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Copyright © 2015 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “BioMed Research International.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Contents

Renewable Energy and Alternative Fuel Technologies, Meisam Tabatabaei, Keikhosro Karimi, Rajeev
Kumar, and Ilona Sárvári Horváth
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In recent years, biofuels have drawn considerable attention
as clean and renewable source of energy. The most attractive
types of biofuels are biogas, bioethanol, biodiesel, and biobu-
tanol. Some of these biofuels are likely to play roles in the
production of clean energy carriers as promising alternatives
to fossil fuels and bring about environmental benefits glob-
ally. Biogas that primarily contains biomethane is produced
through anaerobic digestion of organic wastes. Among the
biofuels production processes, biogas process seems to be
the easiest to conduct as it does not need sterilization, can
be produced in simple reactors at moderate conditions using
a natural consortium of microorganisms available in nature
such as manure, and does not need a complicated separation
and purification process. However, it is more complicated
than it appears at first glance specially when high biogas
yield is targeted. In fact, the microbiology and biochemistry
of biogas production are the most complicated systems
compared to those of the other biofuels, as four different
processes, that is, hydrolysis, acidogenesis, acetogenesis, and
methanogenesis are performed parallel where different types
of microbes as a consortium work together. Furthermore,
the substrates used for biogas production are a mixture of
different components with different degradation properties.
Main feedstocks are solid wastes, for example, agricultural,
municipal, and food industrial wastes, and wastewater, for
example, industrial and municipal wastewater. Technologies
for biogas from municipal wastewater sludge are well devel-
oped; however, the recently increasing oil prices, unclear
future of fossil fuels availability, and environmental impacts
have led to significant interest in biogas from other resources

especially from industrial and solid wastes. A number of
potential substrates, for example, municipal solid waste
and manure mixed with bedding materials, have a high
potential; however, they contain lignocelluloses that are not
easily bioconvertible. Therefore, a number of recent research
activities are focused on the improvement of biogas from
recalcitrant substrates, for example, lignocelluloses, andhigh-
rate systems for biogas production.

Ethanol, the leading liquid biofuel, is widely used for
transportation. Currently, sugarcane in Brazil and starchy
materials, for example, corn in USA and wheat in Europe,
are the main feedstocks (referred to as 1st generation), while
lignocellulosic materials in the last decade (2nd generation
or lignoethanol) and more recently algal biomass (3rd gener-
ation) are suggested as the rawmaterials. Lignoethanol seems
to be the most promising type for the near future as these
feedstocks are abundant and available at low prices. However,
lignocelluloses are recalcitrant in nature and their processing
is more complicated; the process needs a pretreatment step
which is still challenging and consumption of hydrolytic
enzymes should be minimized. Both of these problems are
the subject of a high number of recent investigations. All in
all, lignoethanol is more expensive than the 1st generation
ethanol and process integration and biorefinery concepts are
proposed to make the 2nd generation ethanol competitive.

Biodiesel is a promising alternative to diesel fuel, as it
has a number of advantages including high cetane number,
flash point, and inherent lubricity, creates less exhaust emis-
sions, and contains no polluting chemicals like sulfur, as
well as being renewable, biodegradable, and compatible to
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the existing fuel distribution infrastructure. The process of
biodiesel production at industrial scale is developed rather
well and themost important challenging and limiting issue in
biodiesel production is feedstock supply. In fact, the available
feedstock is limited and accounts for over 70% of the total
biodiesel production cost. “Crime against humanity” term is
raised when edible sources started to be used. Therefore, the
future sustainability of this industry is heavily dependent on
nonedible feedstock supply and achieving more innovative,
integrated, and efficient processes.

Biobutanol is considered more advanced compared to
the other existing biofuels. Acetone production via acetone-
butanol-ethanol (ABE) fermentation is an old process widely
established during the First World War for military purposes
in the Union of Soviet Socialist Republics, England, Canada,
USA, Japan, China, and South Africa. Recently, ABE process
attracted a high interest for the production of butanol as a
renewable fuel. Main feedstocks used in the old processes
were sugar-based substrates such as molasses and starchy
materials such as wheat. Recently, low cost lignocellulosic
wastes are suggested for ABE fermentation (lignobutanol);
however, it suffers from the same problems as in lignoethanol.
Furthermore,microorganisms used for biobutanol, for exam-
ple, Clostridium acetobutylicum and C. beijerinckii, are more
sensitive to inhibitors than the microorganisms used for
biogas and ethanol production. Generally, the process of
biobutanol production is more complicated than those of
ethanol and biogas, as the microorganisms are strictly anaer-
obic; butanol-producing bacteria are severely inhibited by
the process products especially butanol, and separation of
products is more energy demanding and complicated. Com-
pared to lignoethanol, lignobutanol is in its preliminary stage
of research and a number of problems should be addressed
in laboratory and pilot scales before the process becomes
competitive to other biofuels at commercial scale.

