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Bioethanol is one of the most promising transportation fuels with economic, environmental, and energy

benefits. However, currently, the production methodologies and purification technologies of the biofuel

industry are not economical. This review demonstrates an economically viable, energy efficient, and

sustainable alternative to the state-of-the-art process for bioethanol production from biomass. We have

developed a solar-thermal-energy-driven simultaneous saccharification and fermentation (SSF) process

for single-step conversion of biomass to bioethanol. In the early stages, aqueous solutions of glucose,

starch, or cellulose were fed into a specially designed solar reactor containing instant baker's yeast

(Saccharomyces cerevisiae) and the necessary enzymes. The yeast (biocatalyst) was not supplemented

by any other nutrient, and it was demonstrated that the same yeast and enzymes could be used for at

least two months without any decrease in enzymatic activity. After obtaining very high yields (up to 91%

of the theoretical yield) and excellent separation of ethanol from the fermentation broth, the

methodology was successfully extended to a continuous-flow single-step conversion of marine algae

Ulva rigida to bioethanol (84% of the theoretical yield). Harnessing solar thermal energy for driving the

SSF reaction as well as the special design of the solar reactor that facilitates in situ separation of ethanol

from the fermentation broth by an evaporation–condensation process make the current method
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industrially appealing and adoptable for large-scale production. This review explores new avenues for

a decentralized power supply based on solar thermal energy. The bioethanol produced in this study was

demonstrated as a potential fuel for direct ethanol fuel cells with high current and power density values,

and 65% thermodynamic efficiency. In addition, the secondary metabolite glycerol was fully reduced to

the value-added product 1,3-propanediol by S. cerevisiae, which is the first example of a fungal strain

converting glycerol in situ to 1,3-propanediol. In this review, we aim to discuss the current

methodologies and recent developments for bioethanol production from biomass and demonstrate the

future aspects of bioethanol production in solar reactors, and strategies to improve process yields as

well as the prospects of using a solar reactor to produce other valuable chemicals.
1. Introduction
1.1. Bioethanol: one of the best alternatives to petroleum

The indiscriminate extraction and increasing consumption of
fossil fuels are considered important triggers in the search for
alternative sources of energy that can supplement or replace
fossil fuels.1 Numerous experts predict that the ceiling of oil
production will be reached by 2020, while the demand will
continue to grow. At the same time, concerns about climate
change and the potential economic and political impact of
limited oil and gas resources are increasing.2 Therefore,
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research efforts are being directed towards the use of renewable
sources such as solar, wind, and biomass.3

Biofuels are potential substitutes for current transportation
fuels. Biofuels from biomass signicantly reduce the depen-
dence on imported oil and decrease the environmental impact
of energy use.2 Major commercial biofuels include bioethanol
and biodiesel. Countries such as Brazil and the US have started
producing rst-generation bioethanol and biodiesel from food
products (grains, sugar- or starch-based crops, and edible oil),
and these fuels are currently available at petrol stations. Second-
generation bioethanol from ligno-cellulosic materials is still
under research.4 The potential global production of bioethanol
from wasted crops and crop residues is estimated at 491 GL per
year, which can replace 32% of the total gasoline consumption.5

Bioethanol is currently one of the most promising alterna-
tives to conventional transportation fuels because of its high
octane value, high combustion efficiency (the anti-knock index
for gasoline: 87 and for ethanol: 99), and energy benets (energy
density value of bioethanol: 23 MJ L�1; gasoline: 35 MJ L�1).6–9

In addition, the use of ethanol produced from biomass as
a transport fuel can reduce CO2 buildup.10 Bioethanol can be
blended with petrol (E5, E10 or E85) or used as neat alcohol in
dedicated engines.11 Moreover, bioethanol is an excellent fuel
for exible-fuel hybrid vehicles.11 Compared to gasoline,
ethanol only contains a trace of sulfur and no nitrogen;
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therefore, ethanol blended with gasoline helps to decrease the
overall emission of sulfur oxides (SOx) and nitrogen oxides
(NOx).12

Currently, bioethanol is the most dominant biofuel, and its
global production has shown an upward trend over the last 25
years, with a sharp increase from the year 2000 onwards. Global
annual bioethanol production has reached nearly 115 billion
liters in 2015.13 Bioethanol production is important not only for
transportation applications, but also for its use as a feedstock
for the production of C2 hydrocarbons. In the near future,
biofuels – especially bioethanol – may be a vital feedstock for
long-chain hydrocarbons and biochemicals that are currently
derived from petroleum.14,15 Therefore, any breakthrough in
bioethanol-production technology is benecial to the socio-
economic well-being of humankind. It is important to note
that the use of bioethanol as an alternative fuel is not yet
economically competitive with petroleum-based fuels. Major
drawbacks of commercial bioethanol production include broad
variation in the chemical composition of the feedstock,
inherent slowness of the fermentation reaction, the separation
of microorganisms (yeast) from the fermentation broth, and the
separation and purication (distillation) of ethanol in an
energy-efficient way. The main strategies for increasing the
competitiveness of bioethanol as an alternative fuel include
nding a cheap and abundant feedstock and developing
a technology that is more atom- and energy-efficient than the
currently available processes.16
1.2. Potential feedstocks for bioethanol production

Two processes are involved in the conversion of biomass to
ethanol: the degradation of the starting plant material into
fermentable sugars (hydrolysis) and the conversion of sugar
into alcohol (fermentation).17–19 The selection of the suitable
feedstock for fermentable sugars is a challenge. The varied raw
materials used in the manufacture of ethanol via fermentation
are classied into three main types: sugars, starches, and
cellulosic materials.20 Currently, the global ethanol supply is
produced mainly from sugar and starch.21 Glucose is the basic
sugar unit in biomass that can be obtained from the hydrolysis
of cellulose and starch. Glucose is highly water-soluble, which
not only makes its transportation very convenient for chemical
engineering operation, but also enables the products to be
highly concentrated. Furthermore, glucose does not need to
undergo the rate-determining step of hydrolysis during catalytic
conversion.22,23 Sucrose is the main sugar extracted from sugar
cane and sugar beets, and is highly soluble in water. Ethanol
production from sucrose predominates in tropical regions with
sugar cane production such as Brazil.24 Industrial strains of
yeast such as Saccharomyces can be used to hydrolyze sucrose
into fructose and glucose and ferment the sugars into ethanol.
Saccharomyces cerevisiae is the most effective ethanol-producing
microorganism for hexose sugars, including glucose, mannose,
and galactose.25,26

Starch is an excellent carbon source and a major energy-
storage molecule (60–75 wt%) for many economically impor-
tant crops such as corn, wheat, oats, rice, potatoes, and
15488 | J. Mater. Chem. A, 2017, 5, 15486–15506
cassava.27–29 The fermentation of starch is more complex than
the fermentation of sugars, because starch must be hydrolyzed
to glucose before it can be fermented to ethanol.27,28 This two-
step process can be made more economical by coupling the
enzymatic hydrolysis of starchy substrates and the fungal
fermentation of the derived glucose into a single step by
a simultaneous saccharication and fermentation (SSF)
process. In the SSF process, the stages are the same as those in
separate hydrolysis and fermentation systems, but both are
performed in the same reactor.30–34 This causes less accumula-
tion of sugars within the reactor, a greater yield of ethanol, and
a higher saccharication rate.35 Another advantage of this
approach is that only a single container (fermentor) is needed
for the entire process, which decreases the investment costs.36

In addition, the presence of ethanol in the culture medium
causes the mixture to be less vulnerable to undesired microor-
ganism invasion.37

Among the three main types of raw materials, cellulose
materials are the most abundant global source of biomass and
have been largely unutilized. Over 90% of the global production
of plant biomass is lignocellulose, which is a more complex
substrate than starch.11 Lignocellulose is composed of a mixture
of carbohydrate polymers (cellulose and hemicellulose) and
lignin.19 The biological process for converting the lignocellulose
to fuel ethanol requires delignication to liberate cellulose and
hemicellulose from their complex with the lignin, depolymer-
ization of the carbohydrate polymers to produce free sugars,
and the fermentation of mixed hexose and pentose sugars to
produce ethanol. Although cellulose can be effectively utilized
for bioethanol production, hemicellulose conversion to bio-
ethanol still remains a challenge.11,19,38 Extensive research has
been carried out in this eld for the selective isolation of
cellulose in a cost-effective and environmentally friendly
manner.39 It is expected that the cost of lignocellulosic ethanol
can undercut that of starch-based ethanol, as the low-value
agricultural residues can be used as a feedstock.20,40 It is note-
worthy that S. cerevisiae has high ethanol productivity and high
tolerance to the inhibitory compounds and ethanol present in
the hydrolysate of lignocellulosic biomass.36 Developing tech-
nologies that can convert cellulosic materials into motor fuels
has been a worldwide goal of governments and private indus-
tries for the last three decades; however, cellulosic ethanol
production is still in the exploratory stage.33,41,42

