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a b s t r a c t

The objective of this work was to evaluate the performance of mesophilic continuous anaerobic co-
digestion using oil-extracted microalgae (M) and glycerol (G) in co-digestion with chicken litter (CL).
The process included the starting up and stabilization of continuous anaerobic bioreactors using CL as a
feedstock and the corresponding adaptation to M-CL and M-G-CL feedstocks. The treatments were
selected based on a previous report of our research team on Biochemical Methane Potential (BMP)
evaluation, taking in consideration only the best M-G-CL feedstock ratios. The performance was evalu-
ated by the Specific Methanogenic Activity (SMA); the best response (270.0mL CH4 gVS added

�1) was
obtained with a triple co-digestion M-G-CL 30:3:67, which was 39.0% above the CL treatment. These
findings have shown that the two main residuals from microalgae biodiesel production (G and M) can be
used as a feedstock to improve methane production through anaerobic digestion.

© 2018 Published by Elsevier Ltd.
1. Introduction

Microalgae have the potential to be an important renewable
resource for biodiesel production because of their high productivity
and capacity to produce lipids [1]. Scaling-up microalgae produc-
tion to the industrial level, though, presents challenges including
the disposal or reuse of biomanufacturing residuals [2]. In partic-
ular, biodiesel production from microalgae produces large quanti-
ties of both cellular oil-free biomass waste and glycerol as
byproducts [3]. One method proposed for recycling these wastes is
anaerobic digestion (AD) which can convert complex mixtures of
organic compounds into methane [4]. However, in order to utilize
these residuals with AD, several challenges must be addressed.

Both major fractions of waste from microalgae-to-biodiesel
manufacturing present potential problems for the AD process. Re-
sidual microalgal biomass consists of cell wall compounds that vary
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greatly in degradability [5]. Chlorella, for example, has a cell wall
that is highly resistant to degradation in AD [4]. The second re-
sidual, glycerol, can also be used as substrate for AD. In the litera-
ture [6], it has been reported that glycerol both enhances or reduces
methane production depending on concentration, purity, and
acclimation of the AD microbiome; thus, high levels of crude
glycerol can be prohibitive because of inorganic salts or the accu-
mulation of long chain fatty acids. For example, Usack and Ange-
nent [7] evaluated glycerol as a substrate and found that methane
production was enhanced at a low organic loading rate (OLR), but
was inhibited at high OLR. In addition, since microbiomes become
adapted to particular substrates over time, the choice of which AD
microbiome to use and whether it has acclimated to any of the
substrates may be important [8].

Problems associated with particular substrates may be miti-
gated through co-digestion. Co-digestion can increase methane
yield by improving nutrient imbalances and facilitating synergistic
microbial metabolism [9]. Microalgae have been tested in co-
digestion with a variety of substrates to improve AD performance
and economics [4,10] including livestock manures [9], municipal
wastewater sludge [11], and FOG (fats, oils, grease) wastes [12].
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Many studies have also evaluated the use of glycerol to increase
methane production with co-substrates that have low C:N ratios
[6]. It was found that co-digestion with crude glycerol in a pilot-
scale sludge digester even yielded a net energy gain [13]. It has
been reported that incorporating glycerol to anaerobic digestion
treatments, may cause the propionate concentration to rise [14].

Assessing the suitability of substrate mixes prior to full-scale
implementation is helpful because many variables can affect the
efficiency of AD. One method to measure the quality of new feed-
stocks is biochemical methane potential (BMP) [15]. BMP is a
commonly employed metric because methanogenesis lies at the
end of a complex microbial food web that can be affected by many
variables any one of which could inhibit the overall process. For
example, methanogenesis can be affected by feedstock nutritional
composition, C:N ratio, substrate biodegradability, and chemical
inhibitors [16,17]. In addition, the BMP method itself is an impor-
tant variable. BMP tests are conducted as batch assays in serum
Fig. 1. Starting up and stabilization of continuous bioreactors using CL as a fee
bottles with active microbial cultures taken from any anaerobic
digester. Although these traditional assays are important, particu-
larly for large-scale screening of substrates, they differ substantially
from operating digesters. Unlike continuous-flow reactors in steady
state, reaction thermodynamics in batch tests may be inhibited as
metabolite intermediates and final products build-up, thereby
changing food-web kinetics [18]. Furthermore, inoculum (micro-
biome) variation can also affect BMP results [19].

