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The potential for improving bioenergy yields from duckweed, a fast-growing, simple, floating aquatic plant, was
evaluated by subjecting the dried biomass directly to anaerobic digestion, or sequentially to ethanol fermen-
tation and then anaerobic digestion, after evaporating ethanol from the fermentation broth. Bioethanol yields of
0.41 + 0.03g/g and 0.50 + 0.01 g/g (glucose) were achieved for duckweed harvested from the Penn State
Living-Filter (Lemna obscura) and Eco-Machine™ (Lemna minor/japonica and Wolffia columbiana), respectively.

The highest biomethane yield, 390 = 0.1 ml CH4/g volatile solids added, was achieved in a reactor containing
fermented duckweed from the Living-Filter at a substrate-to-inoculum (S/I) ratio (i.e., duckweed to micro-
organism ratio) of 1.0. This value was 51.2% higher than the biomethane yield of a replicate reactor with raw
(non-fermented) duckweed. The combined bioethanol-biomethane process yielded 70.4% more bioenergy from
duckweed, than if anaerobic digestion had been run alone.

1. Introduction

The economic and environmental disadvantages of fossil fuel con-
sumption have increased the search for alternative resources to fulfill
world’s growing energy and chemical needs (Jung et al., 2016). At the
same time, conventional bioenergy crops have also been posing social,
economic, and environmental challenges. Duckweed (Lemnaceae), a
family of fast-growing, simple, floating aquatic plants, consisting of 38
species in five genera (Les et al., 2002), has been demonstrated to be a
technically feasible alternative feedstock for bioethanol production due
to several advantages: it can accumulate high amounts of starch (up to
46% of dry mass) under nutrient starvation (Zhao et al., 2015); has
relatively little lignin content (1-3%); its small size (0.1-1 cm) elim-
inates the need for milling; and, because it floats, the harvesting process
is relatively simple (Cui and Cheng, 2015). Duckweeds are resilient to a
broad range of nutrient concentrations; therefore, they can be grown on
wastewater steams (Cheng and Stomp, 2009).

Due to its high and manipulatable starch content, duckweed is re-
garded as a promising bioethanol feedstock in the current literature.
The studies conducted to date have focused on the utilization of the
starch component only (Xu et al., 2011; Yu et al., 2014), or the fer-
mentation of cell wall carbohydrates as well (Ge et al., 2012; Zhao
et al., 2014). The high level of variability in wastewater compositions,
however, may cause uncertainties in starch and bioethanol potentials
from wastewater-derived duckweed biomass. By comparison, a more
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resilient pathway for duckweed valorization could be anaerobic diges-
tion, since this process converts not only sugars, but also proteins and
lipids into biomethane. In addition, anaerobic digestion can be used to
stabilize residual organics in the ethanol fermentation broth, and
thereby help to compensate for the costs of ethanol production and
distillation (Wu et al., 2015). Indeed, the sequential process of ethanol
fermentation and anaerobic digestion has been shown to increase the
overall bioenergy yield of several other substrates such as food waste
(Wu et al., 2015), oat straw (Dererie et al., 2011), and corn stalks
(Vintila et al., 2013). This combined approach may improve the sus-
tainability of large-scale biorefineries.

Although some work has focused on ethanol production from
duckweed, reports on its anaerobic digestibility are limited to a very
few studies. An early study on anaerobic digestion of manganese-con-
taminated duckweed produced a maximum biogas yield of 176 ml/g
with a methane content of 60% (Jain et al., 1992). Other work con-
ducted on duckweed has focused on its co-digestion with other sub-
strates, such as dairy manure (Triscari et al., 2009), to help balance the
C/N ratio.

To ensure that neither limitations nor inhibition will occur during
anaerobic digestion due to substrate loading, the substrate-to-inoculum
ratio (S/I) should be optimized (Chynoweth et al., 1993). The S/I not
only affects total methane yield, but also its production rate (Alzate
et al., 2012). In the current study, the potential of increasing bioenergy
yields obtained from duckweed grown in an ecological wastewater
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treatment system for nutrient removal was investigated using a se-
quential process: fermentation of duckweed and distillation of the re-
sulting bioethanol, followed by anaerobic digestion of the residual
fermented duckweed. In addition, the effects of S/I ratio on anaerobic
digestion performance were evaluated through biochemical methane
potential (BMP) assays.