Considered to be the third-generation biomass, algae have
proven to be superior to other biomass due to their environ-
mental and economic sustainability. Marine algae hold promise
as an alternative, renewable feedstock for the production of
biofuels, especially bioethanol.43 Marine macroalgae (seaweeds)
can serve as a promising sustainable source for biofuels due to
their high growth rates and productivity, low energy demand,
low lignin content, and high carbohydrate content. Algae-based
biofuels, as opposed to terrestrial biomass sources, do not
compete with the cultivation of food crops or freshwater supply,
nor adversely affect vulnerable ecosystems.43–45 The potential of
seaweeds, such as Gelidium amansii, Laminaria japonica, Codium
fragile, Nizimuddinia zanardini, and Ulva rigida, has been
exploited for bioethanol production.33 Although seaweeds are
This journal is © The Royal Society of Chemistry 2017
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promising feedstocks for biofuel production, their relatively low
readily available fermentable carbohydrate content compared
to their terrestrial counterparts, and the inefficient methods
used for their farming and conversion, hinder their utilization
in the biofuel industry.34 Thus, developing novel approaches to
produce biofuels from macroalgal biomass may have a tremen-
dous impact on the possibility of using this feedstock as a future
renewable energy source.45 The green macroalga Ulva
(Chlorophyceae) is a common marine alga found abundantly in
eutrophicated coastal waters. This marine alga is an important
source of dissolved organic carbon (carbohydrates, poly-
saccharides, and nitrogenous and polyphenolic materials) and
can be considered as a potential energy crop due to its high
growth rates and relatively high carbohydrate content
(�40%).34,46

1.3. Current methodologies for bioethanol production

Currently, the only available pathway for the conversion of
carbohydrates into ethanol is the biological pathway, i.e.
fermentation, which is the most time-consuming part of the
bioethanol production process. There are many reports in the
literature that focus on the evaluation of different carbohy-
drates and fermentation conditions for accelerated bioethanol
production.31,33,34,42,44,47–49 Ultrasonication has been widely
applied for accelerating biological and chemical processes.3

Ultrasound-assisted hydrolysis has been shown to intensify and
improve the efficiency of the process and to considerably reduce
the extraction time.33 Microwave irradiation has also been
demonstrated to accelerate the release of fermentable sugar
from biomass.43 Localized heating during microwave irradia-
tion causes biomass degradation and, as a result, the catalytic
species to access the reaction site, which leads to the release of
monosaccharides. Use of microwave irradiation saves time and
energy because the target compounds are heated directly,
without the need to heat a furnace or oil bath as required in
conventional heating methods.43 To summarize, the current
bioethanol production methods are mostly based on highly
controlled reactions and state-of-the-art instruments such as
a sonicator, incubator, high-speed stirrer or microwave.50 This
review demonstrates an environmentally benign process for
bioethanol production. In our current study, solar energy was
used as a heating element for the catalyst and reaction volume,
replacing an oven or a heating plate. In the same way, the
separation step was aided by solar energy, as the ethanol
produced in the reactor was separated from the broth soon aer
its formation by an evaporation–condensation process.

1.4. Solar-energy-driven bioethanol production

An ideal heating source for the fermentation process should
complete the reaction in a short time and be energy efficient.
Moreover, to reach industrial quantities of the product, the
heating source must be suitable for industrial applications.51,52

In most biofuel-production processes, reaction temperatures are
attained by the use of electricity, which results in a considerable
increase in the production cost.53 Renewable energy sources,
such as solar, wind, geothermal, and biomass, can be used to
This journal is © The Royal Society of Chemistry 2017
supplement power to bioreneries, lower production cost, and
improve the net energy ratio. Among these sources, solar energy,
with the advantages of abundance and availability, is an excel-
lent candidate for supplementing biofuel production.54

The conversion of solar energy into chemical energy,
photosynthesis, is the basis for life. Photosynthesis lls all of
the food requirements and many of the needs for ber and
building materials. The energy stored within fossil fuels is also
based on chemical energy that comes from the sun via photo-
synthesis. In order to provide new and efficient ways to collect
and utilize solar energy, the energy-harvesting systems of plants
can be adapted to man-made systems.18,55 In the 21st century, it
is crucial to have a successful transition to clean well-regulated
independent energy. Solar energy may be an important alter-
native energy source and may provide a solution to the growing
energy demand, even if only a small portion of this source is
harnessed for heating applications.31,47 This study uses renew-
able solar thermal energy as a heating source to power the
production of bioethanol. Using solar thermal energy for bio-
ethanol production has economic and environmental advan-
tages, as it reduces much of the electricity costs associated with
the process, resulting in cost-effective sustainable green
production. Therefore, the utilization of solar thermal energy
for biofuel production has a signicant impact on the overall
energetics (energy return on energy invested, EROEI) of the
process. To the best of our knowledge, we are the rst to utilize
solar energy for bioethanol production.31,47,50 This review
demonstrates a solar reactor that converts carbohydrates into
bioethanol in batch and continuous-ow processes. Bioethanol
is produced from glucose through continuous-ow solid-state
fermentation, as well as from starch, cellulose, and marine
algae (Ulva rigida), through single-step SSF processes performed
in a solar-energy-driven reactor. Moreover, the bioethanol
produced is demonstrated as a potential fuel for operating
direct ethanol fuel cells (DEFCs).31,47

2. Solar reactor
2.1. Design and fabrication

A solar reactor was designed and fabricated to perform either
continuous-ow or batch fermentation of biomass and to
continuously separate the product (aqueous ethanol) from the
yeast bed by an in situ evaporation–condensation mechanism
(see Fig. 1 for a detailed design and depiction of the compo-
nents of the solar reactor).31,47 The selected geometry and the
dimensions are the most important aspects of the reactor for
the effective production and separation of ethanol. The reactor
was fabricated in the mechanical workshop of Bar-Ilan Univer-
sity using aluminum blocks and a glass lid. The height of the
reactor (127 mm) was kept much lower than the base (275 mm)
to facilitate the condensation of the ethanol vapor (from the
rst chamber) onto the top glass surface (Fig. 1a). Such
a geometry facilitates the free ow of the condensate from the
top glass surface of the reactor to the second chamber, where
ethanol is collected. The ethanol collection chamber (second
chamber) is fully separated from the fermentation chamber
(rst chamber) by an aluminum wall (Fig. 1b). The inlet of the
J. Mater. Chem. A, 2017, 5, 15486–15506 | 15489
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Fig. 1 Open reactor (a), the bottom surface with two chambers (b),
side view of the reactor (c).58 Adapted with permission.31 Copyright
2015 John Wiley and Sons, Inc.

Fig. 2 The vapor pressure of ethanol vs. the normal boiling-point
temperature. Reprinted with permission.31 Copyright 2015 John Wiley
and Sons, Inc.
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reactor is connected to the feed reservoir and the ethanol outlet
valve is opened to collect the product ethanol at regular time
intervals (Fig. 1c). The secondary metabolites remaining in the
fermentation broth can be collected from an additional outlet,
connected to the fermentation chamber, without opening the
reactor lid.
2.2. Principle of operation

The normal boiling-point temperature (T, �C) is related to the
vapor pressure (P, mmHg) of ethanol according to the Antoine
equation, log10 P ¼ A � (B/(C + T)), where A, B, and C are
substance-specic coefficients. The equation can be rearranged
as P ¼ 10A�(B(C�1+T)). The constants for ethanol for the
temperature range of 0–100 �C are A ¼ 8.04494, B ¼ 1554.3,
and C ¼ 222.65.56 The temperature–pressure plot for ethanol
is depicted in Fig. 2 according to the following formula:
P ¼ 108.04494�(1554.3/222.65+T).56 In the current study, the evapo-
ration–condensation process occurs at a reaction temperature
(20–35 �C) much lower than the boiling point of ethanol (78 �C).
Although the pressure during fermentation was not monitored
using a pressure gauge, it can be concluded that the pressure in
the reactor is much lower than the atmospheric pressure.31,47,50
3. Solar-energy-driven fermentation
of carbohydrates
3.1. Solar-energy-driven SSF in a batch process

For the efficient utilization of solar energy, and for the SSF
process to be cost-effective, our work focuses on using solar
thermal energy for the conversion of biomass into ethanol in
a single-step process in the solar reactor. From the green
chemistry point of view, the solar-energy-driven SSF process has
numerous advantages. The reaction time is short, due to the
coupling of the hydrolysis and fermentation stages into one
stage. The SSF process is more economical because both the
hydrolysis and fermentation stages are performed in the same
reactor. The process does not require either an external source
15490 | J. Mater. Chem. A, 2017, 5, 15486–15506
of heating or additional energy and does not produce any
polluting effluent. Successful results and high bioethanol yields
were obtained from solar-energy-driven SSF of starch, cellulose,
and the marine algae Ulva rigida in batch processes.