The BMP for three Chlorella spp., namely C. minutissima,
C. vulgaris and C. pyrenoidosa, has recently been reported [20].
These authors found that C. pyrenoidosa biomass had a relatively
higher biogas yield of 0.464± 0.066m3 biogas kg�1 volatile solids
(VS) added and 57% (v/v) CH4 content during 30 days digestion. This
corresponds to 264.5mL CH4 gVS fed

�1, while for Chlorella vulgaris,
245.0mL CH4 gVS fed

�1 [21]. In a recent study, our research team
used BMP to evaluate the efficiency of co-digestion with two re-
siduals from biodiesel production, M from Chlorella vulgaris and G,
dstock and the corresponding adaptation to M-CL and M-G-CL feedstocks.
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in conjunction CL [22]. This BMP analysis used an AD microbiome
previously stabilized on chicken manure feedstock. Eleven combi-
nations of these three substrates were evaluated in different ratios
using traditional microcosm batch BMP tests. It was found that the
M-G-CL 30:3:67 treatment had the highest yield (131.1mL CH4 gVS
fed

�1) followed by the M-G-CL 30:0:70 treatment (129.6mL CH4 gVS
fed

�1); both BMP were higher than the control (113.2mL CH4 gVS
fed

�1 M-G-CL 0:0:100). In this follow-up study, we tested whether
these three co-substrate mixes could also increase AD productivity
using continuous bioreactors. The process included the starting up
and stabilization of continuous bioreactors using CL as a feedstock
and the corresponding adaptation to M-CL and M-G-CL feedstocks.
SMA was used as the principal parameter for comparison.
2. Materials and methods

2.1. Digesters start-up and microbiome stabilization

The initial two jacketed stainless steel digesters were started-up
in December 2014. The working volume was 10 L and headspace
3 L; each digester was inoculated with 2 L of inoculum which was
taken from a covered lagoon type digester fed with dairy cattle
manure (“Rancho La Hondonada” in Queretaro, Mexico). Both
Fig. 2. Digester configuration, all the measurements in cm.
digesters were filled toworking volume using chicken litter powder
(particle size 1mm mesh opening) in water solution at 1% total
solids (TS). Recirculation was carried out every 3 h with a flow rate
of 620mLmin�1 for 15min using a diaphragm metering pump
(Model BL20 Black Stone, Hanna Instruments, Romania). Temper-
ature was kept at 37 �C± 2 �C; the Hydraulic Retention Time (HRT)
was 30 d. The digesters were kept in this condition for 2 HRT using
an organic loading rate (OLR) of 0.221 gVS $L�1∙d�1. The next step
was to change the feed concentration to 2% TS, corresponding to
0.442 gVS $L�1∙d�1, for 1 HRT, followed by 3% TS (0.663 gVS $L�1∙d�1)
for 8 HRT. The last step was to equally divide each digester, creating
3 new digesters, and using 3% TS (0.663 gVS$L�1∙d�1) feed to reach
the 10-L working volume. In order to reach steady state conditions
for the new digesters, they were fed with the same concentration
for almost 3 HRT (88 d).

This point was designated as time 0 for the present work. Since
the VS were different for each treatment, the OLR varied as follows:
0.701, 0.736, and 0.716 gVS $L�1∙d�1 respectively for CL, M-CL, and
M-G-CL. The SMAwas evaluated for 3 days in total (2 day before day
considered as 0, and the day 0), for the six digesters to verify that
they had similar performances prior to application of the treat-
ments. The feed was changed to the composition of the treatments
on day 1. The SMA was monitored for more than 6 HTR and the
comparison of treatments was performed using data from day
290e292. Fig. 1 summarizes all the procedures described above.
Fig. 3. Changes observed in physicochemical characteristics of the continuous bio-
reactors prior and after adaptation to M-CL and M-G-CL feedstocks, taking CL as
control.
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2.2. Digester characteristics

The digesters used in the experiments were similar to the ones
reported by our research team [23]. The geometrical characteristics
are presented in Fig. 2. The vertical cylindrical vessel had a working
volume of 10 L with an approximately 3.0 L of headspace. The
inflow and outflow lines were using for manual feed and effluent
drain respectively, as well as for mixing the digestate by pumping.
The jacket vessel was filled with oil and heated with an internal
electrical resistance.
Fig. 4. Changes observed in VFAs of the continuous bioreactors prior and
2.3. Experimental procedure

Three different feedstocks were used as follows: glycerol grade
United States Pharmacopeial Convention (USP); oil-extracted
microalgae biomass from Chlorella vulgaris powder (FutureFoods
Company, Mexico); and chicken litter (from a commercial poultry
farm in Tepetlaoxtoc, Mexico). The characteristics of the feedstocks
were reported previously [22]. The treatments were combinations
of M-G-CL as follows: 0:0:100, 30:0:70 and 30:3:67, which were
named as follows CL, M-CL and M-G-CL. These treatments were
defined based on the results of BMP tests previously reported by
after adaptation to M-CL and M-G-CL feedstocks, taking CL as control.



Fig. 5. Changes observed in SMA of the continuous bioreactors prior and after adap-
tation to M-CL and M-G-CL feedstocks, taking CL as control.
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our team [22]; the C:N ratios for the feedstocks were, respectively,
6.94, 6.79 and 8.15 [22]. The feed concentration (3% TS) and HRT
(30 d) were kept constant during the entire experiment.