2. Materials and methods
2.1. Analytical methods

Total solids (TS), volatile solids (VS), total suspended solids (TSS),
volatile suspended solids (VSS), and volatile dissolved solids (VDS)
were determined according to Standard Methods No. 2540 (APHA/
AWWA/WEF, 2012). The suspended portion of samples was separated
on glass fiber filters (AP40; Millipore, Billerica, MA, USA) using a va-
cuum filtration apparatus. Chemical Oxygen Demand (COD) was mea-
sured according to the closed reflux colorimetric method as described in
Standard Methods, No. 5220 (APHA/AWWA/WEF, 2012).

Glucose and ethanol quantification were performed using a Waters
high performance liquid chromatograph (HPLC) equipped with a re-
fractive index detector (Waters, Milford, MA) and a Bio-Rad Aminex
HPX-87H column (300 mm X 7.8 mm; Bio-Rad, Richmond, CA) with
0.8 ml/min of 0.012 N sulfuric acid as the mobile phase. The detector
and column temperatures were constant at 35°C and 65 °C, respec-
tively. Prior to HPLC analysis, samples were centrifuged at 4 °C for
20 min at 5200 X g and the supernatant filtered through 0.2 pm nylon
syringe filters. Theoretical maximum glucose concentration was cal-
culated according to Gulati et al. (1996).

Headspace gas volumes of anaerobic reactors were measured at
25 °C using a water displacement device filled with 0.01 M hydrochloric
acid to prevent microbial growth. Volume readings were reported at
standard temperature and pressure. Volumetric methane concentrations
were determined by withdrawing headspace from the reactors using a
250 pL airtight syringe (Hamilton, Reno, NV, USA) and injecting into a
gas chromatograph (model SRI310C, SRI Instruments, Torrance, CA,
USA) equipped with a 6 foot molecular sieve column (Altech, 5605PC,
MD) held at 80 oC.

2.2. Plant material and cultivation

Duckweed used in this study was obtained on May 27, 2015, from
two sources: 1) an open tank dedicated for growing duckweed in the
Penn State Eco-Machine™ (EM), which is a pilot-scale ecological was-
tewater treatment system receiving on average (n = 4) 3.6 = 1.1 mg/L
phosphate, 0.1 + 0.0mg/L ammonia, and 11.1 *= 3.0 mg/L nitrate;
and 2) an open pond within the effluent spray fields of the Penn State
Wastewater Treatment Plant, a.k.a. the “Living-Filter” (LF), receiving
on average (n = 3) 2.2 * 0.4mg/L phosphate, 2.3 * 0.9 mg/L am-
monia, and 7.8 * 0.8mg/L nitrate. In both sources, duckweed was
naturally present and had not been subjected to a frequent harvesting
regime.

To identify the duckweed species present in each source, total DNA
was extracted from duckweed tissue using a PowerPlant® Pro DNA
isolation kit (QIAGEN, Hilden, Germany), and then amplified using a
two-barcode PCR protocol (Borisjuk et al., 2014). After amplification,
the DNA fragments were purified using a GeneJET PCR purification kit
(ThermoFisher, Waltham, MA), and sent to the Genomics Core Facility
(The Pennsylvania State University) for processing. Following a BLAST-
based protocol for duckweed species identification (Borisjuk et al.,
2015), the EM duckweed was identified as a co-culture of Lemna japo-
nica/minor (100% sequence identity to accession numbers KJ9211760.1
and DQ400350.1, respectively, in the NCBI database) and Wolffia co-
lumbiana (99.6% sequence identity to accession number GU454371.1);
whereas the LF duckweed was identified as a monoculture of Lemna
obscura (100% sequence identity to accession number GU454331.1).
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For use in these experiments, harvested duckweed was rinsed with
tap water and dried at 50 + 2°C to a constant weight over two days.
The composition of the dried duckweed was determined by first
grinding and sieving through mesh No. 20 (850 mm opening size), and
then sending to Dairy One Wet Chemistry Laboratory (Ithaca, NY). The
composition of EM duckweed was reported as 16.9% cellulose, 23.9%
hemicellulose, 4.3% starch, 2.0% lignin, 26.0% crude protein, and
0.73 g VS per g TS. The composition of LF duckweed was reported as
17.0% cellulose, 18.1% hemicellulose, 15.9% starch, 1.1% lignin,
17.0% crude protein, and 0.81 g VS per g TS.