Meisam Tabatabaei
Keikhosro Karimi

Rajeev Kumar
Ilona Sárvári Horváth
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This paper investigates the opportunity of using almond oil as a renewable and alternative fuel source. Different fuel blends
containing 10, 30, and 50% almond biodiesel (B10, B30, and B50) with diesel fuel (B0) were prepared and the influence of these
blends on emissions and some performance parameters under various load conditions were inspected using a diesel engine.
Measured engine performance parameters have generally shown a slight increase in exhaust gas temperature and in brake specific
fuel consumption and a slight decrease in brake thermal efficiency. Gases investigated were carbon monoxide (CO) and oxides of
nitrogen (NO

𝑥
). Furthermore, the concentration of the total particulate and the unburned fuel emissions in the exhaust gas were

tested. A blend of almond biodiesel with diesel fuel gradually reduced the engine CO and total particulate emissions compared to
diesel fuel alone. This reduction increased with more almond biodiesel blended into the fuel. Finally, a slight increase in engine
NO
𝑥
using blends of almond biodiesel was measured.

1. Introduction

Current civilization is greatly reliant on fossil energy. Fos-
sil fuels are the greatest energy source among all energy
resources.Themajor part of energy requirements in theworld
is provided through petroleum resources such as natural gas,
oil, and coal. Fossil fuel depletion is to increase with time.
Since fossil resources are nonrenewable, rising demands and
diminishing supplies keep fuel price rising dramatically.

The use of diesel engines resulted in numerous mech-
anized improvements for decreasing pollutant emissions as
well as fuel usage [1]. Diesel machines are widely used in
heavy-duty applications especially in the construction and
farming sectors. Accordingly, the rate of reduction of diesel
fuel is the greatest among gasoline fuels, which subsequently
results in a greater rate of price increase of diesel fuel than
other gasoline fuels. Additionally, the growing concern about
environmental pollution since the 1990s has boosted the
interest in alternative fuels. This has led to more financial
support for research studies in energy management and
conservation. Recently, the issues of steadily rising fuel prices,
declining oil storage, and air contamination have resulted

in the investigation of fossil fuel alternatives. These issues
added to the increase in greenhouse gases such as CO

2

which is causing climate change and global warming have
robustly boosted the interest in making use of biodiesel for
power generation. Biodiesel is an expression usually used to
refer to fatty acid methyl esters that are often created from
animal fats or extracted from vegetables and have acceptable
capabilities to be used in diesel engines. Because diesel fuel
and vegetable oils have close cetane numbers, biodiesel made
from vegetable oils might be used in current diesel engines
after minor alterations [2–4].

Several studies have investigated the use of vegetable oils
as alternative fuels [5–9]. Some of these research studies [10–
16] reveal that there is little harm including lubricating oil
thickening, injector coking, and gum formation ring sticking.
The nonvolatility and excessive stickiness of pure vegetable
oils were the major causes of these problems [17]. Talebi et al.
[18] reported on a new software package, the BiodieselAna-
lyzer, for predicting the properties of a prospective biodiesel.
Such software can estimate 16 different quality parameters of
a biodiesel based on the fatty acid methyl ester profile of the
oil feedstock used in making it.
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Almonds (Prunus dulcis) are believed to be the most
widely spread among tree nuts all over the world and are
top of the list in tree nut output. They are affiliated to the
Rosaceae group that also contains pears, prunes, and apples
[19]. Almonds are widely produced in areas characterized
by a Mediterranean climate [20], including many countries
in the Mediterranean, all Middle East countries, and some
countries in the Southern Hemisphere. The biggest producer
of almonds in the world is the United States, specifically
California; as a result, almond oil is mostly produced there
[21]. Because biofuels are made from renewable sources,
developing the technology to produce them must ensure the
adequate supply of transporting fuel in the future as well as
providing assurance against the uncertainty surrounding the
petroleum resource timeline. Almond oil could be extracted
from the seeds which contain a high percentage of oil [22–
25]. As far as the author knows, no investigations were done
on the employment of almond oil as a substitute for diesel
fuel. Therefore, this study provides options for new valuable
use for an existing crop.

