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Abstract

This study compared the acidogenic fermentation of Scenedesmus sp.-AMDD at
laboratory-scale, under mesophilic (35 °C) and thermophilic conditions (55 °C).
Preliminary batch tests were performed to evaluate best conditions for volatile fatty acid
(VFA) production from microalgal biomass, with respect to the inoculum, pH and
nutrients. The use of bovine manure as inoculum, the operating pH of 4.5 and the
addition of a nutrient mix, resulted in a high VFA production of up to 222 mg g-1 total
volatile solid (TVS), with a butyrate share of 27%. Both digesters displayed similar
hydrolytic activity with 0.38±0.02 and 0.42±0.03 g soluble chemical oxygen demand
(COD) g-1 TVS for the digesters operated at 35 and 55 °C, respectively. Mesophilic
conditions were more favourable for VFA production, which reached 171±5, compared
to 88±12 mg soluble COD g-1 TVS added under thermophilic conditions (94% more). It
was shown that in both digesters, butyrate was the predominant VFA.
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Abbreviations
AD

anaerobic digestion

BMP

biochemical methane potential

COD

chemical oxygen demand

CODeq

COD-equivalent

CSTR

completely stirred tank reactor

FID

flame ionization detector

GHG

greenhouse gas

HRT

hydraulic retention time

LCFA

long chain fatty acid

OLR

organic loading rate

R35

CSTR under mesophilic conditions (35 ºC)

R55

CSTR under thermophilic conditions (55 ºC)

sCOD

soluble chemical O2 demand

TKN

total Kjeldahl nitrogen

TVS

total volatile solids

UASB

upflow anaerobic sludge blanket

VFA

volatile fatty acids

VSS

volatile suspended solids

WAS

waste activated sludge

WWTP

wastewater treatment plant

1. Introduction

Most fuels and precursor chemicals used in the chemical industry are largely
based on crude oil. Considering the unsustainability of crude oil as a feedstock,
considerable research efforts are underway to replace crude oil with more renewable and
sustainable sources by developing biomass-based processing platforms to produce
valuable bio-based chemicals and energy carriers, including versatile building blocks. An
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additional platform, the carboxylate platform has been introduced recently (Agler et al.,
2011; Chang et al., 2010; Holtzapple and Granda, 2009). Carboxylates refer to a mixed
spectrum of dissolved short-chain volatile fatty acids (VFA), mostly acetic, propionic and
butyric acids, derived from anaerobic digestion (AD). In conventional AD, VFAs are
subsequently utilized by methanogens to produce methane in one or two-stage systems.
Instead, AD can be limited to the acidogenic fermentation and the VFA mix separated
from the culture broth can serve as a resource for the production of valuable products
such as ketones, esters or alcohols (Agler et al., 2011; Bastidas-Oyanedel et al., 2015).
Butyric acid is of particular importance as it has an increasing commercial value and can
be transformed into butanol, a promising future fuel (Dwidar et al., 2012). A variety of
large scale AD technologies are commercially available. The anaerobic acidogenic
fermentation would use similar hardware to that used currently in industrial
biomethanization, so bioreactor technologies are readily available for acidogenic
fermentation.
Macroalgae have been used for centuries by mankind to produce food products
like nori, a dried red alga (Rhodophyta) that is widely used in Japanese cuisine, or agaragar (Pulz and Gross, 2004). More recently, microalgae has attracted particular attention.
as a universal and sustainable “factory” for the production of precursor chemicals and
thereby substitute oil-derived products. It was found that certain species of microalgae
are capable of accumulating valuable substances like lipids (e.g. polyunsaturated lipids
such as omega-3) and proteins. This enables several possible applications for food (Plaza
et al., 2008), animal feed (Pulz and Gross, 2004), pharmaceutical (Borowitzka, 1995) and
cosmetic industry (Stolz and Oberbayer, 2005). Microalgae are also a suitable feedstock
for the production of energy carriers, such as biodiesel (Schenk et al., 2008)), bioethanol
(Harun et al., 2010), biohydrogen (Hankamer et al., 2007) and methane (Frear et al.,
2013; Golueke et al., 1957; Montingelli et al., 2015; Sialve et al., 2009). Even after
maximal extraction of high value chemicals or fuels, a large portion of the algal
production will still be left over. The greenhouse gas (GHG) abatement resulting from the
CO2 capture by the algal culture could be significantly compromised by GHG emissions
from the algal leftover if improperly managed. This is precisely where biogas or
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carboxylate platforms could be instrumental, for yet generating value from algal residues
and expanding the range of products from the whole algal feedstock.
The fermentative VFA production has so far been examined for different complex
substrates such as manure (Thanakoses et al., 2003), food waste (Hong and Haiyun,
2010), plant residues (Kim et al., 2013), municipal solid waste (Aiello-Mazzarri et al.,
2006). However, the production of VFA-rich effluents from microalgae has received little
attention (Li et al., 2013). This work focused on mixed VFA production from the
microalga strain Scenedesmus sp.- AMDD, with special emphasis on distinctions in
hydrolysis and VFA yields between mesophilic and thermophilic conditions. This work
extends existing research on microalgal utilization for VFA production and attempts to
intrigue more work in this domain.