2.3. Inocula

2.3.1. Yeast strain

For fermentation of duckweed, Saccharomyces cerevisiae (ATCC
24859) was enriched in culture medium with the following constituents
(concentrations in parentheses are g/L): glucose (20); yeast extract
(Difco, Sparks, MD) (6); CaCl,-2H,0 (0.3); (NH,4),SO,, (4); MgSO,7H,0
(1); and KH3PO4 (1.5). The culture was grown at 30 °C for 24 h before
being transferred to fermentation flasks as the inoculum.

2.3.2. Anaerobic seed

Anaerobic seed was obtained from the Penn State Wastewater
Treatment Plant secondary anaerobic digester. The inoculum was
starved for two days prior to use in the BMP assays. The TS of the
starved seed was 23.9 + 0.5g/L, and the VS was 15.7 = 0.7g/L,
which is 65.8 + 5.1% of the TS.

2.4. Fermentation experiments

Enzymatic saccharification of the duckweed was performed in
500ml flasks with 200ml distilled water and 10g duckweed (dry
weight). The pH was adjusted to 7.0 + 0.1 with 2 M hydrochloric acid
prior to liquefaction by autoclaving at 95°C under 103 kPa for 1h.
Flasks with EM and LF duckweed received 0.6ml and 1.98ml of
a-amylase (Sigma Aldrich, A3403, USA) respectively, based on the
starch content of each duckweed type, to achieve an amylase loading of
5000 units/g starch. Following liquefaction, the pH was adjusted to
4.8 = 0.1 with glacial acetic acid. After pH adjustment, 60 mg and
198 mg glucoamylase (Sigma Aldrich 10115, USA) were added to each
flask containing EM and LF duckweed, respectively. In addition, all
flasks received 2ml cellulase (60 filter paper unit/g cellulose).
Saccharification was then performed at 50 °C, while mixing at 120 rpm
for 24 h in flasks sealed with cotton stoppers and parafilm. All experi-
ments were conducted in triplicate under sterile conditions.

Following saccharification, the pH of each flask was increased to
7.0 = 0.1 by dosing with 2M sodium hydroxide, and then 2 ml yeast
culture was added. Flasks were incubated at 30 °C while mixing at
120 rpm for 48 h. Glucose and ethanol concentrations before and after
fermentation were quantified. Fermented ethanol was then evaporated
by vacuum extraction after the pH was increased to 7.8 + 0.1 by 2M
sodium hydroxide addition, in order to avoid escape of volatile fatty
acids (VFAs) from the slurry. The triplicates for each duckweed type
were then combined and subjected to BMP assays.

2.5. Biochemical methane potential (BMP) assays

The BMP assays with duckweed were carried out based on the
protocol proposed for bioenergy crops and organic wastes (Angelidaki
et al.,, 2009) with slight modifications. Batch reactors (160 ml total
volume, 120 ml working volume) were filled with 24 ml inoculum, and
substrate (either raw EM or LF duckweed, or residual fermentation
slurries, FEM or FLF), to provide an S/I of 0.5 or 1.0. To account for the
effect of endogenous gas production by the anaerobic inoculum, control
bottles were prepared with the same amount of anaerobic seed, but
without substrate. Blank bottles were prepared with duckweed, but
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Table 1

Bioethanol, biomethane, and bioenergy yields from Eco-Machine (EM) and Living-Filter
(LF) duckweed biomass through separate and coupled ethanol fermentation and anae-
robic digestion processes.

Eco-Machine™  Living-Filter

(EM) (LF)
1 Bioethanol production
a Theoretical maximum glucose (g) 11.8 + 0.7 183 + 0.9
b Glucose recovery (g/L) 6.5 = 0.8 179 + 0.6
¢ Glucose recovery (%) 55.5 + 6.7 97.6 + 3.4
d Ethanol produced (g/L) 3.2 = 0.3 7.3 = 0.3
e Ethanol yield (g ethanol / g glucose) 0.50 + 0.01 0.41 = 0.03
f Ethanol yield (g ethanol / g TS) 0.07 = 0.01  0.15 * 0.01
2 Biomethane production
a Raw duckweed methane yield (ml CHs/g VS) 258 + 0.0 259 + 0.3
b Raw duckweed methane yield (ml CHs/g TS) 183 = 0.0 192 + 0.2
¢ Fermented duckweed methane yield (ml CH4/g VS) 328 = 0.1 390 = 0.1
d Fermented duckweed methane yield (ml CH4/g TS) 261 + 0.0 289 + 0.0
3 Bioenergy production
a Ethanol from raw duckweed (kJ/g TS) 1.9 + 0.2 43 + 0.2
b Methane from raw duckweed (kJ/g TS) 6.8 = 0.0 7.5 + 0.0
¢ Net ethanol recovered after distillation (kJ/g TS) 1.4 + 0.2 3.7 £ 0.2
d Methane from fermentation residue (kJ/g TS) 8.9 + 0.0 9.1 = 0.0
e Total energy yield of coupled process (kJ/g TS) 10.3 = 0.2 12.8 = 0.2
f  Energy gain of coupled over separate processes (kJ/g TS) 3.5 = 0.2 53 * 0.2