2.4. Analytical methods

For the substrates, TS, VS, fixed solids, and chemical oxygen
demand (COD) were determined using the standard methods of
APHA (1998) [24]. pH was measured with a potentiometer (Thermo
Scientific Orion 5 Star, Singapore). Profiles of volatile fatty acids
(VFAs) were obtained for acetate, propionate, butyrate, iso-
butyrate, valerate, iso-valerate, caproate, iso-caproate, and hepta-
noate acids using gas chromatography (GC) (Claurus 500, Perkin
Elmer, USA) equipped with a flame ionization detector (FID) and a
capillary column Elite-FFAP with a length of 30m and 0.32mm
diameter (Perkin Elmer, USA). VFAs were determined using a
sample of effluent which was acidified to pH 3 with HCl and
centrifuged at 14,500 rpm for 10min (MiniSpin Plus model micro-
centrifuge Eppendorf, Germany). The supernatant was injected
with an auto-sampler using 5 mL volume. Operation conditions
were as follows: gas flow 5mLmin�1 at 10.6 psi, 150 �C injection
port, 100 �C oven for 8min with ramp of 160 �C for 8.5min, 250 �C
detector, and retention time of 16.5min. Helium was used as the
carrier gas. Free Volatile Acid Mix analytical grade (46975-U, Brand
Sigma-Aldrich, USA) was used as a standard.

Biogas productionwas quantified with a tipping flowmeter that
uses volume displacement and a digital counter (LA8N-BN,
Autonics, Korea). Methane content was evaluated using a GC
(Claurus 500, Perkin Elmer, USA). A 10 mL biogas sample was
introduced into the GC; the operation conditions were as follows:
flow 14mLmin�1 at 14 psi, 100 �C for injection port, 70 �C in oven,
and 100 �C in detector. The retention time was 4min and helium
was used as a carrier gas. The percentage of methane was obtained
using a calibration curve with pure methane (HDSP No. P-4618-F,
Praxair, Mexico). The methane content is reported as content in
normal conditions of temperature and pressure.

2.5. Statistical analysis

ANOVA was performed with SAS package version 9.1 (SAS
Institute Inc., Cary, NC, USA), when differences were found Tukey
test was applied to separate means (a¼ 0.05).

3. Results and discussion

3.1. Digesters performance

The pH and methane concentration of the digesters variations,
between the split and stabilization of digesters with chicken litter
and also the adaptation and stabilization to new feed, are presented
in Fig. 3; where both processes are divided by a dashed line. It is
clear that from day 88 before the time considered as zero, the six
digesters had a similar behavior. The pH remained practically
constant even from the timewhen the two digesters were split into
six. After the change of feed on day 1, pH was nearly constant in-
dependent of the feed which is an indicator of the stability of the
digesters. In a similar manner, methane concentration changes
followed the same pattern on day 88 before time considered as
zero: the digesters had their lowest value at the beginning and rose
from day up to the day 38 before the time considered as zero;
following this period, methane concentrations had slight
variations.

During 88 days before the day zero, the VFA concentrationswere
affected (Fig. 4). It is clear that there was accumulation of acetate,
propionate, and longer chain VFAs in all of the treatments. The
initial accumulation could be attributed to the fact that the
microbiomes were probably stressed by oxygen contamination
while the splitting process took place. A few days after the bio-
reactors were split, acetate and propionate concentrations reached
the peak values in all treatments. Expressed in mg L�1, they were as
follows: CL, 1117 and 403; M-CL, 810 and 274; and M-G-CL, 952 and
303. Acetate and propionate decreased, reaching similar low values
for the three treatments at day zero. The highest values were
169mg L�1 for acetate and 74mg L�1 for propionate which were
relatively low, indicating that the digesters had good performances
and there were no inhibitory effects. In the case of longer VFA, the
changes in concentration followed a trend similar to acetate and
propionate. Thus, the conditions for the digesters during the three
treatments were practically even when the change of feed took
place at day zero.



Table 1
Changes observed prior and after treatments.

Evaluation period [days] Treatments or feedstock pH [�] CH4 [%] SMA [mL CH4 gVS added
�1]

3 days before treatment CL 7.7± 0.0a 45.9± 3.9bc 187.3± 20.1bc

CL 7.7± 0.0a 44.7± 3.7c 190.0± 23.4bc

CL 7.7± 0.0a 43.5± 4.4c 170.2± 24.6c

190 to 192 CL 7.7± 0.1a 50.9± 1.6ab 194.2± 17.4abc

M-CL 7.7± 0.0a 50.9± 1.2ab 257.7± 68.0ab

M-G-CL 7.7± 0.0a 51.2± 0.5a 270.0± 73.6a

*Different letters in the same column are significantly different at a ¼ 0.05.