Diesel engines are main sources of environmental pollu-
tants such as carbon monoxide (CO), carbon dioxide (CO

2
),

oxides of nitrogen (NO
𝑥
), and partly burned (or burned)

hydrocarbons (HC) organic compounds [26–29]. Usually,
the portion of the fuel drawn in is not enough to hold
great consequence on effectiveness but could be sufficient to
cause severe air contamination. Such emissions have always
been a critical issue in air pollution [30–32]. Engine exhaust
emissions usually contain nitrogen oxides. As Lapuerta et
al. [33] showed in their review paper, biodiesel exhibits
an increase in NO

𝑥
concentration compared to diesel and

only a few studies showed a percentage drop-off in NO
𝑥

concentration [34, 35].
This work aims to compare the various performance

parameters and emissions of a single-cylinder diesel engine
operating on almond biodiesel with an engine operating on
pure diesel fuel through laboratory measurements in terms
of exhaust gas temperature, brake specific fuel consumption,
and brake thermal efficiency. Emissions investigated were
carbon monoxide (CO), oxides of nitrogen (NO

𝑥
), and

concentration of the total particulate and the unburned fuel
emissions in the exhaust gas.

2. Materials and Methods

2.1. Extraction and Transesterification of Almond Oil. After
peeling the almond seeds, they were dried at nearly 30∘C and
then crushed in a blender. Powdered seeds were kept at 5∘C
in polyethylene bags before analysis. The Bligh-Dyer method
was used to extract almond oil [36]. Ground seeds were
harmonized with a chloroform-methanol (CHCl

3
/MeOH)

mixture (1 : 1) and water. Two phases were obtained, aqueous
layer (MeOH-water) and organic layer (CHCl

3
). A rotary

evaporator was used for evaporating off the solvent (CHCl
3
)

for the recovery of oil. A residual solvent was detached by
oven drying for 1 hour at 60∘C and flushing with 99.9%
nitrogen.The transesterification of almond oil was performed
as given by Hossain et al. [37] to guarantee fewer impurities.

2.2. Properties of Almond Biodiesel and Its Blends. The
selected engine fuel was a local commercially available diesel
fuel. A laboratory preparation of blends of almond biodiesel
with diesel fuel was performed to operate a diesel engine
and to make measurements of emissions and performance
parameters. The ratios of blends selected were B0, B10, B30,
and B50 on volume basis of almond biodiesel in an almond
biodiesel-diesel fuel mixture. They are referred to as B0
(0% almond biodiesel-100% diesel fuel), B10 (10% almond
biodiesel-90% diesel fuel), B30 (30% almond biodiesel-70%
diesel fuel), and B50 (50% almond biodiesel-50% diesel fuel),
respectively. These abbreviations are used throughout the
current study.

Experimentalmeasurements of the chemical and physical
properties of the almond biodiesel with diesel fuel and diesel
fuel alone have been performed since they directly affect
emissions, fuel droplet dimension, and spray features. The
analysis procedures and complete details have been followed
as described inKannan et al. [38].Themeasured properties of
diesel, biodiesel from almond oil, and different ratios of their
blends according to ASTM standard are shown in Table 1.