2. Materials and methods

2.1. Algae feedstock

The microalga strain Scenedesmus sp.-AMDD was used in this study. The algae
was provided by the Aquatic and Crop Resources Development division of National
Research Council of Canada (NRC) located in Halifax (Nova Scotia, Canada). In
preliminary tests conducted in our lab, Scenedesmus sp.-AMDD had shown good
methane yields and was chosen as a model strain for future examinations (Frigon et al.,
2013). No pre-treatments were applied and the algal biomass was kept at -20 °C before
feeding. Based on the dry weight, the composition of Scenedesmus sp.-AMDD was as
follows: 45 % carbohydrates, 44 % proteins and 4 % lipids. To maintain the desired
organic loading rate (OLR), the algae paste was diluted using the same defined media as
in the VFA potential assays (section 2.2). The total volatile solids (TVS) of the fed algae
substrate was determined on a daily base to quantify the OLR as precisely as possible and
adjust to the target value. Due to an observed hydrolysis of the algae solution over time,
even when stored at 4 °C, the solution was prepared immediately prior to feeding.
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2.2. Volatile fatty acid potential estimation

The VFA potential assays were based on biomethane potential (BMP) protocol
that was modified so to optimize the acidogenic fermentation and the VFA yield, while
preventing methane production due to acidic conditions. The modified assays were
prepared as previously described (Frigon et al., 2013), using an inoculum to substrate
ratio of 2:1 based on the total volatile solid (TVS) concentration, so that the
bioconversion kinetics is not microbially limited. All assays were performed in
triplicates. Briefly, the sample bottles were prepared anaerobically by sparging with a
constant flow of a gasesous mixture containing 80% N2 and 20% CO2. For each
experimental digestion the bottles contained: inoculum (2 g TVS), algal biomass (1 g
TVS), defined media (2 mL), Na2S-cysteine solution (0.5 mL). The final volume was
adjusted to 100 mL for all bottles using boiled demineralized water. The assays were
conducted for 10 days. The bottles were incubated at 35°C with an agitation of 150 rpm.
One liter of defined media contained: 500 mg KH2PO4, 500 mg NaCl, 100 mg
CaCl2·H2O, 1894 mg NH4Cl, 100 mg MgCl2·6H2O, 10 mg (NH4)6Mo7O24·4H2O, 0.1 mg
ZnSO4·7H2O, 0.3 mg HBO3, 1.5 mg F2Cl2·4H2O, 10 mg CoCl2·4H2O, 0.03 mg
MnCl2·6H2O, 0.03 mg NiCl2·6H2O, 0.1 mg AIK(SO4)2·12H2O, 0.1 mg nicotinic acid, 0.1
mg cyanocobalamin, 0.05 mg thiamin, 0.05 mg p-aminobenzoic acid, 0.25 mg pyridoxine
and 0.025 mg pantothenic acid. The assays were monitored for gas production and biogas
composition along with pH and VFA at day 2, 4, 7 and 10. Parameters such as TVS,
COD and ammonium were analyzed at the end of the incubation period.
The first set of assays compared the use of four different inocula: granular sludge
collected from a full scale upflow anaerobic sludge blanket (UASB) digester treating
apple processing wastewater (Lassonde Inc., Rougemont, Qc, Canada), bovine manure
collected from a dairy farm (Ferme Larose, Verchères, Qc, Canada), concentrated waste
activated sludge (WAS) from a municipal wastewater treatment plant (WWTP) (SteCatherine, Qc, Canada), and a blend from the three inocula (33.3% each on a TVS basis).
All inocula were used as collected, except the bovine manure. The manure with initial
TVS of around 140 g kg-1 was blended at 3200 rpm using a Retsch GM 300 knife mill
(Retsch Inc., Newtown, PA, USA) to ensure a homogeneous substrate by destroying
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coarse and fibrous structures. Subsequently, the blended manure was diluted with the
defined media as described above, to a final concentration of circa 50 g TVS kg-1. All
inocula were starved for 48 hours prior to the start-up of the assays by incubation at 35
°C with agitation at 150 rpm with no substrate. The algae mass added to the assays varied
as a function of its TVS concentration.
Bovine manure was used as the inoculum for the assays at different pH and
nutrient concentrations. For the pH assays, pH was adjusted to 2, 3, 4 and 5 using H2SO4
6N at the initial time. Then, pH was adjusted if required at day 2, 4 and 7 in each bottle.
For the nutrients assays, one set of bottles was prepared with the defined media as
described above, one set of bottles was prepared without defined media, and the last set
of bottles was prepared with the defined media with a nutrient content five times more
concentrated.