3.1.1. SSF of starch to bioethanol in a batch process. A
homogeneous aqueous suspension of starch (5 wt%, 1.6 L) was
prepared under stirring and heating using a high-speed ultra-
turrax device. The starch solution obtained was fed into the
reactor charged with S. cerevisiae (instant baker's yeast
purchased from a local supermarket) covered with an activated
carbon cloth and a mixture of amyloglucosidase and a-amylase
enzymes.31 The conversion of potato starch to ethanol through
an SSF process involves the simultaneous hydrolysis of starch to
glucose by the action of enzymes and fermentation of glucose by
yeast. The rst biomass conversion step usually involves
a hydrothermal pretreatment before enzymatic hydrolysis;
however, in the current study, no hydrothermal pretreatment
was applied before the SSF process and the yeast was not sup-
plemented with any additional nutrients.31,57 The ethanol
produced was evaporated to the top at glass surface of the
reactor, allowing the solar radiation into the fermentation
chamber. The ethanol droplets condensed on the glass plate
were collected in the second chamber of the reactor which has
an outlet for ethanol collection (Fig. 1). The process was
monitored for over two months (63 days) in the solar reactor at
30–35 �C. The analytes were collected at regular time intervals
and analyzed for quantication of the ethanol using proton (1H)
NMR spectroscopy and gas chromatography (GC). The change
in ethanol yield with time (deduced from 1H NMR analysis) is
depicted in Fig. 3. The concentration of ethanol varies over
the range of 1.8–2.6 wt% over the course of the study. By the 63rd

day, 38 g of ethanol were collected in total (0.6 g ethanol per day,
8 g ethanol per m2 per day), which corresponds to �85% of the
theoretical yield of ethanol from starch with green chemistry
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Solar-energy-driven bioethanol production from 5 wt% starch
solution as a function of time. Adapted with permission.31 Copyright
2015 John Wiley and Sons, Inc.
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metrics RME ¼ 47.4% and MI ¼ 0.85 (Table 1). The mass-
balance calculations and detailed gas chromatograms of SSF
products collected at regular time intervals were reported by
Tabah et al.31 The weekly ethanol concentration in the products,
determined from the 1H NMR (0.42–0.60 M) and GC
(0.39–0.56 M) analyses, conrms the authenticity of the meth-
odology used for ethanol estimation.31,50

Representative 1H NMR spectra of the analytes collected on
the 7th, 14th, 21st, and 28th days of the SSF process are shown in
Fig. 4. Signature peaks of ethanol centered at 1.19 ppm (3H, t)
and 3.66 ppm (2H, q) were observed in all the analytes
(Fig. 4a–d). The singlet peak at 8.40 ppm originates from the
internal standard HCOONa, and the peak at 4.80 ppm corre-
sponds to water. No reaction by-products (glycerol or acetic
acid) were observed in the analytes, indicating the purity of the
process (only aqueous ethanol). In addition to the quantitative
methods, the SSF product was analyzed qualitatively by carbon
(13C) NMR spectroscopy. The 13C NMR spectra of the SSF
products collected weekly were compared to those of commer-
cial ethanol.31,50 No peaks other than the characteristic peaks of
ethanol (at 17 and 58 ppm) were observed in the reaction
products. This indicates that the reaction product is pure
Table 1 Bioethanol yields and green chemistry metrics for various feed

Feedstock
Type of
fermentation

Feedstock
concentration (wt%)

Eth
(g p

Glucose (D-glucose) Continuous ow 10 3.7
20 7.0
30 10.9
40 14.4

Starch (potato) Batch 5 0.6
15 2.8

Cellulose (Avicel®) Batch 5 2.1
Marine macroalgae
(Ulva rigida)

Batch 10 0.4
Continuous ow 5 0.2

a Reaction Mass Efficiency (RME)% ¼ (mass of ethanol � 100)/(mass of fe

This journal is © The Royal Society of Chemistry 2017
aqueous ethanol and is devoid of the reactant (starch), reaction
intermediate (glucose), and usual secondary metabolites of
fermentation (glycerol and acetic acid). The SSF process was
then scaled up to 15 wt% starch to produce amore concentrated
bioethanol (1.3 M, 6 wt%) that can be evaluated as a fuel in
DEFCs. The total amount of ethanol at the end of the process
was 71.2% of the theoretical yield with green chemistry metrics
RME ¼ 39.8% and MI ¼ 0.71 (Table 1). The fuel cell tests
successfully demonstrated that as-produced bioethanol from
the solar-energy-driven SSF process of 15 wt% starch
(2.9 g ethanol per day, 37.7 g ethanol per m2 per day) is
a potential fuel for DEFCs.31

3.1.2. SSF of cellulose to bioethanol in a batch process. A
homogeneous aqueous suspension of cellulose (5 wt% Avicel®
PH-101, 1 L) was prepared under sonication (1 h, high-intensity
ultrasonic Ti-horn). Aer the sonication process, a well-
dispersed stable suspension of cellulose was used as a feed-
stock for the SSF process in the solar reactor. The cellulose
solution was fed into the reactor charged with S. cerevisiae
(instant baker's yeast) covered with an activated carbon cloth
and a mixture of endo-cellulase, exo-cellulase, and b-glucosi-
dase enzymes. The conversion of cellulose to ethanol through
an SSF process involves the simultaneous hydrolysis of cellulose
to glucose by the action of enzymes and the fermentation of
glucose by yeast. In the current study, no hydrothermal
pretreatment was applied before the SSF process of cellulose
and the yeast was not supplemented with any additional
nutrients. The process was monitored for 10 days in the solar
reactor at an average day/night temperature of 27/15 �C. The
analytes were collected at regular time intervals and analyzed
for the quantication of ethanol using 1H NMR spectroscopy
and high performance liquid chromatography (HPLC). The
change in ethanol yield with time (deduced from 1H NMR
analysis) is depicted in Fig. 5 (unpublished data).

The concentration of ethanol varied over the range of 2.0–
2.40 wt% over the course of the study. By the 10th day, 22 g of
ethanol was collected in total (2.2 g ethanol per day, 28.9 g
ethanol per m2 per day), which corresponds to 78% of the
theoretical yield of ethanol from cellulose with green chemistry
metrics RME ¼ 43.7% and MI ¼ 0.78 (Table 1). The ethanol
concentration of the products, determined from 1H NMR
stock and fermentation types

anol yield
er day)

Ethanol yield
(theoretical%)

RMEa

(%) MIb Ref.

1 91.2 46.5 0.91 47 and 50
1 85.5 43.6 0.86

89.0 45.4 0.89
88.0 44.9 0.88

0 84.7 47.4 0.85 31 and 50
5 71.2 39.8 0.71
9 78.0 43.7 0.78 Unpublished data
1 65.0 11.4 0.65 Unpublished data
0 84.1 15.0 0.84 58

edstock). b Mass Intensity (MI) ¼ total mass in process/mass of ethanol.

J. Mater. Chem. A, 2017, 5, 15486–15506 | 15491

http://dx.doi.org/10.1039/c7ta03083e


Fig. 4 1H NMR spectra of the SSF product on the 7th (a), 14th (b), 21st (c), and 28th (d) days (inset shows the ethanol peaks, a 3H (t) centered at
1.19 ppm and a 2H (q) centered at 3.66 ppm). Reprinted with permission.31 Copyright 2015 John Wiley and Sons, Inc.

Fig. 5 Solar-energy-driven bioethanol production from 5 wt% cellu-
lose solution (unpublished data).

Fig. 6 Fresh (wet), dried, and ground Ulva rigida samples.58
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(0.40–0.60 M) and HPLC (0.43–0.52 M) analysis matched well.
The SSF product was also analyzed by 13C NMR spectroscopy and
the NMR spectra of the SSF products, collected every other day,
were compared with those of commercial ethanol. As in the case
of the SSF process of starch, no peaks other than the charac-
teristic peaks of ethanol (at 17 and 58 ppm) were observed in the
reaction products. This indicates that the reaction product is
pure aqueous ethanol and is devoid of the reactant (cellulose),
reaction intermediate (glucose), and usual secondary metabo-
lites of fermentation (glycerol and acetic acid).

3.1.3. SSF of marine macroalgae Ulva rigida to bioethanol
in a batch process. Fresh wet biomass of marine macroalgae
Ulva rigida was dried in a hot air oven. The dried biomass was
ground in a blender to obtain a ne powder. The Ulva rigida
powder was then passed through a sieve to obtain biomass
particles of uniform size prior to the SSF process (Fig. 6).
Initially, an aqueous suspension of Ulva rigida (10 wt%) was fed
15492 | J. Mater. Chem. A, 2017, 5, 15486–15506
into the solar reactor to test the solar-aided batch fermentation
of marinemacroalgae. In this solar-aided SSF process, a mixture
of a-amylase, amyloglucosidase, endo-cellulase, exo-cellulase,
and b-glucosidase enzymes was added to the feedstock solu-
tion, which was fed into the reactor's rst chamber over S. cer-
evisiae (instant baker's yeast) covered with an activated carbon
cloth.58