* 3f = 3e  3b (Energy gain of coupled over separate processes has been compared to
the maximum energy gain potential of the separated process).

without inoculum addition. To determine if the duckweed reactors were
lacking in alkalinity or other nutrients for microbial growth, the effect
of basal medium addition (Vanderbilt Medium, VM) (Uludag-Demirer
et al., 2008) was also tested. After the initial pH was adjusted to
7.2 * 0.3 by adding 2M solutions of hydrochloric acid and sodium
hydroxide, the bottles were purged with a 80/20 (by volume) mixture
of N,/CO, gas for 3min prior to sealing with butyl rubber septa and
aluminum crimp tops. Reactors were incubated at 35 * 0.5°C for
45 days. Gas volumes and contents were quantified periodically, until
the weekly gas production was less than 5% of the cumulative value.
Test and control reactors were run in triplicate, whereas blank reactors
were run in duplicate. Biogas volumes in control bottles were sub-
tracted from those of tests before reporting.

2.6. Overall bioenergy yields

The overall bioenergy yields of ethanol fermentation, anaerobic
digestion, and the two processes coupled together were calculated for
both duckweed sources, using lower heating values of ethanol and
methane of 29.7 MJ/kg and 35.8 MJ/kg, respectively (Wu et al., 2015).
For these calculations, the yields of ethanol (Table 1) and biomethane
(Fig. 1) were considered on a TS basis. The energy input and output
associated with enzyme, yeast, and pH adjustment were assumed to be
negligible.

3. Results and discussion
3.1. Fermentation experiments

Ethanol fermentation potentials of duckweed obtained from the EM
and LF were quantified in terms of glucose recovery, glucose recovery
efficiency, ethanol concentration in the fermentation broth, fermenta-
tion efficiency, and ethanol yield (Table 1). The results revealed that
only 55.5% of the glucose could be recovered from EM duckweed after
enzymatic saccharification. Since a-amylase was added in proportion
with the starch content, EM duckweed received lower quantities of the
enzyme. Therefore, the poor glucose yield for EM duckweed can be
attributed to a slower rate of liquefaction due to lower a-amylase
availability.

Despite relatively low glucose recoveries, the ethanol concentration
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observed in the EM duckweed fermentation broth was 3.2 g/L, which
corresponds to an ethanol yield of 0.50 g/g glucose recovered. This
relatively high conversion efficiency might be a result of ongoing en-
zymatic activity, which may have increased glucose availability during
the fermentation process and consequently boosted its simultaneous
conversion into ethanol. By comparison, the glucose recovery for the LF
duckweed was 17.9 g/L, corresponding to 97.6% of the theoretical
value. This value is similar to the sugar recovery reported by Xu et al.
(2011), as 96.8% of the theoretical glucose saccharification of S. poly-
rrhiza starch using the enzymes a-amylase, pullulanase, and amy-
loglucosidase for hydrolysis. The ethanol concentration in the LF
duckweed fermentation broth after 48h was 7.3 g/L, which corre-
sponds to a yield value of 0.41 g ethanol/ g glucose recovered. This
result is slightly lower than the average value reported by Yu et al.
(2014) as 0.44 g/g (as glucose) for duckweed grown on Schenk & Hil-
debrandt medium and sewage wastewater, following sugar recoveries
of 94%.

3.2. Biochemical methane potential (BMP) assays

Approximately 90% of the total biogas production was observed in
the first 20 days in all reactors. The biogas production was proportional
to the VS concentration of substrate provided. The biomethane yields of
the reactors varied between 141 and 390 ml CH4/g VSadded (Fig. 1a—d),
which is comparable to that reported by Jain et al. (1992) as 176 ml
CH4/g VSadded- No methane production was observed in blank reactors
(data not shown).