2.3. Reactor setup

Two completely stirred tank reactors (CSTR) were operated for a period of 22
weeks under mesophilic (35 °C, R35) and thermophilic (55 °C, R55) conditions to
evaluate the production of VFAs from microalgal biomass. Figure 1 shows the schematic
reactor setup applied for this work. The glass CSTRs (Bellco Glass Inc., Vineland, NJ)
with a working volume of 6L were equipped with a steel stirrer, temperature and pH
sensors. The reactors contained three ports for effluent extraction, feeding, acid injection
as well as gas sampling. Biogas was quantified by a MilliGascounter fabricated by Ritter
Apparatebau GmbH & Co. KG (Bochum, Germany). Each time the reactor was to be fed,
an effluent volume was first withdrawn with a peristaltic pump along with compensation
in the headspace by an equivalent volume of nitrogen, and then replaced with an equal
volume of algal concentrate. The withdrawn effluent was then refrigerated for further
examination.
Hydraulic retention time (HRT) and OLR were monitored throughout the
experiment. Variations within the batches caused some deviations in OLR. Furthermore,
feeding had to be modified during week 4 and 5 due to technical difficulties, which
resulted in fluctuations in OLR and HRT. This however was before stable state

6

conditions were achieved and hence had no impact on the data used for evaluating the
performances.
Each reactor was inoculated with 6L of manure with a TVS of 49 g kg-1 of
manure. Hence, at the beginning, the digesters contained a total of 294 g TVS. Feeding
was initiated the following day. A semi-continuous feeding was applied: the reactors
were manually fed once a day, five days a week. Before feeding, the substrate was heated
to room temperature in order to prevent any negative effects for the microbial
community.
To maintain the desired temperatures, both reactors were equipped with heat
jackets and heat controllers (JSC-33A-R/M, Shinko Technos Co. LTD., Osaka, Japan).
For reactor R55 an ancillary heat element was installed beneath the reactor to
complement the heat jacket. To monitor the proper functioning of the temperature
control, both reactors were equipped with an additional electric thermometer. The pH was
controlled with an automatic injection of 6N H2SO4 regulated by a PHCN-410 pH
controller fabricated by Omega Engineering Inc. (Stamford, CT). To avoid phototrophic
algae growth during hydrolysis, the reactors were covered with aluminum foil throughout
the experiment to keep light away.

