistical anal-
yses were conducted using the SPSS v. 21 statistical package
(SPSS Inc., Chicago, USA).

Results and discussions

Characterization of the substrate

Table 1 shows the physicochemical composition of the clad-
odes of O. heliobravoana. Their water content (90.25%)
makes them a good substrate for anaerobic processes. The
content of TS was 9.75%, with 85.23% of VS. When organic
substrates contain high concentrations of TS (> 15%), the con-
ventional anaerobic processes require additional water to di-
lute the substrates before being fed to the digester. In this
study, all the water used in the process was obtained from O.
heliabravoana Sheinvar. The water extracted from O.
heliabravoana displayed acidic pH values (4.22) (Table 1).
Yang et al. (2015) and Ramos-Suárez et al. (2014) found sim-
ilar pH values in water extracted from O. ficus-indica (4.17)
and O. maxima (4.63–4.66). Yang et al. (2015) mention that
such low pH values are associated with the nocturnal carbon
fixation intomalate, which is stored in the vacuole as the malic
acid in CAM plants. The contents of TOC and TN were 28.81
and 0.59%, respectively, and the resulting C/N ratio was 48
(Table 1). Ramos-Suárez et al. (2014) reported a similar com-
position for O. maxima cladodes (TS, 10.9–14.1%; VS, 79.8–
81.7%; TOC, 37.35–36.9%; TN, 0.72–1.0%; C/N ratio, 36.3–
51.3), while Yang et al. (2015) measured similar contents of
water and carbon (93.9 and 35.1%, respectively) in oven-dried
samples of O. ficus-indica. These authors also found high
mass fractions of sulfur and chlorine (0.33 and 0.81%,

respectively), which might affect the digestion process (i.e.,
by corroding the bioreactor or its accessories). Likewise, the
TN content and the C/N ratio were similar to the values found
by Sitorus et al. (2013) for a mix of fruit and vegetable wastes.
However, the C/N ratio measured in O. heliobravoana is un-
suitable for an anaerobic process, which requires C/N ratios
comprised between 15 and 30 (Piątek et al. 2016; Moncayo
2013). When the C/N ratio is high, the methanogens consume
fast the low amount of nitrogen available, and the biogas pro-
duction diminishes. On the contrary, a low C/N ratio increases
the levels of ammonia, which in turn may increase the pH up
to inhibitory levels for methanogenic bacteria (Sitorus et al.
2013). The BOD5/COD ratio was higher than 0.75, which
demonstrates that the substrate is highly biodegradable under
aerobic conditions (Moncayo 2013).

Biogas production in lab-scale bioreactors

During 85 days, the culture media of the C and AP bioreactors
were monitored in terms of pH and COD. The produced bio-
gas and methane and other gases (hydrogen, carbon dioxide,
hydrogen sulfide) were also assessed. The results are shown in
Table 2. During the first 30 days, themeasured pH values were
slightly acidic in both bioreactors. After that, the pH of the
culture medium of the AP bioreactors raised and remained at a
moderately alkaline range (between 7.21 and 7.82). The C
bioreactors maintained slightly acidic conditions, with pH
values comprised between 6.36 and 7.11. These values of
pH in bioreactors were found to be significantly different
(p < 0.05) during all experiment. These trends of the pH
values were similar to the results obtained by Jigar et al.
(2011) during the anaerobic codigestion of cow manure with
O. ficus-indica in batch reactors.

The acid pH values at the beginning of the anaerobic di-
gestion process were typical of the hydrolysis stage, during
which the microorganisms transform the complex organic
compounds into organic acids. Due to their chemical compo-
sition, characterized by a low nitrogen content, the abundance
of easily biodegradable organics, and the high concentration
of organic acids (such as the malic and citric acids in O. ficus-
indica), some organic substrates of plant origin foster the pro-
duction of volatile organic acids (Yang et al. 2015). The deg-
radation of proteins contributes to the accumulation of ammo-
nia in the following stage, the acidogenesis, thereby alkaliniz-
ing the culture medium. Ammonia reacts with the dissolved
inorganic carbon and generates ammonium bicarbonate, a
buffering compound, during the methanogenesis stage
(Verma 2004). The optimum pH value of the methane produc-
tion ranges between 6.5 and 7.5; if the pH in the culture me-
dium is lower than 6, or higher than 8, the methanogenesis
stage is likely to be inhibited (Mahanta et al. 2004).