The raw EM duckweed yielded slightly lower biomethane (234 ml
CH4/g VSadded), compared to that of LF duckweed (260ml CHu4/g
VS,4deq) at an S/I value of 0.5. However, for an S/I of 1.0, EM and LF
duckweed yielded similar biomethane (258 and 259 ml CH4/g VSadded
respectively). Compared to BMP assays conducted on other raw bioe-
nergy crops, these values are consistent with the literature. For in-
stance, lignocellulosic feedstock such as straw, yielded a methane po-
tential between 180 and 320ml CH,/g VS, whereas starch crops
showed higher, yet comparable, methane yields of 250-406 ml CH4/g
VS.ddeq for corn, and 310-430 ml CH,/g VS,4qqeq for potatoes. In gen-
eral, both raw and fermented EM duckweed reactors yielded less bio-
methane than their LF duckweed counterparts. This could be explained
by the lower readily biodegradable (i.e., starch) content and higher
recalcitrance (i.e., lignin) of EM duckweed.

Interestingly, basal medium (VM) addition had a negative effect on
biomethane yields. This result may be related to the higher buffering
capacity and higher pH values in reactors supplemented with VM,
compared to reactors with no VM supplementation. Indeed, final pH
measurements revealed pH values from 7.2 to 7.6 for VM-supplemented
reactors, compared to pH values from 6.5 to 7.0 for reactors with no VM
addition (data not shown). High pH conditions may have resulted in an
“inhibited steady state”, during which the ammonia concentrations may
have risen to levels high enough to cause process instability and tem-
porary VFA accumulation (Montingelli et al., 2015).

In general, higher biomethane yields were observed in reactors with
a larger S/I of 1.0 (Fig. 1A-D). The highest biomethane yield among all
reactors was 390 = 0.1 ml CH,/g VS,qgeq, in the reactor with fer-
mented LF duckweed (FLF) without VM addition, at an S/I of 1.0. This
value was 51.2% higher than the corresponding raw duckweed reactor
with no VM addition at an S/I of 1.0 (LF 1.0). The superior biomethane
production in reactors fed with fermented duckweed indicates that
upstream ethanol fermentation had a positive impact on methanogenic
activity. This has previously been attributed to direct interspecies
electron transfer pathways triggered by the presence of ethanol in
methanogenic digesters (Zhao et al., 2017), which enhance the syn-
throphic metabolism of VFAs such as propionate and butyrate (Zhao
et al., 2016). Biomethane produced with both fermented duckweed
types was higher than that reported for the anaerobic digestion of food
waste fermentation residues of 248 ml CH4/g VSaddea (Wu et al., 2015).
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Fig. 1. Cumulative methane production (ml CH4/g volatile
solids added) in batch reactors fed with raw Eco-Machine™
duckweed (EM), raw Living-Filter duckweed (LF), fer-
mented Eco-Machine™ duckweed (FEM), fermented Living-
Filter duckweed (FLF) at different substrate-to-inoculum
(S/1) ratios and with and without the addition of Vanderbilt
Medium (VM): A) S/I = 0.5, without VM; B) S/1 = 0.5,
with VM; C) S/1 = 1.0, without VM; D) S/I = 1.0, with VM.
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3.3. Overall bioenergy yields

Overall bioenergy yields of EM and LF duckweeds by separate and
sequential processes of ethanol fermentation and anaerobic digestion
are summarized in Table 1. Comparison of the separate processes re-
vealed that biomethane production from duckweed provides higher
energy gain. Therefore, 100% of the duckweed biomass allocated to
biomethane production was used as the basis of comparison for the
energy yield performance of the coupled process. However, it is im-
portant to note that relative market values of bioethanol and bio-
methane may lead to a difference in the allocation of duckweed end
products. The highest bioenergy yield in this study was obtained from
LF duckweed subjected to the coupled sequential bioethanol and bio-
methane process, which provided 70.4% higher overall energy yield
compared to sole biomethane production. This value is comparable to
the literature. For example, thermochemically pretreated oat straw re-
covered 85-87% higher heating value from the biomass in the coupled
process, which is 28-34% higher than direct anaerobic digestion
(Rabelo et al., 2011). Based on these results, the coupled process seems
more attractive for enhancing bioenergy gain. Techno-economics of the
coupled process must still be taken into account to arrive at a definitive
conclusion.