2.3. Procedure and Experimental Setup. Experiments were
performed to study biodiesel from almond oil as a substitute
fuel to operate a diesel engine and the performance data
were recorded. The exhaust gases constitution and the per-
centage of contaminant emissions were also measured and
investigated.The experimental setup, schematically shown in
Figure 1, consists of a single-cylinder, water-cooled, naturally
aspirated, direct-injection (DI), and variable compression
engine mounted on a standard TEQUIPMENT TD 43 test
rig made in Britain. Swept volume of the engine was 583 cm3
with a 95mm bore and 82mm bore by stroke. The injection
system consists of an in-line fuel injection pump and throttle-
type nozzle. The combustion chamber is direct injection
type with a bowl-in piston design. The injection timing and
injection pressure were set at 21∘ crank angle bTDC and
20MPa, respectively. The cylinder pressure at each crank
angle was measured and stored by a digital data acquisition
system. It consisted of a Kistler water-cooled flush mounted
piezoelectric pressure transducer in conjunction with Kistler
charge amplifier for converting the electric charge into
voltage. It could measure and store up to 200 cycles engine
pressure histories. The measured data can be analyzed online
or stored for postprocessing. A Chromel-Alumel (k-type)
thermocouple together with a calibrated digital display was
used to measure exhaust gas temperature. Load was applied
through the engine’s connection to an electrical generator
dynamometer and could be varied by changing the control
panel voltage. A rotameter was used to measure the flow rate
of cooling water. The engine was similar to an engine used in
a former study [39].

The differences in themeasured performance and exhaust
emission parameters from the “baseline” operation of the
engine and all fuels tested were determined and compared.
The experimental work started with a preliminary investiga-
tion of the engine running on neat diesel fuel, to determine
the engine’s operating characteristics and exhaust emission
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Speed meter

Dynamometer
Air Thermocouple

Thermocouple
Exhaust emissions Control valve

Engine

Flexible tube

Fuel tank

Coolant

Sample port

Figure 1: Schematic arrangement of the system.

Table 1: Physical and chemical specifications of fuels.

Property Test method 100% diesel 30% almond
biodiesel-70% diesel

50% almond
biodiesel-50% diesel

100% almond
biodiesel

Flash point (∘C) ASTM D 93 68 80 86 145
Fire point (∘C) ASTM D 93 82 97 102 154
Ash content (% by
weight) ASTM D 482 0.017 0.015 0.014 0.013

Kinematic viscosity at
40∘C (cSt) ASTM D 445 3.384 3.731 4.235 4.726

Density at 25∘C (g/cm3) ASTM D 1298 0.848 0.856 0.870 0.911
Oxygen content (% vol.) 0 4.83 9.67 12.6
Carbon content (% by
mass) ASTM D 3176 80.6 80.8 81.0 81.1

Hydrogen content (% by
mass) ASTM D 3176 5.4 5.2 5.2 5.1

Calorific value (MJ/kg) ASTM D 5865 48.610 44.727 43.532 41.761
Cetane number ASTM D 613 47.48 48.31 52.54 54.32

levels constituting the “baseline.” The data gathering was
made at five engine torques from 4 to 20N ⋅ m at an
increment of 4N ⋅ m each time. A control switch on the
test rig was used to vary the engine torque. The time of
injection was set at 21∘ bTDC and kept the same during all
tests. In addition, the compression ratio was maintained at
18 : 1. The engine was warmed up at no load for 15 minutes
to reach steady state conditions in all experiments.The speed
of the engine was measured using a tachometer and it was
adjusted to the rated speed of 1500 rpm by adjusting the
governor connected to the fuel pump. A constant speed of
1500 rpm for the engine was used throughout this study.
The same procedure was repeated for each fuel blend by
repeating the same operating process for each fuel blend
maintaining the same operating conditions. Before the start
of the experiment with new fuel variant, the fuel used in the
previous experiment was completely purged from the fuel

line, filter, fuel pump, and fuel tank and the engine was left
to operate for about three minutes to stabilize in its new
condition. The data collected from the experimental tests
included brake torque, exhaust and coolant temperatures,
emissions from exhaust including carbon monoxide and
nitrogen oxides, and emissions of total particulate. Engine
torque, brake power, various temperatures, and air flow rate
readings were taken from their meters on the test rig. Inlet
and outlet cooling water temperatures were measured and
recorded. Gas samples were drawn from the engine exhaust
for the analysis of the contaminants.