The chemical composition of the marine macroalgae Ulva
rigida was analyzed on a dry weight basis. The total carbohy-
drate content was 37 � 3.9%, with 7.6 � 1.1% starch and 23.8 �
1.2% cellulose.33 Theoretically, based on the cellulose and
starch content of Ulva rigida, �32% of the dry biomass should
be hydrolyzed to fermentable sugars. The remaining fraction of
the carbohydrates should correspond to the structural carbo-
hydrate component ulvan, which is known to yield mono-
saccharides such as rhamnose.33 The SSF process of 10 wt%
Ulva rigida was monitored for 55 days in the solar reactor (with
the same enzymes and yeast) at an average day/night tempera-
ture of 28/20 �C. The aliquots of the products were collected at
regular time intervals and quantied for ethanol using 1H NMR
spectroscopy and HPLC. The ethanol yield (deduced from 1H
NMR analysis) as a function of time is depicted in Fig. 7
(unpublished data). Based on the fermentable sugar content of
the biomass, 65% of the theoretical ethanol yield was collected
at the end of the SSF process of 10 wt% Ulva rigida (0.41 g
ethanol per day, 5.4 g ethanol per day per m2) with green
This journal is © The Royal Society of Chemistry 2017
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chemistry metrics RME ¼ 11.4% and MI ¼ 0.65 (Table 1). As
previously seen in the SSF of starch and cellulose, no peaks
other than the characteristic peaks of ethanol were observed in
the 1H and 13C NMR spectra of the reaction products of the SSF
of Ulva rigida. This indicates that the reaction product is again
pure aqueous ethanol and is devoid of the reactants (starch and
cellulose), reaction intermediate (glucose), and usual secondary
metabolites of fermentation (glycerol and acetic acid).
Following the preliminary results of the batch fermentation, the
system was further developed into a solar-energy-driven
continuous-ow fermentation process in order to increase the
ethanol yield and make the process industrially adoptable.58
3.2. Solar-energy-driven SSF in a continuous-ow process

Following the successful results and high ethanol yields with
solar-energy-driven SSF of starch, cellulose, and the marine
algae Ulva rigida, the batch process of bioethanol production
was further developed into a continuous-ow process. The
process was tested with glucose (10–40 wt%) and Ulva rigida (5
wt%) as feedstocks.47,50,58

3.2.1. Fermentation of glucose to bioethanol in a contin-
uous-ow process. Continuous-ow glucose fermentation was
performed by feeding the reactor with 2 L of either 10, 20, 30 or
40 wt% aqueous glucose solutions.47,50 The reactor was charged
with S. cerevisiae (instant baker's yeast) into which the glucose
solution was continuously fed (2.8 mL h�1

ow rate). It is
important to note that the yeast was not supplemented with any
additional nutrients and the pH of the glucose solutions was 7.
As in the case of the previous solar-energy-driven SSF processes,
the fermentation took place in the rst chamber and the ethanol
produced evaporated to the top at glass surface of the reactor,
which allowed the solar radiation to enter the bed. The ethanol
droplets that condensed on the glass plate were collected in the
second chamber of the reactor, which has an outlet for ethanol
collection. For each glucose solution, the process was monitored
for a month in the solar reactor at �20 �C.47,50

The analytes were collected at regular time intervals and
analyzed for the quantication of ethanol using 1H NMR
Fig. 7 Solar-energy-driven bioethanol production from batch
fermentation of Ulva rigida (10 wt%) as a function of SSF process time
(Tave day/night: 28/20 �C) (unpublished data).

This journal is © The Royal Society of Chemistry 2017
spectroscopy, GC, and, HPLC. The concentrations of analytes
determined by each analysis matched well, validating the
methodology used for ethanol estimation.47,50 The concentra-
tion of aqueous ethanol (ethanol yield, wt%), collected at
regular time intervals using 10–40 wt% glucose feed, is depicted
in Fig. 8. High ethanol yields (average of 91, 86, 89, and 88% of
the theoretical yield, respectively) indicate the atom efficiency of
the process. The daily ethanol yield and the green chemistry
metrics (RME andMI values) are also calculated and reported in
Table 1. It is noteworthy that the yeast bed was always in a solid-
state condition (almost complete absence of free water), in
which the system had enough moisture to support the growth
and metabolism of the microorganisms, and glucose was the
only nutrient supplied for the yeast.47,50 Solid-state fermenta-
tion, with its low-energy requirements, produces less waste-
water and is environment-friendly. In addition, the microbial
cultures (biocatalysts) are closer to their natural habitats and it
is easy to separate them from the broth.59 A common problem in
bioethanol production is the separation of microorganisms
from the broth. Since the recovery of the biocatalysts is simple
in solid-state fermentation, the same biocatalyst can be reused
for many fermentation cycles.60 There was no effluent in the
reactor, which made it very convenient to change the feed
solutions between the experiments. Moreover, there was no loss
in the activity of the yeast even aer two months of continuous
operation of the process. Fig. 9 shows the HPLC chromatograms
of the fermentation product (collected on the 21st day), using
10–40 wt% glucose solutions (Fig. 9b–e) in comparison to
commercial ethanol (0.5 M, retention time of �25 min, Fig. 9a).
The concentrations of the produced bioethanol are 1, 2, 3, and
4 M from 10, 20, 30, and 40 wt% glucose fermentation,
respectively. These high ethanol concentrations indicate the
atom efficiency of the process.47,50

In addition to these quantitative methods, the fermentation
product was also analyzed by 13C NMR spectroscopy. Fig. 10
shows the 13C NMR spectra of the fermentation products ob-
tained from 10–40 wt% aqueous glucose feed solutions
(collected on the 10th day) compared to commercial ethanol.
Fig. 8 Continuous-flow solar reactor with a D-glucose reservoir (a),
open reactor with instant baker's yeast on activated carbon cloth (b),
time on stream studies of ethanol yield (wt%) with 10–40 wt% glucose
feed solutions (c). Adapted with permission.47 Copyright 2016 Royal
Society of Chemistry.

J. Mater. Chem. A, 2017, 5, 15486–15506 | 15493

http://dx.doi.org/10.1039/c7ta03083e


Fig. 9 HPLC chromatograms of commercial ethanol (a) and
fermentation products (collected on the 21st day) using 10 (b), 20 (c),
30 (d), and 40 (e) wt% glucose solutions.50
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Intense signals, typical of the target product ethanol, can be
seen in all samples at 17 and 58 ppm (Fig. 10b–e). No peaks
other than ethanol appear in the reaction products. The
absence of the reactant (glucose) or yeast in the product
signies the role of solar radiation in separating the aqueous
ethanol formed in the fermentation chamber by means of
evaporation and condensation. The absence of typical peaks of
the usual secondary metabolites, glycerol and acetic acid, again
indicates the product purity and its possible direct use for
energy-related applications such as fuel cells.47,50
Fig. 10 13C NMR spectra of commercial ethanol (a) and bioethanol
collected on the 10th day of the fermentation of 10 wt% glucose
solution (1.1 M) (b), 20 wt% glucose solution (1.8 M) (c), 30 wt% glucose
solution (3.0 M) (d), and 40 wt% glucose solution (4.0 M) (e). Adapted
with permission.47 Copyright 2016 Royal Society of Chemistry.

15494 | J. Mater. Chem. A, 2017, 5, 15486–15506
One of the main issues associated with bioethanol produc-
tion is its purication from the fermentation broth.61 Ethanol
concentration greater than 4% has been a limitation in the
conventional fermentation processes, poisoning yeasts and
inducing stress by retarding their productivity of further ethanol
production.48,49 Various approaches are being studied for the
extraction and distillation of ethanol (such as liquid–liquid
extraction using ionic liquids, the use of microltration, and the
substitution of membrane technology for current ethanol-
dewatering processes).61,62 Although further distillation is
needed to attain anhydrous ethanol, the unique advantage of the
use of solar energy in the current methodology is that no addi-
tional extraction process is required to separate the aqueous
ethanol from the fermentation broth. The formed ethanol in the
yeast bed is simultaneously evaporated and condensed onto the
glass panel of the reactor, from which it ows down into
a separate chamber with an outlet for ethanol collection (Fig. 1).
The pressure in the reactor, which is lower than atmospheric
pressure, facilitates the evaporation of ethanol at a temperature
much lower than its boiling point (78 �C). The relation between
the lowering of the boiling point of ethanol and the pressure of
its vapor, as well as the operation principle of the reactor, were
discussed in Section 2.2 (Fig. 2). The solar-energy-based
fermentation demonstrated in this review offers a solution to
the ethanol tolerance limitation by the in situ evaporation–
condensation process of the target product ethanol, resulting in
its separation from the broth. Moreover, the issue of substrate
(sugar) inhibition was also solved with the help of this meth-
odology. Aqueous suspensions of glucose with a wide range of
concentrations (up to 40 wt%) were fed to the reactor and the
highest ethanol concentration obtained was 18 wt%, which was
much greater than the 4 wt% limit.47,50

3.2.2. SSF of Ulva rigida to bioethanol in a continuous-ow
process. A 500 mL slurry of 5 wt% Ulva rigida in doubly distilled
water (DDW) was sonicated for 90 min using a high-intensity
ultrasonic Ti-horn. Aer the sonication process, a well-
dispersed stable suspension of marine algae was obtained
and subsequently used as a feedstock for the continuous-ow
SSF process in the solar reactor (Fig. 11).58 The aqueous
suspension of Ulva rigida, prepared by ultrasonication, was
mixed with a-amylase, amyloglucosidase, endo-cellulase, exo-
cellulase, and b-glucosidase enzymes and fed to the fermenta-
tion chamber of the solar reactor (at a ow rate of 3.9 mL h�1),
loaded with instant baker's yeast (S. cerevisiae) that was covered
with activated carbon cloth. In this solar-energy-driven
continuous-ow SSF process, the enzymes induced the hydro-
lysis of the starch and cellulose components of the algae to
glucose, which was further fermented by the yeast and con-
verted to ethanol. When 500 mL Ulva rigida feedstock was
completely fed to the reactor, DDW was streamed through the
reactor (with the same ow rate, 3.9 mL h�1) in order to convert
the residual carbohydrates of the algae to bioethanol. When the
DDW was completely used up, an additional 500 mL of the
feedstock was fed to the reactor to test the reusability of the
enzymes and the yeast bed as well as the continuous operability
of the system. Again, when the feedstock was completely fed to
the reactor, DDW was streamed through in order to convert the
This journal is © The Royal Society of Chemistry 2017
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Fig. 11 The aqueous suspension of Ulva rigida (5 wt%) before and after the sonication process.58
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residual carbohydrate content of the algae to bioethanol. The
experimental setup of the continuous-ow SSF process of the
marine macroalgae Ulva rigida in the solar reactor is presented
in Fig. 12. It is important to note that similar bioethanol results
were obtained when the same experiment was repeated by
loading the enzymes and baker's yeast on activated carbon prior
to the SSF process.58