2.4. Analytical methods

The pH was measured on a daily basis with a Fisher Scientific AB15 pH meter
(Thermo Fisher Scientific Inc., Ashville, NC, USA) after the samples cooled down to
room temperature. Prior to each measurement, the pH meter was calibrated with a twopoint calibration at pH 4 and 7 using standard solutions (VWR International Inc., West
Chester, PA). The TVS and COD analyses were performed according to standard
methods (Eaton et al., 1995).
The gas composition (CO2, CH4, N2, H2 and O2) was measured by injecting 300
L of gas (model 1750 gas-tight syringe, Hamilton, Reno, NV) into an Agilent 6890 gas
chromatograph (Agilent Technologies Inc., Wilmington, DE) equipped with a thermal
conductivity detector and a 5 m x 2.1 mm Carboxen-1000 column (Supelco, Bellafonte,
PA) with argon as the carrier gas. The column temperature was held at 60 ºC for 7 min
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and increased to 225 ºC at a rate of 60 ºC min-1. All gas volumes are given at standard
temperature and pressure, of 273.15 K and 100 kPa.
VFAs (acetate, propionate, butyrate, iso-butyrate, valerate iso-valerate, caproate)
and alcohols (methanol, ethanol, 2-propanol, tert-butanol, n-propanol, sec-butanol, and nbutanol) were measured on an Agilent 6890 gas chromatograph (Wilmington, DE)
equipped with a flame ionization detector (FID) as described previously (Guiot et al.,
2011). Unless explicitly mentioned, the sum of the VFA concentrations are expressed in
COD equivalents (CODeq), using conversion factors of 1.07, 1.51, 1.82, 1.82, 2.04, 2.04,
2.20 g COD g-1 for acetic, propionic, iso-butyric, butyric, iso-valeric, valeric and caproic
acids, respectively (Lim et al., 2008).
For the long chain fatty acids (LCFA) extraction and analysis, one mL of liquid
sample was placed into a 5 mL vial and added with 0.05 g NaCl, two drops of 50%
H2SO4 and 2 mL of a 50:50 hexane:methyl tertiary butyl ether (MTBE) mixture. The
vials were crimped with a Teflon coated septum, shaken at 200 rpm using a rotary shaker
(New Brunswick, Edison, NJ) for 15 min and centrifuged at 2000 g for 5 min. The
organic layer was removed and 1 µL was analyzed by gas chromatography using an
Agilent 6890 chromatograph equipped with a FID at 250 ºC, an injector at 250 ºC and a
30 m x 0.53 mm Carbowax 20M capillary column (Supelco, Belafonte, PA). The helium
carrier gas flow was 5 mL min-1 and the column temperature was held at 90 ºC for 0.5
min, then increased to 180 ºC at a rate of 20 ºC min-1 and held at 180 ºC for 9 min. This
method quantified C8 to C22 saturated and unsaturated LCFAs with a minimum 85%
extraction efficiency (Lalman and Bagley, 2000).

3. Results and discussion

3.1. Conditions conducive to significant VFA production

Microalgal biomass is a complex substrate and the efficacy of its conversion into
VFAs will depend on favourable digestion conditions. A few of these conditions were
verified in bottle tests prior to the digester operation, namely different inocula, working
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pH and the addition of nutrients (trace metals, vitamins, nitrogen and phosphorus). The
VFA production was verified for three inocula in a first set of bottles and the final values
are presented in Table 1. The soluble COD (sCOD), a direct indicator of the hydrolysis of
the microalgal biomass, was higher for the concentrated WAS and the manure, at 6879
and 6433 mg L-1, respectively. Although the VFA concentration was slightly higher for
the WAS inoculum, the highest butyrate concentration of 484 mg L-1 was reached with
manure as inoculum. At a pH of 5 no methane was detected in the assays.
A second set of assays targeted different acidic pH using manure as the inoculum.
The highest VFA concentration were measured at pH 3 and 5 (Table 1). However, the
butyrate concentration was clearly higher at pH 5 compared with the other assays.
Interestingly, the final butyrate concentration was very similar for this assay (476 mg L-1)
compared with the assay under the same conditions in the previous test (484 mg L-1),
validating both experiments. It has to be noted that hydrolytic activity was present at all
tested pH, with soluble COD ranging from 5023 mg L-1 at pH 2 to 6522 mg L-1 at pH 5.
Finally, the impact of nutrients was verified, with manure as inoculum and at a
target pH of 4. Not adding nutrients had a detrimental effect on the final sCOD and VFA
concentration (Table 1). Adding five times the nutrient concentration as in defined media
(Frigon et al., 2013) considerably improved the VFA concentration at the end of the
digestion, and particularly the butyrate concentration, which reached 560 mg L-1. These
results suggest that the anaerobic digestion of microalgal biomass as a mono-substrate
requires nutrients. Since the biomass itself contains an abundance of nitrogen and
phosphorous, it is hypothesized that these are trace metals and vitamins in the defined
media that provided the observed benefit.
These digestion assays demonstrated the hydrolytic activity of manure at pH 5
when digesting Scenedesmus sp.-AMDD. The VFA yield reached a maximum of 222 mg
CODeq g-1 TVS. If a ratio of 1.42 g COD g-1 TVS is assumed for this microalgal biomass,
then approximately 15% of the biomass was converted into VFA after 10 days of
incubation. This is an interesting starting point but it can be presumed that higher yield
are required to draw interest in the production of carboxylic acids rather than methane.
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3.2. Digesters experiment