COD is a commonly monitored parameter during anaero-
bic digestion processes because it is an indicator of the

Table 1 Physicochemic-
al characteristics of the
cladodes of Opuntia
heliobravoana Scheinvar

Water (%) 90.25 ± 0.13

VS (%) 85.23 ± 0.67

TS (%) 9.75 ± 0.13

pH 4.22 ± 0.10

TOC (%) 28.81 ± 0.04

TN (%) 0.59 ± 0.03

C/N ratio 48

COD (mg O2 L
−1) 23,150 ± 62.50

BOD5 (mg O2 L
−1) 17,333 ± 4000

BOD5/COD ratio 0.75
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heterotrophic activity. After 36 days of operation, the AP and
the C bioreactors had removed 83 and 89% of the initial or-
ganic matter content, respectively. The AP bioreactors pre-
sented greater efficiencies in the degradation of organics (>
95%) than the C bioreactors (< 90%) (both operating at an
OLR of 2.31 kgVS m−3 day−1) but only after 50 days of
incubation. This was possible due to the adequate HRT of
the bioreactors. Mata-Alvarez et al. (1992) reported the per-
formance of a mesophilic single-stage stirred digester for the
treatment of a mixture of fruit and vegetable wastes and found
that the maximum OLR that could be achieved was <
3 kgVS m−3 day−1. Other studies suggested that there may
be some instability in the anaerobic digestion of fruit and
vegetable wastes at high OLR (≥ 4 kgVS m−3 day−1), which
may lead to a pH decline, lower gas yield, and increased CO2

content in the biogas (Jiang et al. 2012). After 85 days of
operation, the biogas production in the C bioreactors was
221 mL g−1 VS, with 61% of methane (Table 2) and 0.3%
of hydrogen, > 0.1% of hydrogen sulfide, and 38% of carbon
dioxide (data not show). In the AP bioreactors, the biogas
production was 257 mL g−1 VS (i.e., 16% higher than the
production measured in the C bioreactors) and with a methane
content of 65%. The biogas production in the AP and C bio-
reactors was found to be significantly different (p < 0.05) from
70 days of HRT. However, methane contents in the biogas are
not found to be significantly different in AP and C bioreactors
(p < 0.05). From these results, the efficiency of the process is
likely to be enhanced through the adjustment of the C/N ratio
in the feeding to the biodigester. Some authors state that the
alkaline pretreatment of the substrate increases the methane
production due to the partial solubilization of organic mate-
rials, although the production of some inhibitors may also
occur (López and Espinosa 2008).

The OLR control is a key variable in the process. Zuo et al.
(2013) investigated the effect of operating the biodigester at
several OLR (1.3, 1.7, 2.1, and 2.6 VS∙m−3 day−1, HRT =
14 days, at 37 ± 2 °C) and with or without recirculation of
the effluent on the dynamics of the acidogenic and methano-
genic stages during the anaerobic digestion of vegetal waste.

On the one hand, the increase of the OLR led to an augmen-
tation of the concentration of volatile fatty acids (VFA) in the
acidogenic reactor, where pH diminished from 6.4 to 5.2. On
the other hand, a higher OLR augmented the daily biogas
production (from 1.2 to 4.4 L d-1), as well as the methane
content (from 27.4 to 60.5%). However, the authors con-
firmed the hydrolysis inhibition when the bioreactor was op-
erated at the highest OLR (2.6 VS∙m−3 day−1) and without
recirculation.