The SSF process of 5 wt% Ulva rigida was monitored for 37
days in the solar reactor (with the same enzymes and yeast) at an
average day/night temperature of 31/24 �C. The aliquots of the
products were collected at regular time intervals and quantied
for ethanol using 1H NMR spectroscopy and HPLC. The ethanol
yield (deduced from 1H NMR analysis) as a function of time is
depicted in Fig. 13. High ethanol yields (84% of the theoretical
ethanol yield with green chemistry metrics RME ¼ 15% and MI
¼ 0.84) were observed throughout the SSF process of Ulva rigida
(0.2 g ethanol per day, 2.64 g ethanol per day per m2), based on
the fermentable sugar content of the biomass (Table 1). As in
the SSF of Ulva rigida to bioethanol in the batch process, no
Fig. 12 Continuous-flow solar reactor for the single-step conversion
of marine macroalgae Ulva rigida to bioethanol; complete experi-
mental setup (a), stable 5 wt% aqueous Ulva rigida suspension with
enzymes (b), and fermentation chamber loaded with baker's yeast on
activated carbon cloth (c).58

This journal is © The Royal Society of Chemistry 2017
peaks other than the characteristic peaks of ethanol were
observed in the 1H and 13C NMR spectra of the reaction prod-
ucts of the SSF of Ulva rigida in a continuous-ow process.58

This indicates that the reaction product is pure aqueous ethanol
and is devoid of the reactants (starch and cellulose), reaction
intermediate (glucose), and usual secondary metabolites of
fermentation (glycerol and acetic acid).
4. Applications of bioethanol
produced in the solar reactor
4.1. The potential of bioethanol for application in fuel cells

4.1.1. Fuel cells: a promising energy-conversion device for
the future. Fuel cells are efficient energy-conversion (chemical to
electrical) devices with low pollutant emission and feedstock
exibility.50,63,64 Electricity generation using solar energy and
biomass not only reduces the dependence on fossil fuels but also
decreases the greenhouse gas emission during power produc-
tion. Biomass-to-electricity conversion using natural biomass
resources can be achieved using fuel-cell technology. Abundant
organic raw materials such as alcohols (methanol and ethanol),
organic acids (formic acid), and glucose can be used as fuels.
Depending on the input fuel and electrolyte, different chemical
reactions occur.50 Solid oxide fuel cells require high operating
temperatures for biomass gasication, whereas microbial fuel
cells suffer from the drawbacks of low power output and limited
lifetime. The polymer-exchange membrane fuel cell (PEMFC) is
Fig. 13 Time on stream studies of solar-energy-driven bioethanol
production in a continuous-flow SSF process of Ulva rigida (5 wt%)
(Tave day/night: 31/24 �C).58
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the most practically viable fuel-cell technology. PEMFCs using
either hydrogen or low-molecular-weight alcohols (methanol)
have been commercialized. However, there is much room for
improvement of the fuel, electrode materials, and polymer
membrane for the large-scale use of fuel cells for domestic as
well as transportation applications.65

The direct conversion of biomass to electricity via fuel-cell
technology is a challenge, as the C–C bonds of biopolymers
(starch, cellulose, and lignin) cannot be completely electro-
oxidized to CO2 at low temperatures even with a noble-metal
catalyst. Recently, Liu et al. developed a photocatalytic
(H3PMo12O40) strategy for the operation of a hybrid fuel cell
using biomass (starch, cellulose, lignin, switch grass and wood
powders) as fuel. However, the maximum power density of the
solar-induced hybrid fuel cell with cellulose as fuel is only 0.72
mW cm�2.66 Tabah et al. developed an innovative strategy for
improving the power density of the PEMFCs (410 mW cm�2)
using the bioethanol produced from biomass with the aid of
solar energy and subsequently utilizing the bioethanol to power
the alkaline-acid direct ethanol fuel cells (AA-DEFCs).47,50

Hydrogen produced by the gasication of biomass is also being
used as fuel for PEMFC applications, but this is beyond the
scope of our review.67

4.1.2. Can fuel cells be used for transportation applica-
tions? Renewable as well as decentralized (distributed) power
supply can be achieved using fuel-cell technology.50,64 Due to
worldwide efforts over the last decade, the performance of fuel
cells with respect to energy efficiency, volumetric and mass
power density, and low-temperature startup ability has shown
signicant progress, leading to the development of fuel-cell
technology that is benecial to the sustainable-transportation
sector.50,64 Using biomass-to-fuel cell systems, emergency
power can be generated for critical operations in the case of
power failures lasting for several hours. Direct methanol fuel
cells (DMFCs) were used as a substitute for batteries in portable
electronic gadgets (mobile phones, MP3 players, computers) for
household applications. A signicant portion of the energy
demand in the transportation sector can also be met by fuel
cells. Hydrogen-fueled PEMFCs were used in fuel cell engines (3
kW L�1 power density) by Toyota (Japan) and in an engine
module (5 kW L�1 power density) by England Intelligent Energy
EC 200-192.50,68 Specic advantages of using fuel cells for
transportation include negligible emission of COx, NOx and
SOx, operation without noise, and a cold start even at 243 K.50,69

Currently, hydrogen is used as a promising fuel due to its
high energy density (32 kW h kg�1). However, it is important to
note that the storage and handling of hydrogen are problematic
and costly.50,69 The fuels that can be alternatives to hydrogen in
the production of electricity in a fuel cell include carbon-
containing liquids such as bioethanol, methanol, biodiesel,
dimethyl esters, and Fischer–Tropsch liquids.50 Bioethanol has
specic advantages as a promising fuel for fuel cells: (i) ethanol
is a good substitute for hydrogen in terms of production, cost,
storage, and handling; (ii) the use of bioethanol requires only
negligible changes to fuel-cell vehicles andminimal adjustment
to the fueling infrastructure; (iii) ethanol ignites at much higher
temperatures, resulting in fewer car res and explosions; (iv)
15496 | J. Mater. Chem. A, 2017, 5, 15486–15506
bioethanol can be produced through the fermentation of
renewable sources; (v) ethanol has lower toxicity and higher
energy density (8.0 kW h kg�1) thanmethanol (6.1 kW h kg�1) as
well as lower reactivity in the atmosphere, and it contains
negligible NOx, volatile organic compounds, and SOx; (vi)
ethanol does not contain toxic benzene, toluene, ethylbenzene
or xylene (BTEX) additives which are found in other fuels as
a result of the production process.50,70

DEFCs can be the most promising candidates for portable,
mobile, and stationary applications.50,71 Recently, various DEFC
congurations have been considered (e.g. proton-exchange
membrane DEFCs, anion-exchange membrane DEFCs, and
alkaline-acid DEFCs) and their performance is still being
investigated.50,72 The basic principle underlying the operation of
all DEFCs is the same, and all the cell congurations are under
development. A comprehensive review of past research on the
development of DEFCs, including catalytic aspects, ion-
exchange membranes, and single-cell design and perfor-
mance, has been reported in recent articles.17,50,72–78

4.2. Starch-based bioethanol as fuel in DEFCs

The bioethanol (1.3 M, 6 wt%) produced in the solar-energy-
driven SSF of starch (15 wt%) was tested as a fuel in DEFCs.
The purity and potential of the as-produced bioethanol were
evaluated by performing electrochemical measurements.31,50

Linear sweep voltammograms recorded with a Pt/C (E-TEK)
catalyst in 0.5 M H2SO4 and 1.3 M ethanol (bioethanol or
commercial ethanol) at a scan rate of 25 mV s�1 are shown in
Fig. 14a. A typical ethanol oxidation peak appears at +0.75 V. The
voltammogram peaks of bioethanol and commercial ethanol are
similar, with comparable peak current values (�310 mAmgPt

�1).
These features reect the high purity level of the bioethanol
produced by the solar-energy-driven SSF of starch. Single-cell
DEFC performance was tested at various temperatures (303,
333 and 363 K) using bioethanol (1.3 M) as fuel, and the corre-
sponding I–V curves are shown in Fig. 14b. The TEM image, XRD
pattern, and EDX spectrum of the commercial Pt/C are shown in
Fig. 14c–e. The effect of the temperature on the open-circuit
potential (OCP, 0.75 V) is negligible. As expected, an increase
in the cell performance was observed with an increase in the
operation temperature due to the enhancement of the kinetics of
the anodic (ethanol oxidation) and cathodic (oxygen reduction)
reactions. Limiting current density values of 116, 155, and 212
mA cm�2 were observed corresponding to power density values
of 25.6, 33.3, and 47.7 mW cm�2 at operating temperatures of
303, 333, and 363 K, respectively.31,50 Thus, the bioethanol
produced from starch via the solar-energy-driven SSF process is
a clean and sustainable potential fuel for DEFCs.