3.2.1 Operational parameters for mesophilic and thermophilic digesters
The mesophilic (R35) and thermophilic (R55) digesters were monitored during 22
weeks of operation after which the experiment was terminated, as VFA production
reached steady-state conditions. Some feeding problems were encountered with R55
during the last two weeks of operation and the results were not considered during
analysis. A pH of 4.4 ± 0.1 (target 4.5) was maintained throughout the experiment for
both digesters. Although a higher pH could sustain higher VFA concentration as shown
by Lim et al. (2008), where with 30 – 38% improvement in VFA concentration was
demonstrated at pH of 5.0 – 5.5, initial experiments performed in a 2L CSTR in our
laboratory at pH 5.0 resulted in significant methane production and less VFA produced
than at pH 4 (data not shown).
The feeding of the digesters was performed five times per week at an average
HRT of 15 days. Although the organic concentration of the algal paste varied during the
course of the experiments, the frequent TVS determination allowed for the adjustment of
the recipe and a constant OLR of 2.5 ± 0.1 g TVS L-1 d-1 for both digesters. The average
mass of TVS added per week was 98.1 ± 7.2 and 95.7 ± 6.2 g TVS for R35 and R55,
respectively.

3.2.2 Hydrolysis performance under mesophilic and thermophilic conditions
The sCOD concentration in the effluent of the digesters was only 5.5 and 7.0 g L-1
for R35 and R55 after the first week of operation, but quickly reached a pseudo steadystate with 14.3 ± 0.6 and 15.6 ± 1.4 g L-1 during the last weeks of operation (Figure 2).
To evaluate the break down of complex oligomers into soluble monomers as a crucial
preliminary step for VFA production by acidogenic bacteria, two performance parameters
have been defined as follows:
Hydrolysis yield [g sCOD g-1 TVS] = sCODeffluent [g] · TVSfeed -1 [g]

Solubilization [%] = 100 · (1 −

[

]

[

]
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)

(1)

(2)

where sCODeffluent represents the soluble COD in the reactor discharge, TVS, the total
volatile solids, and VSS, the volatile suspended solids. The hydrolysis yield followed the
sCOD concentration over time and increased up to 0.38 ± 0.02 and 0.42 ± 0.03 g sCOD
g-1 TVS at the end of the experiment for digester R35 and R55, respectively (Table 2).
This indicated a similar conversion of algal biomass into soluble compounds under
mesophilic and thermophilic conditions. Komemoto et al. (2009) demonstrated a clear
dependency of solubilization rates of solid matter, mainly consisting of carbohydrates on
the operating temperature. Considering the similar hydrolysis yield under both
temperatures regimes in this study, it can be said that for microalgae like Scenedesmus
sp.-AMDD, which is characterized by high contents of carbohydrates and proteins and
only small amounts of lipids, the process temperature did not have a major impact on
solid degradation. The high protein content in Scenedesmus sp.-AMDD may be
responsible for this behaviour, since protein solubilization can decrease at temperatures >
40 °C, especially at low pH (Pelegrine and Gasparetto, 2005). A lower protein
solubilization would result in a lower protein degradation. This was clearly observed with
much lower ammonia concentration of 643 mg NH4+ L-1at 55 °C compared to the
concentration of 1673 mg NH4+ L-1 at 35 °C . Additional evidence of inhibition of protein
degradation is suggested by the VFA data. Compared to the mesophilic digester, butyrate
values in the thermophilic digester were 35% lower, but iso-butyrate was 93% lower, and
no iso-valerate was produced. These two VFAs are primarily produced by amino acid
fermentation (Macfarlane et al., 1992). This might counteract an improved carbohydrate
solubilization at thermophilic temperatures and explain similar solubilization levels.
Although the solubilization ratio technically describes the same reality as the
hydrolysis yield, it uses, however, a different approach since it refers to the VSS
reduction during the fermentation rather than the increase in sCOD. Solubilization ratios
of 24 ± 1 and 27 ± 3 % were obtained for R35 and R55, implying that roughly 75% of the
algae cells remained in a non-hydrolyzed state and were not broken down by hydrolytic
bacteria. This correlates with previous findings (Zamalloa et al., 2012), where the
degradation of Scenedesmus obliquus was investigated. It, however, remains to be
investigated if three out of ten algae cells got degraded entirely or rather only one highly
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rigid component, such as the biopolymer cell wall of the Scenedesmus biomass remains
untouched in all cells.