Ramos-Suárez et al. (2014) obtained higher biogas yields
(302.3 ± 9.7 mL g−1 VS than ours by using O. maxima as
substrate in batch bioreactors operated at a mesophilic tem-
perature of 37 °C and an HRTof 40 days. In spite of the higher
biogas productivity, these authors obtained only 47.1% of
methane. The elevated carbohydrate levels (up to 63%) in
the cladodes of the plant were proposed as a possible cause.
Thus, as the carbohydrates are readily assimilated during the
anaerobic digestion process, which results in high concentra-
tions of VFA, the overcharge of the system can easily occur if
it is operated at an inadequate OLR. It is our view that a
sustainably high methane amount can be produced from O.
heliabravoana Scheinvar by operating the digester at an OLR
of 1–2 kgVS∙m−3 day−1, at T ≤ 20 °C, HRT of 30–36 days,
without adjustment of the C/N ratio.

Quality of the Opuntia biofertilizers

Table 3 presents the physicochemical characteristics of the
biofertilizers obtained after 85 days of anaerobic digestion of
the cladodes of O. heliabravoana Scheinvar. The biofertilizer
obtained from anaerobic digestion is usually slightly alkaline
(pH > 7.5; Bernal et al. 2014). However, the biofertilizer from
the C bioreactor presented acidic pH values (6.58 ± 0.20) dur-
ing the 85-day period. During the first 15 days of the process,
the digestate from the AP bioreactors was also acidic (6.90 ±
0.15), but its pH stabilized later at alkaline values (Table 3).
The pH values of both biofertilizers are adequate to maintain
the nutrient availability (Bernal et al. 2014) and to prevent the
loss of nitrogen by its volatilization in the form of ammonia.

Table 2 Parameters and biogas
production measured during the
operation of the lab-scale
bioreactors

Time (day) pH COD (mg O2 L
−1) Biogas yield

(mL (g VS)−1)
Methane
(%)

C AP C AP C AP C AP

0 7.27 ± 0.03 8.54 ± 0.01 30,775 ± 1000 30,775 ± 250 ne ne ne ne

15 6.4 ± 0.01 6.90 ± 0.15 2031 ± 32.7 2841 ± 32.0 ne ne ne ne

36 6.36 ± 0.05 7.21 ± 0.05 2306 ± 4.3 2001 ± 1.0 154 147 42 40

50 6.48 ± 0.01 7.32 ± 0.05 2766 ± 13.0 1495 ± 0.8 161 191 48 52

70 7.11 ± 0 .01 7.82 ± 0.01 4350 ± 16.0 933 ± 3.3 163 239 58 65

85 6.88 ± 0.13 7.29 ± 0.01 3125 ± 300 525 ± 50 221 257 61 65

ne not evaluated, C control bioreactor, AP bioreactor with adjusted C/N ratio and alkaline pretreatment
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Sincemost of the liquid biofertilizers are alkaline (pH > 7.5), it
has been warned that a high loss of ammonia can occur during
their storage or utilization (Nkoa 2014). The pH of the
biofertilizer is not the only factor affecting the nitrogen sup-
ply: the storage conditions, the application modes, and several
climatic variables may increase the ammonia volatilization too
(Nkoa 2014).

The high degradation level of the organic matter observed
in both treatments led to the increases of EC and TDS during
the anaerobic digestion process. The values after 85 days of
culture were 2.52–2.59 dS cm−1 and 1160–1328mg L−1 in the
biofertilizer (Table 3). EC and TDS parameters measured in
the biofertilizers obtained from the AP and C bioreactors are
not significantly different (p < 0.05) at 85 days of operation.
Islas-Valdez et al. (2017) and Soria et al. (2001) also obtained
liquid biofertilizers from a rabbit and pig manure with high EC
values (5.34 and 4.08 dS m−1, respectively).

Nkoa (2014) has stated that the nutrients contributing the
most to the fertilizing potential of an organic soil amendment
are nitrogen, phosphorus, and potassium. The contents of
these nutrients, however, vary widely in biofertilizers of dif-
ferent origins, thereby modifying their economic value.
Concerning nitrogen, it is well established that organic

nitrogen (for instance, in the form of proteins or amino acids)
is mineralized to ammonium during the anaerobic digestion
process. In the ammonium form, constituting usually 60–70%
of the TN, this nutrient is easily available to the crops (Bernal
et al. 2014). In the biofertilizers obtained from O.
heliabravoana Scheinvar, the TN contents were 600 ±
14.00 mg L−1 (in the C bioreactors) and 900 ± 16.00 mg L−1

(in the AP bioreactors). These contents were significantly dif-
ferent (p < 0.05). The TN concentration in the digestate of the
C bioreactors was similar to the concentration measured in a
biofertilizer obtained from rabbit manure (455 mg L−1) (Islas-
Valdez et al. 2017).