4.3. Glucose-based bioethanol as fuel in AA-DEFCs

Following successful results with the solar-energy-driven SSF of
starch, the batch process of bioethanol production was further
developed to a continuous-ow process.47,50 The bioethanol
(2 M, 8.7 wt%) produced from the solar-energy-driven
continuous-ow solid-state fermentation of glucose (20 wt%)
was tested as a fuel in AA-DEFCs.47,50 A schematic representation
This journal is © The Royal Society of Chemistry 2017
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Fig. 14 Linear sweep voltammograms for the electrooxidation of ethanol in 0.5 M H2SO4 + 1.3 M C2H5OH (Pt/C; scan rate – 25 mV s�1) (a),
polarization and power density curves at 2 mg cm�2 catalyst loading for Pt/C (40 wt%, E-TEK) on both the anode and cathode at different
temperatures (anode feed: 1.3 M bioethanol at 1 mLmin�1; cathode feed: pure humidified oxygen at 200mLmin�1) (b), TEM (c), XRD (d), and EDX
(e) of the commercial Pt/C. Reprinted with permission.31 Copyright 2015 John Wiley and Sons, Inc.
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of AA-DEFCs is provided in Fig. 15a. The fuel cell comprises
alkalized bioethanol (2 M bioethanol + 5 M NaOH) and acidied
H2O2 (4 M H2O2 + 1 M H2SO4) compartments separated by
a cation-conducting membrane. Bimetallic Pd electrocatalysts,
namely, 30 wt% Pd1Ni1/C and 50 wt% Pd1Au1/C, were used as
anode (ethanol oxidation) and cathode (H2O2 reduction) elec-
trocatalysts, respectively. Vulcan XC-72 was used as a carbon
support in the preparation of the electrocatalysts via NaBH4

reduction. The active-material loading on the anode and
cathode was maintained at 1.0 and 3.5 mg cm�2, respectively.
The particle size of the electrocatalysts determined using TEM
images is�5–6 nm (Fig. 15b and c). The 3D-network structure of
the electrodes is depicted in the SEM images in Fig. 15d and e.
Such a 3D-structured electrode facilitates the diffusion of the
reactant species by improving the electrochemically active
surface area. At operating temperatures of 303 and 333 K, power
density values of 330 and 410 mW cm�2 were observed,
respectively, at a modest open circuit voltage (OCV) of 1.65 V, as
shown in the current–voltage (I–V) polarization and power
density curves in Fig. 15f. XRD patterns of Pd1Ni1/C and Pd1Au1/
C catalysts are shown in Fig. 15g.47,50

The OCV and power density values achieved using the
AA-DEFC conguration are higher than the values derived
using either acid DEFCs or alkaline DEFCs due to the
This journal is © The Royal Society of Chemistry 2017
elimination of the mixed-potential phenomenon.50,76–78 The
improved performance of the AA-DEFCs as well as the high
values of the current and power densities can also be attrib-
uted to the high catalytic activity of the bimetallic Pd
electrocatalysts comprising the 3D-structural electrode
conguration. Specic advantages of using AA-DEFCs include
(i) the high power density, (ii) the faster kinetics of ethanol
oxidation in alkaline medium, (iii) the faster kinetics of
hydrogen peroxide reduction in acidic medium, (iv) the use of
non-noble metal electrocatalysts, (v) the low fuel cross-over,
(vi) the low activation loss, and (vii) the high theoretical cell
voltage (2.52 V).50,72,79,80 In conclusion, the bioethanol
produced from glucose via the solar-energy-driven SSF process
is successfully demonstrated as a potential fuel for AA-DEFCs
with current and power density values as high as 700 mA cm�2

and 330 mW cm�2 at a modest OCV of 1.65 V.31 Thus, a new
avenue has been explored for a decentralized power supply
based on solar energy.
4.4. Comparison of DEFC performances based on ethanol
concentration and purity

The purity of bioethanol inuences the fuel cell performance
and it is anticipated that the purity level should be 99.999% for
J. Mater. Chem. A, 2017, 5, 15486–15506 | 15497
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Fig. 15 Schematic depiction of AA-DEFCs (a), TEM images of bimetallic Pd electrocatalysts (b and c), SEM images of the anode and cathode (d
and e), current–voltage (I–V) polarization and power density curves (f), and XRD patterns of Pd1Ni1/C and Pd1Au1/C catalysts (g). Adapted with
permission.47 Copyright 2016 Royal Society of Chemistry.
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successful fuel cell operations. Impurities in bioethanol origi-
nate from the raw materials and/or the fermentation process.
Possible impurities are methanol, 1-propanol, allyl alcohol,
ethyl acetate, diethyl amine, acetic acid, dimethylsulfoxide,
dimethyldisulde, and particulate matter. It has been demon-
strated that the impurity level was extremely low when the
bioethanol was produced from sugar- and starch-based feed-
stocks compared to that from wood and straw.81 Traces of
impurities may suppress the DEFC performance by catalyst
poisoning and/or preventing the ionic path of the electrolyte. In
a recent study, the degradation experiment was conducted by
using a single cell and adding nine impurities, namely, meth-
anol, acetaldehyde, acetic acid, 1-propanol, allyl alcohol, ethyl
acetate, 3-methyl-1-butanol, acetal (acetaldehyde diethyl acetal),
and benzaldehyde to a 2 M aqueous ethanol solution.82 The
catalyst used for electrooxidation of ethanol was PtRu/C. The
relation between the impurity species at specic concentrations
and the degradation of the current density was studied. Allyl
alcohol, which has a double bond, showed a serious poisoning
effect, while the effect of other impurities was negligible at the
estimated concentrations in the bioethanol.82

The concentration of ethanol (or water content) is another
factor that inuences the fuel cell performance. It is generally
assumed that 1 to 2 M ethanol is the best option for acid or
alkaline DEFCs in terms of performance as well as durability.
High concentrations of ethanol can be used to achieve high
power density values but durability of fuel cell components is an
important issue to be considered. Other factors that inuence
15498 | J. Mater. Chem. A, 2017, 5, 15486–15506
the performance are the catalyst, catalyst loading, type of
electrolyte/membrane, and temperature.72,81,82 We have
reviewed and tabulated the studies reported in the literature
regarding the effect of ethanol concentration on acid (Table 2)
and alkaline (Table 3) DEFC performance (power density). Since
we used sugar- and starch-based feedstocks and activated
carbon (as the adsorbent) in our solar-energy-driven SSF
experiments, we anticipate that the produced bioethanol is of
high purity and, therefore, applicable for DEFCs. High current
and power density values obtained using our 1.3 M starch-based
and 2 M glucose-based bioethanol (reported in Sections 4.2 and
4.3) validate our anticipation, demonstrating a clean and
sustainable potential fuel for DEFCs.31,47,50
5. Production of value-added
chemicals using solar energy
5.1. In situ bioconversion of glycerol to 1,3-propanediol
during the solar-energy-driven SSF of starch to ethanol

Glycerol is the inevitable secondary metabolite in the conver-
sion of carbohydrates to bioethanol and lipids to biodiesel.
Crude glycerol is rapidly becoming a “waste product” with
associated disposal cost due to its production in large quanti-
ties in the emerging biofuel industry.83,84 The effective utiliza-
tion of glycerol as a feedstock for the production of value-added
products makes the biofuel production processes protable and
environmentally friendly. The production of propanediols
This journal is © The Royal Society of Chemistry 2017
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Table 2 Acid DEFC performances

Fuel Oxidant Anode Cathode Membrane Temp. (�C)
Power density
(mW cm�2) Ref.

1 M ethanol 2 bar O2 Pt3Sn/C Pt/C Naon 117 90 41 103
2 M ethanol 3 bar O2 Pt80Sn20/C Pt/C Naon 117 90 37 104
2 M ethanol 2 atm O2 Pt60Sn40/C Pt/C Naon 117 90 37 105
1.5 M ethanol 0.2 MPa O2 PtSn/C–B Pt/C Naon 115 90 82 106
3 M ethanol 1 atm O2 PtSn/C PtCo/C Naon 117 90 27.5 107
1 M ethanol 2 atm O2 Pt2Sn/C Pt/C Naon 115 90 62 108
2 M ethanol 3 bar O2 PtSnIr/C Pt/C Naon 117 90 35 109
1 M ethanol 2 bar O2 PtSn/C Pt/C Naon 115 90 55 110
1 M ethanol 3 atm O2 PtRu/C PtSnRu/C Naon 115 110 32 111
2 M ethanol 3 bar O2 PtSnRu/C Pt/C Naon 117 80 50 112
1 M ethanol 2 atm O2 PtRu/C Pt/C Naon 115 75 19.4 113
2 M ethanol 1 bar O2 PtRu/C Pt/C Naon 117 80 60 114
1 M ethanol 2 bar O2 Pt2Sn/C Pt/C Naon 115 90 52 115
2 M ethanol 1 bar O2 Pt100Sn20/C Pt/C Naon 115 90 45 116

Table 3 Alkaline DEFC performances

Fuel Oxidant Anode Cathode Membrane Temp. (�C)
Power density
(mW cm�2) Ref.