3.2.3 Comparative VFA production under mesophilic and thermophilic conditions
Contrary to the similar hydrolytic performance and the correlated level of sCOD
during mesophilic and themophilic operation, a clear difference in acidification, defined
as the VFAs in COD equivalents reported to the effluent sCOD, was observed between
the two temperatures (Figure 2). Starting with initial VFA concentrations at circa 2 g
COD L-1 in week 1, it increased continuously until stabilization took place at around
week 12 for R35 and week 5 for R55. Average acid concentrations at steady-state were
6.46 ± 0.28 and 3.26 ± 0.42 g COD L-1 for reactor R35 and R55, respectively (Table 2).
VFA concentration in reactor R35 was almost two folds higher than in reactor R55. VFA
yields of 171 ± 5 and 88 ± 12 mg COD g-1 TVS-1 were reached for R35 and R55,
respectively. This compares with the yield of 0.125 g VFA-COD/g-1 TVS obtained with
lipid-extracted Chlorella sp., at pH 4 in mesophilic conditions (Li et al., 2013). The most
dominant VFA was butyrate, which represented 63% and 82% of the total VFA in COD
equivalents for R35 and R55. This compares with other work about acidification at low
pH (Horiuchi, 2002). It has to be noted that iso-butyric concentration was significant for
R35 while absent from the R55 effluent (Table 2). It appears that an accumulation of
more complex soluble intermediates such as longer fatty acids (C > 14) occurred in
reactor R55, explaining the similar hydrolysis level despite lower VFA concentration.
It can be expected that poor hydrolysis characteristics of Scenedesmus sp.-AMDD
diminished potentially achievable VFA concentrations, since insoluble components are
not able to be fermented. The results presented here can serve as a reference point for
future work about mixed VFA production from microalgae and especially Scenedesmus
strains.
Iso-butyric acid was found in both reactors but the concentrations were higher at
mesophilic temperature (Table 2). Average concentrations of 723 ± 33 and 50 ± 14 mg L1

were measured for reactor R35 and R55, respectively. Iso-butyric acid is reported to be

of minor importance in well functioning anaerobic digesters. Reactors with
concentrations of less than 5 mg L-1 can be considered as ‘healthy’, whereas a
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concentration above 15 mg L-1 indicates process limiting conditions (Hill and Bolte,
1989). Lowering the pH may have triggered the accumulation of iso-butyric acid at
mesophilic temperature. Usually iso-butyric acid is not produced in large amounts by any
natural organism (Zhang et al., 2011). However it seems that mesophilic fermentation of
algal proteins can produces branched chain VFAs, such as iso-butyrate and iso-valerate,
yet in lower proportion as compared to linear VFAs (Boeckaert et al., 2008).
Longer VFAs with more than four carbon atoms (iso-valerate, valerate, caproate)
were present in both reactors but only in traces for R55, compared with measurable
amounts for reactor R35 (0.68 ± 0.05 g COD L-1) (Table 2). Under mesophilic conditions
iso-valerate, valerate and caproate was detected throughout the whole experiment,
whereas iso-valerate and valerate disappeared under thermophilic conditions during week
8 and 14, respectively. Only trace amounts of caproate was detected (< 2 mg L-1) in
reactor R55.
Both effluents contained considerable amounts of long saturated as well as
unsaturated fatty acids (C > 14), which could be an indication for incomplete
degradation. Figure 3 illustrates the LCFA profiles found for mesophilic and thermophilic
conditions. LCFA concentrations were considerably higher inside the reactor run at 55
°C. This underlines the previous assumption that an accumulation of longer
intermediates occurred in reactor R55. The predominant LCFA found in the effluents of
R35 and R55, namely palmitic acid (C16:0), oleic acid (C18:1), linoleic acid (C18:2) and
linolenic acid (C18:3) were always found at concentration that were below inhibition (1 g
L-1) as reported for thermophilic anaerobic digestion (Angelidaki and Ahring, 1992). It is
however possible that synergestic effect could take place as total LCFA concentration
reached 2.3 g L-1 in R55 (Table 2).