It is worth to note that the biofertilizers had C/N ratios
(5.85 ± 0.52 and 4.21 ± 0.56 in the biofertilizer from the C
and AP bioreactors, respectively) substantially lower than
the ratio measured in the raw Opuntia cladodes (48; Table
1). This parameter was found to be significantly different
(p < 0.05) in both biofertilizer at 85 days. This is brought
about by the fast degradation of the organic matter that oc-
curred during the process, which was accompanied by a con-
servation of the nitrogen. Our results are in the range of C/N
ratios measured in biofertilizers obtained by the anaerobic
biodigestion of manure (i.e., 2–10; Bernal et al. 2014).

The presence of humic-like acids in a digestate is a key
parameter to determine its quality, maturity, potential useful-
ness, and impact as an organic amendment of soils (Islas-
Valdez et al. 2017; Nkoa 2014). The humic matter contributes
greatly to the buffering properties of soil, as well as to its
sorption and cation exchange capacities. Chen et al. (2004)
suggested that the concentrations of humic-like acids of 50–
300 mg L−1 stimulate the growth of plants. Our biofertilizers
showed higher concentrations of humic-like acids (426 ± 22
and 511 ± 44 mg L−1 in C and AP bioreactors, respectively)
than these suggested levels. The concentration of humic-like
acids measured in the biofertilizers obtained from the AP and
C bioreactors was found to be significantly different (p <
0.05). The above concentrations of humic-like acids were sim-
ilar to the contents reported by Islas-Valdez et al. (2017) in a
biofertilizer prepared from rabbit manure (537.88 mg L−1).

Several studies have confirmed that the anaerobic digestion
process converts the nutrients of organic waste into forms that
is available to plants, thereby enhancing the nutrient bioavail-
ability to crops to improve yields (Alburquerque et al. 2012;
González et al. 2014; Islas-Valdez et al. 2017).

As nitrogen, phosphorus may be in inorganic and organic
forms in anaerobic digestates, although in inorganic form,
more assimilable species usually predominate (Bernal et al.
2014). The TP concentrations in the biofertilizers obtained
from the C were 55% higher than the contents measured in
the AP bioreactors (Table 3). This difference was found to be
significant (p < 0.05).

Potassium is another key nutrient to be supplied by a
biofertilizer, where it is found mainly in inorganic form. In

Table 3 Physicochemical quality of the liquid biofertilizers produced
fromO. heliabravoanaScheinvar in the lab-scale bioreactors after 85 days
of culture