4. Conclusion

In this study, it was demonstrated that significant methane production
from duckweed is possible. Contrary to the current literature, from an en-
ergy yield standpoint, anaerobic digestion of duckweed seems to be a more
reasonable approach than its fermentation into ethanol. Nevertheless, up-
stream ethanol fermentation results in even higher (51.2%) biomethane
yields when compared to anaerobic digestion of raw duckweed, increasing
the overall energy gain by 70.4%. To further demonstrate the technical
feasibility of a coupled system, mass and energy balances, as well as a
techno-economic analysis of the coupled system, must be performed.

347

Acknowledgements

This study was funded in part by a scholarship from the Fulbright
Foreign Student Program for the lead author (O. Calicioglu). The
identification of duckweed species by Benjamin J. Roman and Michael
J. Shreve is gratefully acknowledged.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.biortech.2018.02.053.

References

Alzate, M.E., Munoz, R., Rogalla, F., Fdz-Polanco, F., Perez-Elvira, S.I., 2012. Biochemical
methane potential of microalgae: influence of substrate to inoculum ratio, biomass
concentration and pretreatment. Bioresour. Technol. 123, 488-494. http://dx.doi.
org/10.1016/j.biortech.2012.06.113.

Angelidaki, I., Alves, M., Bolzonella, D., Borzacconi, L., Campos, J.L., Guwy, A.J.,
Kalyuzhnyi, S., Jenicek, P., Van Lier, J.B., 2009. Defining the biomethane potential
(BMP) of solid organic wastes and energy crops: a proposed protocol for batch assays.
Water Sci. Technol. 59, 927-934. http://dx.doi.org/10.2166/wst.2009.040.

APHA/AWWA/WEF, 2012. Standard methods for the examination of water and waste-
water. Stand. Methods 541.

Borisjuk, N., Chu, P., Gutierrez, R., Zhang, H., Acosta, K., Friesen, N., Sree, K.S., Garcia,
C., Appenroth, K.J., Lam, E., 2015. Assessment, validation and deployment strategy
of a two-barcode protocol for facile genotyping of duckweed species. Plant Biol. 17,
42-49. http://dx.doi.org/10.1111/plb.12229.

Cheng, J.J., Stomp, A.M., 2009. Growing Duckweed to recover nutrients from waste-
waters and for production of fuel ethanol and animal feed. Clean - Soil, Air, Water
37, 17-26. http://dx.doi.org/10.1002/clen.200800210.

Chynoweth, D.P., Turick, C.E., Owens, J.M., Jerger, D.E., Peck, M.W., 1993. Biochemical
methane potential of biomass and waste feedstocks. Biomass Bioenergy 5, 95-111.
http://dx.doi.org/10.1016,/0961-9534(93)90010-2.

Cui, W., Cheng, J.J., 2015. Growing duckweed for biofuel production: a review. Plant
Biol. 17, 16-23. http://dx.doi.org/10.1111/plb.12216.

Dererie, D.Y., Trobro, S., Momeni, M.H., Hansson, H., Blomgqvist, J., Passoth, V.,
Schniirer, A., Sandgren, M., Stdhlberg, J., 2011. Improved bio-energy yields via se-
quential ethanol fermentation and biogas digestion of steam exploded oat straw.
Bioresour. Technol. 102, 4449-4455. http://dx.doi.org/10.1016/j.biortech.2010.12.



O. Calicioglu, R.A. Brennan

096.

Ge, X., Zhang, N., Phillips, G.C., Xu, J., 2012. Growing Lemna minor in agricultural
wastewater and converting the duckweed biomass to ethanol. Bioresour. Technol.
124, 485-488. http://dx.doi.org/10.1016/j.biortech.2012.08.050.

Gulati, M., Kohlmann, K., Ladisch, M.R., Hespell, R., Bothast, R.J., 1996. Assessment of
ethanol production options for corn products. Bioresour. Technol. 58, 253-264.
http://dx.doi.org/10.1016/5S0960-8524(96)00108-3.

Jain, S.K., Gujral, G.S., Jha, N.K., Vasudevan, P., 1992. Production of biogas from Azolla
pinnata R.Br and Lemna minor L.: Effect of heavy metal contamination. Bioresour.
Technol. 41, 273-277. http://dx.doi.org/10.1016/0960-8524(92)90013-N.