For measuring the oxides of nitrogen (NO
𝑥
), carbon

monoxide (CO), and total particulate emissions in the
exhaust, a gas phase analysis scheme depicted a suggestive
amount of the exhaust from the tester port. Sampling pro-
cedures and analysis performed were followed as in Abu-
Hamdeh [39] in the fact that samples of the exhaust gas were
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taken from the manifold of the exhaust and supplied to the
analyzing instruments. NO

𝑥
measurements were obtained

using Thermoelectron Model 10 AR chemiluminescent ana-
lyzer, while the samples of the exhaust were fed through a
moisture trap cooled by ice and fed through a particulate
filter before entering the gas analyzer. This was to ensure
full drying and filtering of the gases before starting the
analysis process. A gas analyzer (MSI 2000) was utilized to
capture samples and evaluate the concentrations of CO in
the exhaust gases. A gas extractor probe was used to remove
the flue gas from the flue while measuring its temperature
via a temperature sensor attached to its end. A suction
pump, controlled electronically, was used to pump a constant
flow rate of the gas into the evaluating compartment. After
feeding throughout a constraint, same amounts of gas were
pointed in the direction of electrochemical sensors via dosage
compartment.

For the collection of particulate matter, unloaded clean
strainers were inserted in an oven for about 24 h at 220∘C.
A calibrated sensitive digital balance (accuracy of ±0.02mg)
was used to weigh the strainers. The collected samples were
passed out of the strainer for 3–5min, allowing the collec-
tion of 20–90mg of particulate matter. When the sampling
process finished, the charged strainer was carefully taken off
the probe. The strainer was equilibrated for a minimum of
24 hours in a controlled environment prior to being weighed
for total particulate matter mass. During the equilibration
period, relative humidity was maintained at a mean value
of 35–40% and air temperature at a mean of 21–23∘C. The
particulate matter’s weight was found out from the difference
between the final weight of the strainer and its initial weight.
The results obtained from the instruments mentioned above,
accompanied by the engine torque and speed, were supplied
to a data acquisition system. Each reported value for all
measured parameters is the average of three replicates.

3. Results and Discussion

Density is an important property of fuel for compression
ignition engines. It is worth noting that fuel density increases
with the increase in the blending percentage. The 50% and
100% almond biodiesel blends have about 2.6% and 7.4%
higher density, respectively, than diesel fuel. Preheating of
biodiesel before injection could be done to overcome the
problem of higher fuel density by taking advantage of the
high temperature of the engine exhaust gas. The kinematic
viscosity was measured for biodiesel from almond oil and
was found to be 4.726 cSt, which is about 40% more than
the kinematic viscosity of diesel (3.384 cSt). A decrease in
the blending percentage of almond biodiesel decreased the
kinematic viscosity of the mixture. The shape of the fuel
droplets and atomization are affected by the fuel viscosity.
Higher viscosity of fuel may cause problems and smoky
exhaust. This requires higher spraying pressure to obtain the
desired spray pattern inside the cylinder. In contrast, very
low viscous fuel would prevent accurate metering of the fuel
especially in older engines due to the leakage from piston
walls of the injection pump [37]. Preheating of biodiesel
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Figure 2: Variations of specific fuel consumption versus measured
torque for fuels used in the study.

before injection either in the fuel tank or in the fuel lines
could be done to overcome the problem of higher viscosity
of biodiesel oils by taking advantage of the high temperature
of the engine exhaust gas. The heating value of the almond
biodiesel was measured and found to be 41.761MJ/kg, which
is 14% lower than the heating value of diesel. The flash
point of almond biodiesel was 145∘C while diesel has a flash
point of 68∘C. Transportation and safe storage are improved
by higher flash point. Blending of almond biodiesel with
diesel fuel reduced the value of the flash point. Still the flash
point of the diesel fuel is comparatively lower than that of
the different ratios of biodiesel blends. Diesel fuel and pure
almond biodiesel have about equal values of carbon and
hydrogen content, but in terms of ash diesel fuel contains
higher percentage than almond biodiesel.

Experimental investigations of almond biodiesel on
single-cylinder diesel engine were done and several param-
eters, such as specific fuel consumption (bsfc), brake ther-
mal efficiency (𝜂

𝑏
), exhaust gas temperature (𝑇

𝑔
), carbon

monoxide (CO), nitrous oxide (NO
𝑥
), particulatematter, and

unburned fuel emissions, have been determined. The results
obtained are shown in Figures 2 through 8.

Figure 2 shows the effect of blending ratio and measured
torque on the specific fuel consumption (bsfc) at 1500 rpm.
Blends of biodiesel in general have more specific fuel con-
sumption than diesel fuel at the same torque and it increases
with increasing blending ratio of biodiesel.Thefirst reason for
that is the different LHV of the biodiesel with respect to the
fossil diesel. Other secondary reasons are poor atomization
and the formation of mixtures with biodiesel blends because
of their higher density and kinematic viscosity compared to
their values with diesel fuel. That is to say, more percentages
of biodiesel blends are needed to produce the same torque.