Table 2
Specific methane activity reported for continuous anaerobic co-digestion using poultry, chicken litter, microalgae and/or glycerol.

Substrate Co-substrate Process type SMA or BMP [mL CH4 gVS-1] Reference

Poultry litter None Continuous 150e215 [26]
Poultry manure None Continuous 227.0 [25]
Chlorella spp. Scenedesmus spp. Continuous 90e143 [30]
50 % Scenedesmus spp. and Chlorella spp 50 % paper Continuous 292.0 [30]
Poultry littera None Continuous 330e420 [27]
40 % Poultry littera 60 % Thin stillage Continuous 560.0 [27]
10 % Poultry manure 70 % Sewage sludge Continuous 336.0 [28]

20 % swine manure
84.4 % Poultry manure 15.6 % Glycerol Continuous 480.0 [29]
Chicken litter None Batch 113.2 [22]
70 % Chicken litter 30 % Microalgae Batch 129.6 [22]
67 % Chicken litter 30 % Microalgae Batch 131.1 [22]

3 % Glycerol
Chicken litter None Continuous 194.2 Present work
70 % Chicken litter 30 % Microalgae Continuous 257.7 Present work
67 % Chicken litter 30 % Microalgae Continuous 270.0 Present work

3 % Glycerol

*SMA for Continuous, BMP for Batch.
a Thermophilic condition.
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In Fig. 4 it is also shown that VFA changed after changing the
feedstock. M-CL and M-G-CL treatments had a reduction in acetate
and propionate concentrations while the control CL showed some
variations during the process. The double and triple co-digestions
had smaller variability and concentrations of acetate and propio-
nate than the control. The triple co-digestion had the smallest ac-
etate and propionate levels, indicating that most of these fatty acids
were consumed by the microbiome, which could result in better
methane production. In the case of the longer VFAs, the concen-
trations after changing feedstocks were low and most of the time
below 30mg L�1.
3.2. Specific methanogenic activity

Fig. 5 shows the SMA for the three treatments: CL had more
variation than M-CL and M-G-CL. The comparison of SMA was
performed in two periods: just previous to the change of feed (the
two days before and the day considered as zero) and at the end of
the stabilization process (190e192 day). Results presented in
Table 1 indicate that pH and ammonia remained practically con-
stant during the period before changing feed and after stabilization
of the reactors. In the case of methane concentration, there were
significant statistical differences in the treatments M-CL and M-G-
CL, showing an increase in the concentrations. The SMA in period of
the two days before and the day considered as zero showed that
reactors fed with M-G-CL had lower values than M-CL and CL, but
no statistically significant differences were observed. However,
comparing the two periods, SMAwas higher for M-CL and M-G-CL.
Taking into consideration the fact that low levels of acetate and
propionate were found in M-CL and M-G-CL treatments, the higher
SMA values in these treatments was expected. Table 1 shows that
CL, M-CL and M-G-CL treatments increased, respectively, 6.9, 67.7
and 99.8mL CH4 gVS added
�1 which corresponds to enhancements of

3.7, 35.6 and 58.6%. The SMA values observed after stabilization
were, respectively, 194.2, 257.7 and 270.0mL CH4 gVS added

�1 for the
CL, M-CL andM-G-CL treatments. Compared to the control, this was
an increase of 32.7 and 39.0% for M-CL and M-G-CL, respectively.

When the SMA is compared to data in the literature (Table 2), it
is possible to see that the value for CL is similar to other studies
[25,26] under mesophilic conditions, but lower than thermophilic
conditions [27]. Table 2 also shows that for poultry litter the co-
digestion enhances SMA [27e29]. It is also important to notice
that BMP, previously reported using the same feed [22], and SMA of
this work have the same trend: the lowest value is for CL, followed
by M-CL, and the maximum for M-G-CL. This fact could be attrib-
uted to the feed composition, which could have more available
nutrients for methane production, which can be verified by the low
levels of acetate and propionate observed during the fermentation.
In addition, we found that the SMA measured in the continuous
bioreactors was much higher than the yield in the previous BMP
tests [22]. This is likely due to differences in the metabolic pathway
kinetics of batch reactors versus flow-through reactors.
4. Conclusion

The experiments have shown that the SMA in continuous pro-
cess, follows the same trend than BMP in batch process. Co-
digestion with oil-extracted microalgae, glycerol and chicken
litter under mesophilic conditions had a better SMA than the M-CL
co-digestion and the CL; which were respectively 270.0, 257.7 and
194.2mL CH4 gVS added

�1. The treatment with the highest SMA (M-
G-CL, 30:3:67) had a 6.94 C:N. The VFA profiles showed differences
among the treatments, suggesting differences in the availability of
easily degraded substrate molecules and pathway kinetics.
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