Jung, H., Baek, G., Kim, J., Shin, S.G., Lee, C., 2016. Mild-temperature thermochemical
pretreatment of green macroalgal biomass: effects on solubilization, methanation,
and microbial community structure. Bioresour. Technol. 199, 326-335. http://dx.
doi.org/10.1016/j.biortech.2015.08.014.

Les, D.H., Crawford, D.J., Landolt, E., Gabel, J.D., Kimball, R.T., Rettig, J.H., 2002.
Phylogeny and systematics of lemnaceae, the duckweed family. Syst. Bot. 27,
221-240.

Montingelli, M.E., Tedesco, S., Olabi, A.G., 2015. Biogas production from algal biomass: a
review. Renew. Sustain. Energy Rev. 43, 961-972. http://dx.doi.org/10.1016/j.rser.
2014.11.052.

Rabelo, S.C., Carrere, H., Maciel Filho, R., Costa, A.C., 2011. Production of bioethanol,
methane and heat from sugarcane bagasse in a biorefinery concept. Bioresour.
Technol. 102, 7887-7895. http://dx.doi.org/10.1016/j.biortech.2011.05.081.

Triscari, P., Henderson, S., Reinhold, D., 2009. Anaerobic Digestion of Dairy Manure
Combined with Duckweed (Lemnaceae) Grand Sierra Resort and Casino 300, 2-9.

Uludag-Demirer, S., Demirer, G.N., Frear, C., Chen, S., 2008. Anaerobic digestion of dairy
manure with enhanced ammonia removal. J. Environ. Manage. 86, 193-200. http://
dx.doi.org/10.1016/j.jenvman.2006.12.002.

Vintila, T., Gherman, V., Bura, M., Dragomirescu, M., Ilie, D., Julean, C., Neo, S.I., 2013.

348

Bioresource Technology 257 (2018) 344-348

Biogas generation from corn stalks and corn stalks bagasse resulted from ethanol
production. Rom. Biotechnol. Lett. 18, 7212-7222.

Wu, C., Wang, Q., Xiang, J., Yu, M., Chang, Q., Gao, M., Sonomoto, K., 2015. Enhanced
productions and recoveries of ethanol and methane from food waste by a three-stage
process. Energy Fuels 29, 6494-6500. http://dx.doi.org/10.1021/acs.energyfuels.
5b01507.

Xu, J., Cui, W., Cheng, J.J., Stomp, A.M., 2011. Production of high-starch duckweed and
its conversion to bioethanol. Biosyst. Eng. 110, 67-72. http://dx.doi.org/10.1016/j.
biosystemseng.2011.06.007.

Yu, C., Sun, C., Yu, L., Zhu, M., Xu, H., Zhao, J., Ma, Y., Zhou, G., 2014. Comparative
analysis of duckweed cultivation with sewage water and SH media for production of
fuel ethanol. PLoS One 9, 1-15. http://dx.doi.org/10.1371/journal.pone.0115023.

Zhao, X., Elliston, A., Collins, S.R.A., Moates, G.K., Coleman, M.J., Waldron, K.W., 2014.
Enzymatic saccharification of duckweed (Lemna minor) biomass without thermo-
physical pretreatment. Biomass Bioenergy 47, 354-361. http://dx.doi.org/10.1016/j.
biombioe.2012.09.025.

Zhao, Y., Fang, Y., Jin, Y., Huang, J., Bao, S., Fu, T., He, Z., Wang, F., Wang, M., Zhao, H.,
2015. Pilot-scale comparison of four duckweed strains from different genera for
potential application in nutrient recovery from wastewater and valuable biomass
production. Plant Biol. 17, 82-90. http://dx.doi.org/10.1111/plb.12204.

Zhao, Z., Li, Y., Quan, X., Zhang, Y., 2017. New application of ethanol-type fermentation:
stimulating methanogenic communities with ethanol to perform direct interspecies
electron transfer. ACS Sustain. Chem. Eng. 5, 9441-9453. http://dx.doi.org/10.
1021/acssuschemeng.7b02581.

Zhao, Z., Zhang, Y., Yu, Q., Dang, Y., Li, Y., Quan, X., 2016. Communities stimulated with
ethanol to perform direct interspecies electron transfer for syntrophic metabolism of
propionate and butyrate. Water Res. 102, 475-484. http://dx.doi.org/10.1016/j.
watres.2016.07.005.