Figure 3 illustrates the change in the brake thermal
efficiency (𝜂

𝑏
) as a function of torque measured. The figure

shows that for a given torque the thermal efficiency for
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Figure 3: Variations of brake thermal efficiency versus measured
torque for fuels used in the study.
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Figure 4: Variations of exhaust gas temperature versus measured
torque for fuels used in the study.

biodiesel blends is less than thermal efficiency for diesel
fuel. A major reason for this tendency is the higher density
and viscosity of biodiesel in comparison to diesel fuel which
results in poor atomization and leads to lower combustion
efficiency especially at higher torques. The thermal efficiency
improvement of the 10% almond biodiesel blend over the
other blending ratios can be accredited to the better oxygen
content which enhances combustion particularly during the
stage of diffusion combustion and to the reduction of the
friction loss because of higher lubricity of almond biodiesel.
Further reduction in brake thermal efficiency with increasing
the percentages of almond biodiesel blends can be noticed.
This reduction in thermal efficiency with increasing the
percentages of almond biodiesel blends can be credited to the
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Figure 5: Variations of carbon monoxide concentration in the
exhaust versus measured torque for fuels used in the study.
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Figure 6: Variations of NO
𝑥
concentration in the exhaust versus

measured torque for fuels used in the study.

inferior combustion characteristics of the blends due to their
relatively poor volatility, high viscosity, lower calorific values,
and slow burning rate and that overcomes the surplus oxygen
existing in the almond biodiesel.

Figure 4 illustrates the change of exhaust gas temperature
(𝑇
𝑔
) with measured torque for the fuels used. Diesel fuel

has lower exhaust gas temperature than biodiesel blends,
and it increases with the blending ratio. This could mean
earlier burning in case of higher blends of biodiesel due to
shorter premixed combustion period. High cetane number
values reduce the premixing time and move the combustion
phasing earlier in the compression stroke. At higher loads,
biodiesel blends and diesel fuel have comparable exhaust gas
temperature.
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Figure 7: Total particulate emissions versus measured torque for
fuels used in the study.
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Figure 8: Unburned fuel emissions versusmeasured torque for fuels
used in the study.

The concentration change of carbonmonoxide (CO)with
respect to measured torque is illustrated in Figure 5. The
first observation that can be noticed in the figure is that
CO emissions decrease with increasing measured torque.
In all the internal combustion engines upon raising the
load (and then the torque) at constant engine speed there
is a significant increment of combustion temperature with
remarkable conversion of CO to CO

2
and then less emission

of CO at the exhaust. Furthermore, it is observed that the
higher biodiesel blend value, the lower CO emissions in the
exhaust gas at any measured torque. For the same load, it
seems that blends of biodiesel accelerate the reaction rates
and propagate the flame successfully throughout the fuel
mixture resulting in improved combustion. This is a result

of the existence of more oxygen content in biodiesel. This
probably decreased the CO in the exhaust gas.

The variation of NO
𝑥
percentage in the exhaust gas as

a function of torque measured is shown in Figure 6. NO
𝑥

concentration in all blends shows higher values compared to
diesel fuel. The higher blends of biodiesel produced higher
NO
𝑥
emissions. The production of NO

𝑥
is influenced by

maximum temperature of the cylinder charge. Generally, the
existence of oxygen in the biodiesel molecules performs as
an extra factor to increase NO

𝑥
making. At higher loads,

enhanced combustion and higher flame temperature increase
NO
𝑥
emissions. Moreover, NO

𝑥
emissions are noticed to rise

with the increase of oxygen content in the fuel. This is due
to the local leaner air fuel ratio as the almond blends contain
some oxygen in their molecular structure.