Parameter C AP

pH 6.88 ± 0.13 7.29 ± 0.01

EC (dS m−1) 2.52 ± 0.26 2.59 ± 0.10

TDS (mg L−1) 1160 ± 103.23 1328 ± 369.10

TOC (mg L−1) 3510 ± 0.01 3790 ± 0.09

TN (mg L−1) 600 ± 14.00 900 ± 16.00

C/N ratio 5.85 ± 0.52 4.21 ± 0.56

Humic-like acids (mg L−1) 426 ± 22 511 ± 44

TP (mg L−1) 643 ± 5.60 415 ± 2.39

Potassium (mg L−1) 38.92 ± 0.27 36.75 ± 1.58

Sodium (mg L−1) 472 ± 6.87 513 ± 19.64

Calcium (mg L−1) 2006 ± 72.39 1804 ± 386.24

Magnesium (mg L−1) 383 ± 10.84 347 ± 34.63

Manganese (mg L−1) 34.90 ± 9.96 18.64 ± 6.05

Iron (mg L−1) 21.37 ± 1.84 20 ± 0.38

Zinc (mg L−1) 4.34 ± 0.08 4.89 ± 0.46

Cooper (mg L−1) 0.75 ± 0.14 1.5 ± 0.42

Lead (mg L−1) LDL LDL

Nickel (mg L−1) LDL LDL

Chromium (mg L−1) LDL LDL

Cadmium (mg L−1) LDL LDL

C control bioreactor, AP bioreactor with adjusted, C/N ratio and alkaline
pretreatment, LDL lower than the detection limit (for lead, it is
0.12 mg L−1 ; for nickel, 0.02 mg L−1 ; for chromium, 0.13 mg L−1 ; for
cadmium, 0.06 mg L−1 )
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this way, its assimilation is similar to that reached through
potassic chemical fertilizers (Bernal et al. 2014). The contents
of potassium measured in the C and AP bioreactors (38.92 ±
0.27 and 36.75 ± 1.58 mg L−1, respectively) did show signif-
icant differences (p < 0.05). These contents can be considered
low as compared to the potassium levels reported by Islas-
Valdez et al. (2017) in a rabbit manure-derived biofertilizer
(322.69 mg L−1). Potassium is a macro element that is of
fundamental importance for plant nutrition and plays a key
role in the water balance of plants, in the activation of en-
zymes and participates in the process of photosynthesis,
among other functions. We suggest to improve the concentra-
tion of potassium in the biofertilizer, with the addition of a
compound such as KOH, instead of Ca(OH)2 to perform the
alkaline treatment function and help increase the K content in
the biofertilizer.

Bernal et al. (2014) have highlighted the importance of
controlling the supply of sodium and chlorides by
biofertilizers to limit the salinization of soils and crop damage.
Although the measured EC values in both digestates sug-
gested high levels of these constituents, the contents of sodi-
um can be considered as low and pose no risk of salinization.
The concentration of sodium was found to be significantly
different (p < 0.05) in the AP and C biofertilizer (513 and
472 mg L−1, respectively).

The calcium concentration in the AP biofertilizer was low-
er than in the C, but the difference was not statistically signif-
icant (p < 0.05). This is in spite of the fact that, in the AP
bioreactors, calcium was added as Ca(NO3)2 to adjust the C/
N ratio, and as Ca(OH)2 to pretreat the biomass. Since the
prevailing pH in the AP bioreactors was alkaline all through-
out the digestion process (Table 3), it is likely that the precip-
itation of calcium as phosphate has occurred.

The contents of magnesium and manganese were lower in
the AP digestate than in the C (Table 3), but significant differ-
ences (p < 0.05) were only found in the manganese concen-
trations. It has been signaled that from low (< 10%) to high
(36%), fractions of macronutrients can be retained in an an-
aerobic digester due to their precipitation (Bernal et al. 2014).
No significant differences (p < 0.05) were either found in the
concentrations of iron and zinc measured in the biofertilizers
obtained from the AP and C bioreactors (Table 3). Only the
contents of cupper were found to be significantly different
(p < 0.05). These micronutrients are naturally present in plant
biomass, and consequently, their recycling in the form of
biofertilizers is another advantage of these over the conven-
tional chemical fertilizers.

The recycling of the plant biomass constituents may also
imply the presence of toxic metals in the biofertilizer. This is
one of the main factors limiting their safe utilization in soils
and crops (Al Seadi and Lukehurst 2012). A monitoring study
carried out in three Norwegian biogas producing plants from
food, garden, and home wastes revealed that the digestates did

not exceed the levels of nickel, chromium, lead, and mercury
established for quality criteria classification (class 0)
(Govasmark et al. 2011). For the biofertilizers obtained from
O. heliabravoana Scheinvar, the concentrations of lead, nick-
el, chromium, and cadmium were lower than the detection
limit of the analytical technique (0.12, 0.02, 0.13, and
0.06 mg L−1, respectively). The digestates can be considered
as no representing any pollution risk towards soils and crops,
and even well-suited for organic agriculture (Al Seadi and
Lukehurst 2012).