3.2.4 Fermentative hydrogen production under thermophilic conditions
Methane was not detected at any point during the course of the experiments,
indicating a successful inhibition of acetoclastic as well as hydrogenotrophic
methanogenic archaea by maintaining a low pH. Small amounts of oxygen was present in
both reactors throughout the experiments. It remains unclear if this was either an effect of
microleaks or phototrophic activity inside the reactor. Sánchez Hernández and Travieso
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Córdoba (1993), indeed, found evidence for algae growth during anaerobic digestion of
microalgae.
Although the fermentative hydrogen production has not been the primary focus of
this study, the results indicate clear distinctions between mesophilic and thermophilic
temperatures in terms of hydrogen production during the hydrolysis step. It is therefore
worth having a closer look on these differences. The fermentative hydrogen production
has been performed with a variety of substrates such as glucose, sucrose, xylose, sugary
and winery wastewater. However, only few papers describe the hydrogen production
through dark fermentation of microalgal biomass (Yang et al., 2010).
High hydrogen production was observed for reactor R55, whereas the hydrogen
produced in reactor R35 was negligible. Under steady-state conditions, a mean hydrogen
production of roughly 20 ± 3 mL g-1 TVS was observed for R55 with a hydrogen content
of 42 ± 1.1 % in the biogas. This is comparable to that reported in literature for various
complex substrates (Han and Shin, 2004; Luo et al., 2010; Zhu et al., 2008) and lipidextracted Scenedesmus biomass (Yang et al., 2010). This study however is the first work
on a continuous hydrogen production through dark fermentation of microalgal biomass.
High hydrogen yield of 0.107 m3 kg-1 TVS were recently reported from the batch
digestion of Chlorella sorokiniana. Although this was preceded by an intensive
pretreatment (20% vol/vol HCl followed by autoclaving for 20 minutes) (Roy et al.,
2014).
The reactor temperature is a crucial parameter as it affects the microbial
ecosystem and thereby impacts fermentative product spectra. It was demonstrated that
thermophilic temperatures favour a breakdown of substrate into gaseous components,
namely hydrogen and carbon dioxide, whereas mesophilic conditions will lead to higher
VFA concentrations and less hydrogen. It can be assumed that homoacetogenesis, i.e. the
utilization of hydrogen to reduce carbon dioxide into acetate, was a more important
pathway under mesophilic than thermophilic conditions. Previous studies evidenced that
temperature impacted the homoacetogenic activity and especially that psychrophilic
temperatures favored homoacetogenic bacteria (Kotsyurbenko et al., 2001).
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4. Conclusion

At a controlled pH controlled of 4.5, acidogenic digestion of a feedstock made of
Scenedesmus sp.-AMDD resulted in a solubilization efficiency of ~30% under
mesophilic as well as thermophilic temperatures. A higher production of short chain fatty
acids (acetic acid, propionic acid, butyric acid and iso-butyric acid) was obtained under
mesophilic conditions, while an accumulation of long chain soluble intermediates was
shown at 55 °C. It is expected that these LCFAs may negatively affect the digestion
process at 55 °C. The results have shown that butyric acid can represent the dominant
VFA under mesophilic as well as thermophilic temperatures when the pH is kept below
5, which is preferred if the extraction of butyric acid for e.g. biofuel production is
intended.
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Table 1. Final values for the biomethane potential assays under different conditions
Conditions

pH

VSSa
(g L-1)

sCODb
(mg L-1)