1 M ethanol + 0.5 M KOH 100 sccm O2 PtRu black Pt black AEM (A201) 30 58 117
2 M ethanol + 2 M KOH 0.2 MPa O2 PtRu/C Pt/C PBI/KOH 90 61 118
2 M ethanol + 3 M KOH O2 Pt black MnO2 Teon 45 55 119
3 M ethanol + 5 M KOH O2 PdNi/C Acta Hypermec, K14 AEM (A201) 60 90 120
3 M ethanol + 5 M KOH O2 Pd3Au/C Acta Hypermec, K14 AEM (A201) 40 53 121
3 M ethanol + 5 M NaOH 4 M H2O2 + 1 M H2SO4 PdNi/C Pt/C CEM (Naon211) 60 360 79
3 M ethanol + 5 M NaOH O2 PdNi/C Acta Hypermec, K14 CEM (Naon211) 90 135 80
3 M ethanol + 5 M NaOH 4 M H2O2 + 1 M H2SO4 PdNi/C Pt/C CEM (Naon211) 60 240 122
3 M ethanol + 5 M NaOH 4 M H2O2 + 1 M H2SO4 PdNi/C Au/Ni–Cr CEM (Naon211) 60 200 123
2 M ethanol + 2 M KOH Air PtRu/C MnO2/C PBI/KOH 60 30 124
2 M ethanol + 2 M KOH 0.2 MPa O2 PtRu/C Pt/C CEM (Naon112) 90 59 125
3 M ethanol + 5 M KOH O2 PdNi/C Acta Hypermec, K14 AEM (A201) 80 130 126
1 M ethanol + 0.5 M NaOH O2 PtPd–PNVC–V2O5 Pt/C AEM (A201) 40 30 127
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through the selective hydrogenolysis of glycerol is a promising
strategy for glycerol utilization.83,85 1,3-Propanediol (1,3-PDO)
has recently attracted attention as a high-value specialty
chemical used primarily in the preparation of polyester bers,
lms, and coatings.86 In 2012, the global demand for 1,3-PDO
was 60.2 kt, with a market value of $2.61 per kg.87 By 2019, the
demand is expected to reach 150 kt and the price is estimated to
increase to $3.73 per kg.87 The high price of 1,3-PDO indicates
the economic sustainability of the glycerol conversion process
(pure glycerol: $0.66 per kg; crude glycerol: $0.11 per kg).87

Tabah et al. reported, for the rst time, the potential of
baker's yeast to convert glycerol to 1,3-PDO, while studying the
SSF of starch to bioethanol in the solar reactor.31 Tomonitor the
reaction intermediates and byproducts of the SSF of starch,
analytes from the fermentation broth were collected from the
solar reactor on the 7th and 60th days of the process. The cor-
responding 13C NMR spectra are depicted in Fig. 16. In the
analyte from the 7th day, signals typical of glucose, ethanol, and
glycerol were observed (Fig. 16a). Glucose is the reaction inter-
mediate of the SSF process, formed from the saccharication of
This journal is © The Royal Society of Chemistry 2017
starch by the action of amylases. Likewise, bioethanol is the
major reaction product and glycerol is the byproduct of the
fermentation of glucose to ethanol.

In contrast, the analyte from the broth collected on the 60th

day shows no trace of glycerol. Rather, signals typical of 1,3-
PDO, a hydrogenolysis product of glycerol, can be seen in the
13C NMR spectrum (Fig. 16b). In addition, no signals corre-
sponding to glucose were observed on the 60th day, as all the
glucose was converted to the product bioethanol, indicating the
completion of the SSF of starch to bioethanol. Thus, the value-
added product 1,3-PDO was formed by the in situ bioreduction
of glycerol.31

Due to the increased demand for 1,3-PDO-based polymers,
the process of bioreduction of glycerol to 1,3-PDO was further
studied under various fermentation conditions (aerobic, semi-
aerobic and anaerobic) at different reaction temperatures (25–
37 �C) to optimize the process and the yield of 1,3-PDO. Aliquots
collected at regular time intervals were analyzed both qualita-
tively (13C NMR) and quantitatively (HPLC).83 The yields (wt%)
of the target product 1,3-PDO and other metabolites in the
J. Mater. Chem. A, 2017, 5, 15486–15506 | 15499
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Fig. 16 13C NMR spectra of the samples collected from the broth on the 7th (a) and 60th (b) day of the SSF of starch (5 wt%) in the solar reactor.
Reprinted with permission.31 Copyright 2015 John Wiley and Sons, Inc.
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samples collected from the reaction medium on the 30th day are
summarized in the form of a histogram (Fig. 17). It is inter-
esting to note from the HPLC analysis that the glycerol
fermentation products consist of different metabolites such as
ethanol, acetic acid, lactic acid, propionic acid, and formic acid,
in addition to the desired product 1,3-PDO. Anaerobic
fermentation of glycerol at 25 �C was found to be the optimal
reaction condition, resulting in 93.6 wt% glycerol conversion
and 42.3 wt% yield of 1,3-PDO (Fig. 17A).83

The reaction temperature and the extent of availability of
oxygen (fermentation type) are the crucial parameters directing
the metabolic pathway of the yeast (S. cerevisiae) during the
glycerol fermentation. Under aerobic fermentation and the
lowest reaction temperature studied (25 �C), the yield of 1,3-
PDO was the highest (42.3 wt%) and the formation of propionic
acid (<1 wt%) was the least (Fig. 17A). In contrast, when glycerol
fermentation is carried out under semi-aerobic conditions (at
25 �C) where the availability of oxygen is greater, the propionic
acid pathway is preferred (42.4 wt% yield) over the 1,3-PDO (9.9
wt%) (Fig. 17A). Under aerobic conditions where there is no
restriction on oxygen ow, the yeast has no preferential
pathway, as evident from the nearly equal yields of 1,3-PDO
(25.4 wt%) and propionic acid (21.7 wt%). In contrast, the
aerobic fermentation of glycerol at higher reaction tempera-
tures (either 30 or 37 �C) is detrimental to the 1,3-PDO pathway
(yield, <2 wt%) (Fig. 17B and C).83

The ability of S. cerevisiae to directly metabolize glycerol and
convert it to 1,3-PDO is a signicant nding and offers a prom-
ising alternative pathway to the traditional methods that use
non-renewable fossil resources as feedstocks for the production
of 1,3-PDO. Synthesizing 1,3-PDO by biological means is
extremely important, because it is comparatively more
environment-friendly than chemical conversion and, from an
economical perspective, is generally more advantageous, since
milder conditions are used, less energy is required, and greater
yields are attainable for specic products.83,86,88,89
15500 | J. Mater. Chem. A, 2017, 5, 15486–15506
5.2. Production of 1,3-PDO and other secondary metabolites
during the solar-energy-driven SSF of Ulva rigida to ethanol

Aliquots collected at regular time intervals from the solar-
energy-driven batch and continuous-ow fermentation broth
of Ulva rigida were analyzed both qualitatively (13C NMR) and
quantitatively (HPLC).58 In addition to the target product
ethanol, other metabolites such as 1,3-PDO, glycerol, acetic
acid, and lactic acid were also observed in the fermentation
broth. These secondary metabolites cannot be evaporated due
to their low vapor pressures compared to bioethanol; there-
fore, they remained in the fermentation broth, yet did not
affect the catalytic activity of the microorganisms. The
concentration of the metabolites in the samples collected at
regular time intervals from the reaction medium is summa-
rized (from the HPLC analysis) in the form of a histogram in
Fig. 18. At the end of the continuous-ow SSF process of 5 wt%
Ulva rigida (35th day), 25 mM 1,3-PDO, 16 mM glycerol, 40 mM
acetic acid, and 240 mM lactic acid were observed in the
fermentation broth in addition to 1.5 mM ethanol (Fig. 18A).
Similarly, at the end of the batch SSF process of 10 wt% Ulva
rigida (55th day), 33 mM 1,3-PDO, 50 mM glycerol, 59 mM
acetic acid, 174 mM lactic acid, and 1.8 mM ethanol were
observed in the fermentation broth (Fig. 18B).58 The concen-
tration distribution of the metabolites observed in the
fermentation broth of Ulva rigida is quite different from that in
the usual fermentations of glucose, starch or cellulose, where
the major secondary metabolites are either glycerol or acetic
acid. In contrast, in the current study, the major secondary
metabolite was observed to be lactic acid with smaller
concentrations of acetic acid and glycerol. Under anaerobic
conditions at lower pH (4.5), S. cerevisiae is known to produce
lactic acid from glucose metabolism via the lactate pathway.90

Lactic acid may have also been produced from possible
chemical catalytic conversions of glucose under the anaerobic
conditions prevailing in the solar reactor at 20–35 �C. With
marine algae as the feedstock, traces of Na+ species
This journal is © The Royal Society of Chemistry 2017
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Fig. 17 Yield (wt%) of 1,3-propanediol and other metabolites (ethanol,
acetic acid, lactic acid, propionic acid, and formic acid) through
fermentation (aerobic, semi-aerobic and anaerobic) of glycerol (0.1 M)
by S. cerevisiae (3 g) at 25 (A), 30 (B), and 37 (C) �C on the 30th day.
Reprinted with permission.83 Copyright 2016 Royal Society of
Chemistry.