In the Fig. 1, it can be observed that all the microbial groups
studied were present in both biofertilizers, which is essential
for plant nutrition. Microbial richness is one of the desirable
characteristics in biofertilizers, because these beneficial mi-
croorganisms increase the availability of nutrients and pro-
duce compounds that stimulate their growth, such as some
hormones, and also some compounds that is active against
pathogens are recognized as biological control agents (Tan et
al. 2009). Some commercial biofertilizers present a reduced
microbial variety, compared to that found in both biofertilizers
obtained in this study. Tan et al. (2009) evaluated imported
biofertilizers from Thailand, China, and Australia, in which no
cellulolytic, amylolytic, or sulfur cycle microorganisms were
found. The authors only identified N-fixers, phosphate-
solubilizers, and indole acetic acid-producing microorganisms
in the products analyzed. Cuervo (2010) focused on the isola-
tion of N-fixers and P-solubilizers in two commercial
biofertilizers which had been stored for 2 years. The results
showed that N-fixers were present; however, none of the strain
isolated formed P-solubilizing halos. In our study, the
phosphate-solubilizing colonies showed halos from 2 to
10 mm, and it will be interesting to evaluate their phosphate-
solubilizing activity in a liquid medium.

The order of abundance of the microbial groups was similar
in both biofertilizers. In the AP biofertilizer, it was as follows:
S-reducers, S-oxidizers, amylolytic, cellulolytic bacteria, an-
aerobic S-mineralizers, cellulolytic fungi, and P-solubilizers.
While in the C biofertilizer it was: S-reducers, amylolytic, S-
oxidizers, cellulolytic bacteria, anaerobic S-mineralizers, P-
solubilizers, and cellulolytic fungi. The alkaline pretreatment
decreased the populations of amylolytic, cellulolytic bacteria,
phosphate-solubilizing, and anaerobic sulfur-mineralizing mi-
croorganisms (Fig. 1). It could be due to the sudden increase in
pH at the beginning or to the production of inhibitors, as a
consequence of alkaline pH or to the subsequent decrease that
occurred during the first 15 days of the process. Contrary to
what it was expected, the cellulolytic fungi group was unaf-
fected by the alkaline pretreatment, as were the S-reducing
and S-oxidizing groups. The results obtained in the study of
the microbial groups support the idea of testing minor OLR,
thus avoiding alkaline pretreatment and C/N adjustment.

Finally, the content of total coliforms (Salmonella enteric
Serotype Typhimurium and Enterobacter aerogenes) was 14
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150,000 and 58,000 CFU mL−1 measured in both
biofertilizers (C and AP, respectively). This indicated that an
HRT of 36 days is inadequate to reduce pathogens in these
biofertilizers. Islas-Valdez et al. (2017) reported the contents
of total coliforms as 2540 CFUmL−1 in a biofertilizer of rabbit
manure with 50 days of HRT.

Thus, depending on the source of the substrates, some ad-
ditional measures to sanitize the biofertilizers may be required,
such as pasteurization or the high-pressure sterilization (Al
Seadi and Lukehurst 2012). The full inactivation or destruc-
tion of the pathogens is mainly the result of the combined
effect of both the temperature (i.e., mesophilic or thermophilic
range) and the HRT of the digestion process. A proper com-
bination of these factors (70 °C and 1 h ofHRT) can lead to the
reduction of the pathogen densities in animal manure
digestates up to the allowable limits established by the
European Union (Al Seadi and Lukehurst 2012). Such strict
limits aim at breaking the infection chain and the transmission
of animal and plant diseases. A post-treatment of the

biofertilizers obtained from O. heliabravoana Scheinvar at
65 °C for 1 h could be applied to comply with the European
allowable limits. However, the Opuntia biofertilizers could
lose the populations of beneficial microorganisms for the soil.

Conclusions

O. heliabravoana Scheinvar proved to be an attractive sub-
strate to produce biogas and biofertilizers in areas with water
scarcity, because it provides all the water needed for the an-
aerobic process. The biofertilizer obtained presented a good
diversity of beneficial microorganisms. On the other hand,
alkaline pretreatment with adjustment of the C/N ratio im-
proved the biogas production, augmented the contents of nu-
trients such as nitrogen, and reduced the densities of patho-
gens. Nevertheless, this treatment affects some beneficial mi-
crobial groups too. The biofertilizer can be applied either in
foliar form (after the pathogen inactivation) or directly to soils,
to leverage the beneficial microorganisms that it contains.
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