A glimpse at the curves in Figure 7 shows that the
percentage of biodiesel blend influenced the concentration
of particulate matter in the exhaust. Agglomerates of tiny
carbonaceous particles are the primarily comprise of partic-
ulate emissions from diesel engines. The particulate matter
character is highly vassal to the extent to which combustion
progresses as preblend combustion in opposition to propaga-
tion of combustion flame [40]. Figure 7 illustrates the change
in particulate emissions for different fuels used with torque
measured.The particulatematter concentrationwas obtained
as the ratio of the particulates’ mass in milligrams collected
by the filter from the exhaust stream to the total mass of the
exhaust in kilograms passing through the filter in the same
interval of time. Figure 7 points out that the increased load
led to an increase in the particulate emissions. It could be
read from the same figure that at any torque value there is
an inverse relationship between the biodiesel blending ratio
and the particulate emissions; that is, whenbiodiesel blending
ratio increases the particulate emissions decrease. The 50%
biodiesel blend produced the lowest particulate emissions
compared to all fuels used in the study. Figure 8 shows the
variation of unburned fuel emissions for different fuels used
with torque measured. The 50% biodiesel blend produced
the lowest unburned fuel emissions compared to all the test
fuels. At full load conditions 50% biodiesel blend emitted
18% lower unburned fuel emissions than that of diesel fuel.
At the same load, the B10 and B30 blends produced 6%
and 10% lower unburned fuel emissions than diesel fuel,
respectively. This shows that the particulate and unburned
fuel emissions tend to reduce as the content of oxygen of
the fuel increases, which leads to the particulate oxidation
through the combustion interval. It is worth mentioning that
the flow of the exhaust stream through oxidation catalysts
reduces particulate emissions.

4. Conclusion

The emissions and performance features of a single-cylinder,
naturally aspirated, diesel engine fueled with diesel-almond
biodiesel blends were investigated in this study. Blends used
were 10%, 30%, and 50% of almond biodiesel with diesel fuel.
The blends and the diesel fuel were examined under various
load conditions. In terms of engine performance, it was found
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that increasing blending ratios of almond biodiesel increased
the specific fuel consumption (bsfc) for biodiesel and exhaust
gas temperature (𝑇

𝑔
); on the other hand it decreased brake

thermal efficiency (𝜂
𝑏
). Blending ratio B10 has the minimum

specific fuel consumption and the maximum brake thermal
efficiency among other blend ratios. In terms of emissions, it
was found that increasing blending ratios of almond biodiesel
decreased the particulate matter, unburned fuel emissions,
and CO content in the exhaust gas. However, higher blends
of biodiesel produced higher NO

𝑥
emissions. In general, it

is feasible to use biodiesel made from almond oil blends to
run a diesel engine butmore investigation is required to reach
clear-cut conclusions and to givemore details on the potential
of this biomass as a fuel.
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Cellulase from Aspergillus niger was immobilized onto 𝛽-cyclodextrin-conjugated magnetic particles by silanization and reductive
amidation. The immobilized cellulase gained supermagnetism due to the magnetic nanoparticles. Ninety percent of cellulase was
immobilized, but the activity of immobilized cellulase decreased by 10%. In this study, ionic liquid (1-butyl-3-methylimidazolium
chloride) was introduced into the hydrolytic process because the original reaction was a solid-solid reaction. The activity of
immobilized cellulase was improved from 54.87 to 59.11 U g immobilized cellulase−1 at an ionic liquid concentration of 200mM.
Using immobilized cellulase and ionic liquid in the hydrolysis of rice straw, the initial reaction rate was increased from 1.629 to
2.739 g h−1 L−1. One of the advantages of immobilized cellulase is high reusability—it was usable for a total of 16 times in this study.
Compared with free cellulase, magnetized cellulase can be recycled by magnetic field and the activity of immobilized cellulase
was shown to remain at 85% of free cellulase without denaturation under a high concentration of glucose (15 g L−1). Therefore,
immobilized cellulase can hydrolyze rice straw continuously compared with free cellulase.The amount of harvested glucose can be
up to twentyfold higher than that from the hydrolysis by free cellulase.

1. Introduction

Recently, magnetic nanoparticles (MNPs) have been applied
to enzyme immobilization because the high surface areas of
such particles at the nanometer scale are beneficial to enzyme
loading. In contrast, porous carrier materials would limit the
rate of diffusion during enzymatic reactions [1], thus reducing
the rate of reaction.Themost commonmethod for producing
synthetic MNPs is the coprecipitation of ferrous and ferric
ions at a molar ratio of 1 : 2 by alkali solutions.The reaction is
indicated as follows:

Fe2+ + 2Fe3+ + 8OH− → Fe
3
O
4(s) + 4H2O (1)

Although this method of preparing MNPs is well known, the
phase and size ofMNPs are difficult to control.The properties
of a nanomagnetite can be regulated by (1) temperature [2–4],

(2) initial pH [2, 5], (3) stirring velocity [6], (4) different iron
salt solutions with varying ratios of ferrous and ferric ions [3,
7], (5) types and concentrations of alkali [3, 8], (6) surfactants
[5], and (7) ionic strength of the solution [4].