C2-C4 VFAc, d
(mg CODeq L-1)

Butyrate
(mg L-1)

NH4+
(mg L-1)

Inocula
Granular biomass
Activated sludge
Manure
Blend of all inocula

5.23
5.36
5.47
5.42

16.5
15.8
22.4
19.5

4624 ± 235
6879 ± 136
6433 ± 99
5550 ± 284

1491
2417
2129
2008

204
326
484
317

251
294
168
241

pH
2
3
4
5

2.12
3.00
4.14
5.12

16.8 ± 2.5
17.4 ± 0.2
16.3 ± 0.0
17.4 ± 1.2

5023 ± 1529
4743 ± 1030
5070 ± 422
6522 ± 919

1266
2533
1575
2222

298
231
257
476

278
316
371
514

Nutrientse
None
4.02
15.3 ± 1.3
2985 ± 132
507
180
1X
4.19
16.5 ± 0.1
3404 ± 120
1046
262
5X
4.01
18.8 ± 0.5
5463 ± 770
1851
561
a
VSS: volatile suspended solids.
b
sCOD: soluble chemical oxygen demand.
c
VFA: volatile fatty acid.
d
Values were obtained from pooled aliquots from the triplicate of bottles.
e
1X : nutrient concentrations as indicated in section 2.2; 5X: nutrient concentrations
fivefold increased.
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26
125
470

Table 2. Digester performance (average from weeks 18-20)
Parameters

R35

R55

14.3 ± 0.6

15.6 ± 1.4

Hydrolysis rate (g sCOD gTVS )

0.38 ± 0.02

0.42 ± 0.03

Solubilization efficiency (%)

24 ± 1

27 ± 3

Acidification (VFA-CODeq:sCOD) (%)

45 ± 3

21 ± 2

VFAs (C2-C4) (g CODeq L-1)

6.46 ± 0.28

3.26 ± 0.42

Acetate (mg L-1)

757 ± 105

441 ± 35

Propionate (mg L-1)

160 ± 4

11 ± 2

Butyrate (mg L )

2249 ± 113

1471 ± 227

Iso-butyrate (mg L-1)

723 ± 33

50 ± 14

VFA yield (mg COD gTVS-1)

171 ± 5

88 ± 12

Longer VFAs (C5-C7) (g CODeq L-1)

0.68 ± 0.05

0

Iso-Valerate (mg L-1)

95 ± 8

0

Valerate (mg L-1)

102 ± 3

0

-1

128 ± 5

0

LCFA (C14-C22) (mg L-1)

1417

2291

Alcohols (mg L-1)

331 ± 16

70 ± 4

pH

4.4 ± 0.1

4.4 ± 0.1

TKN (mg L-1)

3240 ± 0

2948 ± 64

1872 ± 45

1910 ± 5

Ortho-phosphate (mg L )

611 ± 14

622 ± 5

Ammonium (mg L-1)

1673 ± 83

643 ± 30

Soluble organic matter in effluent (g sCOD L-1)
-1

-1

Caproate (mg L )

Total phosphates
-1

sCOD: soluble chemical O2 demand
TKN: total Kjeldahl nitrogen
Alcohols: ethanol, methanol
Longer VFAs: caproic, valeric, iso-valeric, heptanoic acids
VFAs: acetic, propionic, butyric, iso-butyric acids
LCFA: long-chain fatty acids

20

Figure captions

Fig. 1. Schematic reactor configuration

Fig. 2. Time-course of soluble COD (squares) and VFA (circles) concentrations in the
effluent of mesophilic (blank symbols) and thermophilic (black symbols) digesters. Each
data point represents an average of three values from three different days during the
week.

Fig. 3. Long chain fatty acids (LCFA) profile in effluent of mesophilic (R35) and
thermophilic (R55) reactors.
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Highlights
•
•
•
•

Anaerobic digestion of Scenedesmus microalgal biomass into carboxylic acids.
Similar hydrolytic activity under mesophilic and thermophilic conditions.
Mesophilic conditions more favorable for volatile fatty acids production.
Acid yield up to 222 mg g-1 total volatile solid added.
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