Fig. 18 Concentration of metabolites in the fermentation broth of
solar-energy-driven bioethanol production from 5 wt% (continuous
flow) (A) and 10 wt% (batch) (B) Ulva rigida suspension as a function of
time.58
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chemisorbed in the algae might have caused the in situ
formation of NaOH, which could have catalyzed the conver-
sion of glucose to lactic acid. In fact, Li et al. have reported the
catalytic activity of NaOH for the conversion of glucose to lactic
acid (40% yield) under anaerobic conditions at 25 �C.91

Another important result of the solar-energy-driven SSF of
Ulva rigida is the formation of the secondary metabolite 1,3-
PDO by the in situ bioconversion of glycerol, which was rst
demonstrated by our group during the SSF of starch to
bioethanol.31,50,58

The metabolites in the fermentation broth were further
determined qualitatively by 13C NMR analysis. The analytes
from the broth conrm the results deduced from HPLC anal-
ysis and show the presence of organic acids (acetic and lactic),
glycerol, and 1,3-PDO in addition to the desired product
ethanol, as indicated in the 13C NMR spectrum in Fig. 19.58
This journal is © The Royal Society of Chemistry 2017
6. Utilization of solar energy for the
upcoming biorefinery

Intensive research is being carried out on the conversion of
biomass into chemicals, biofuels, and various other materials,
with the prospect to create new “biorenery” processes needed
for future economies.50,92 The development of bioreneries that
utilize free renewable, abundant, solar thermal energy can
create remarkable opportunities for the forestry, biotechnology,
materials, and chemical processing industries, as well as stim-
ulate advances in agriculture. It can eventually help create
a sustainable society and industries that use renewable and
carbon-neutral resources.50
6.1. Future prospects of bioethanol production in solar
reactors

Future efforts will focus on upscaling the present solar-energy-
driven process for biofuel and biochemical production in two
J. Mater. Chem. A, 2017, 5, 15486–15506 | 15501
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Fig. 19 13C NMR spectrum of metabolites from fermentation broth (day 35) of solar-energy-driven bioethanol production from the continuous-
flow SSF process of 5 wt% Ulva rigida.58
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stages.50 In the rst stage, the size of the current solar reactor
can be increased by a factor of four, resulting in volume
enhancement by a factor of 64. The new dimensions can enable
an increase in the ow rate of the feedstock, also by a factor of
four. In the second stage, the design of the solar reactor can be
further improved. In this stage, in addition to the change in
dimensions, the design of the solar reactor can be further
modied into a stair-case structure. Such an upscaling can
enhance the reactor volume by a factor of 360, enabling the
handling of large quantities of biomass feed for the demand-
based supply of bioethanol for transportation and chemical
industry applications. Therefore, any progress in this direction
will open new avenues towards sustainable biorenery. The
target of this prototype is to convert 10 kg of feedstock per day.
6.2. Using solar-energy-based bioethanol to produce
valuable chemicals

The bioethanol produced from the SSF of biomass (marine and
freshwater algae, lignocellulosic materials) can form a sustain-
able feedstock for the synthesis of value-added chemicals such
as diethyl ether (DEE) and ethylene. DEE is a potential trans-
portation fuel, while ethylene is a promising feedstock for
a variety of polymers.50,93,94 The production of value-added
chemicals from bioethanol generated via solar-energy-based
processes not only reduces reliance on fossil resources but
also makes the chemical-production processes energy-efficient
and competitive. Apart from bioethanol, the synthesis of valu-
able fuels such as formic acid can also be attempted from
glucose oxidation driven by solar energy. Formic acid is an ideal
hydrogen storage material, and efforts should be devoted to the
development of sustainable processes for the selective conver-
sion of biomass to formic acid.95
15502 | J. Mater. Chem. A, 2017, 5, 15486–15506
6.3. Role of novel materials in the solar-energy-driven
conversion of biomass to biofuels

Although bioethanol is a promising transportation fuel, the
process of glucose fermentation has an inherent limitation of
51% theoretical process efficiency. This is due to the fact that
a maximum of 0.51 g of bioethanol can be produced from 1 g of
glucose, while the remainder becomes CO2.47,48 There is a great
need to improve the atom efficiency of the glucose fermentation
process. Attempts should bemade to perform the SSF process of
biomass in the solar reactor in the presence of additional
microorganisms which may in situ metabolize the CO2 evolved
during the fermentation reaction. Such a strategy may further
improve the process efficiency.96 Moreover, novel materials
based on graphene, which have high potential for photo-
absorption, can be very useful.97,98

Recently, unconventional materials such as millimetric silica
beads and waste polyethylene lms have been used for the
deposition of nanoparticles of catalysts (SrO) and biocatalysts
(pepsin) via sonication.99,100 Such catalytic systems outperform
the native catalysts (SrO or pepsin). Moreover, the use of such
heterogeneous catalytic systems has both economic and envi-
ronmental benets. The simultaneous co-deposition of
enzymes (amylases and cellulases) and yeast on unconventional
supports such as millimetric silica beads/polyethylene lms can
result in the formation of nanoparticles of the biocatalytic
species, exhibiting improved performance for the conversion of
biomass into bioethanol in a solar-energy-driven SSF process.
Thus, a wide variety of novel materials can be used to improve
the process efficiency of biofuel production. To reach this goal,
intense research is needed in the near future. The use of these
new materials can play a promising role in accelerating the
solar-energy-driven SSF process, as well as enhancing the rate of
This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c7ta03083e


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
3 

Ju
ly

 2
01

7.
 D

ow
nl

oa
de

d 
by

 H
an

ya
ng

 U
ni

ve
rs

ity
 o

n 
01

/1
0/

20
17

 1
2:

19
:1

8.
 

View Article Online
the evaporation and condensation process, with the net result
of improving the bioethanol productivity.

In addition, the evaluation and economic optimization of
SSF for ethanol production require knowledge of the chemical
and biological processes involved. Although the SSF process is
being investigated extensively, there are still no guidelines for
the optimal conditions for the SSF of various feedstocks, such as
sowoods (e.g., pine and spruce).101 Since sowoods are more
resistant to hydrolysis, they are more difficult to utilize as
feedstock than hardwoods (e.g. oak, aspen, and poplar).102

Future studies should focus on combining the existing
fermentation techniques with the novel materials that can
make the solar-energy-driven biofuel production sustainable
and industrially competitive.

7. Conclusions

Successful utilization of solar energy for bioethanol production
from biomass has potential to improve the fuel shortage
problem. In the current study, the solar energy was used as
a heating element for the catalyst and the reaction volume,
replacing an oven or heating plate. In the same way, the
extraction step was also aided by this heating element. The
ethanol produced in the reactor was separated from the
fermentation broth soon aer its formation by an evaporation–
condensation process. Although solar energy is unstable in
terms of limited day hours and seasons, the present study
demonstrates the operability and the sustainability of the
process even in the winter season with lower temperatures (�20
�C). Thus, a new avenue was explored for decentralized power
supply based on solar energy.

There is no similar or parallel system operating on these
principles in the literature. Such application is rst of its kind
and could be regarded as a breakthrough and prelude to several
other applications in chemical industries and the trans-
portation sector. From the green chemistry point of view, the
solar-energy-driven SSF process has numerous advantages. The
reaction time is short, due to the coupling of the hydrolysis and
fermentation stages into one stage. The SSF process is more
economical because both the hydrolysis and fermentation
stages are performed in the same reactor. High ethanol yields
were obtained (up to 91% of the theoretical yield) by performing
various solar-energy-driven fermentation reactions indicating
the atom efficiency of the process. No traces of the reactant or
secondary metabolites were observed in the product; therefore
the product was only aqueous ethanol.

The superior features of the current approach for bioethanol
production are (i) the bioethanol production process is
a continuous ow which could be easily adopted for industrial
applications for large scale production, (ii) it uses solar thermal
energy for fermentation and separation of the formed ethanol,
(iii) it achieves high ethanol yields without electricity
consumption (no external source of heating), making the whole
process green, sustainable, and most importantly cost effective,
(iv) it uses the same microorganism (without any additional
nutrients) and enzymes for a long time (at least two months)
without loss in the activity, (v) no polluting effluent is produced
This journal is © The Royal Society of Chemistry 2017
during the process, (vi) it demonstrates the potential of the
produced bioethanol as fuel in DEFCs, and (vii) this economi-
cally feasible and environment-friendly process was also
demonstrated for in situ production of a value-added chemical
1,3-PDO from the secondary metabolite of glucose fermenta-
tion, glycerol. The current methodology of bioethanol produc-
tion is applicable to various biomass and feedstock containing
glucose, starch, and/or cellulose (such as agricultural crops and
residues, cellulosic and lignocellulosic biomass, dry and wet
wastes, and marine and freshwater algae).
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