Immobilization of cellulase on MNPs allows for the re-
cycling of the most costly ingredient of the rice straw
hydrolysis process. A variety of methods [9] can be used
to immobilize enzymes, including (1) physical adsorption
to a solid phase [10], (2) covalent bonding to a solid phase
[11], (3) covalent bonding to a soluble polymer [12, 13], (4)
cross-linking with bifunctional reagents [14], (5) inclusion
in a gel phase [12], and (6) encapsulation [15]. A pop-
ular technique for coupling magnetite with cellulase involves
the use of silane as a linker. A functional silane com-
pound, such as 3-aminopropyltriethoxysilane (APTES), can
self-assemble onto the surface of a magnetite and form
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covalent bonds [16–18]. Subsequently, the functional silane
can transfer the surface of magnetite from dense hydroxyl
group to amino group [19]. Therefore, modified nanomag-
netite can conjugate with cellulase easily. Garcia III et al.
[20] used 𝛾-glycidoxypropyltrimethoxysilane and 3-amino-
propyltriethoxysilane that were refluxed in toluene to modify
the surface of magnetite. Additionally, they used PEG and
PVA as ligands to improve upon the direct attachment on
silanized magnetite. As a result, cellulase was immobilized
onto the surface of magnetite successfully and the activity
of cellulase was comparable to that of free cellulase in
a phosphate buffer of pH 5.5. Furthermore, the cellulase
could be immobilized onto MNPs using carbodiimide as
the coupling agent [21, 22]. Their method of immobilization
preserved both cellulase activity and particle size.

The purpose of this study was to immobilize cellulase
fromAspergillus niger onto aqueousMNPs, which weremod-
ified and size-limited by 𝛽-cyclodextrin. After cellulase was
bound to MNPs via 3-aminopropyltriethoxysilane (APTES)
and glutaraldehyde directly, we determined the optimum
operating conditions. The size and structure of MNPs were
measured by Zeta-sizer and X-ray diffraction (XRD). The
structure and morphology of immobilized cellulase were
confirmed using X-ray photoelectron spectroscopy (XPS)
and transmission electron microscopy (TEM).

2. Materials and Methods

2.1. Chemicals and Raw Materials. Ferrous chloride tetrahy-
drate, ferric chloride, oleic acid, kerosene, and𝛽-cyclodextrin
(all from Sigma Chemical Co., USA) and ammonium (J.T.-
Baker, USA) were used to synthesize magnetic nanoparticles.
Ethanol (J.T.-Baker, USA) was added to stabilize and suspend
the magnetic nanoparticles during the silanization of 3-
aminopropyltriethoxysilane (APTES, Sigma Chemical Co.,
USA). Glutaraldehyde (Sigma Chemical Co., USA) was used
as the linker between cellulase and the magnetic nanoparti-
cles. The Schiff base was reduced by sodium cyanoborohy-
dride (Sigma Chemical Co., USA).

Acetate buffer (pH 5.5) (J.T.-Baker, USA) was prepared
by dissolving acetic acid sodium acetate trihydrate inMilli-Q
water. Cellulase from Aspergillus niger (Sigma Chemical Co.,
USA) was used for the hydrolysis of untreated rice straw.The
enzymatic activity of cellulase was determined by themethod
of Ratanakhanokchai et al. [23]. The hydrolysis reaction was
carried out by incubation of untreated rice straw with 150U
cellulase per gram of rice straw in 10mL of 50mM acetate
buffer solution at pH 5.5 and 37∘C. A buffer solution of
0.01% sodium azide (Sigma Chemical Co., USA) was added
to prevent microorganism contamination. The hydrolytic
mixture was incubated in a rotating incubator at 1.67Hz.
After incubation, samples were collected and centrifuged for
sugar analysis.

Rice straws from 5-month-old plants of a japonica rice
(O. sativa L.) variety, Tainung 67, were obtained from the
experimental farm (25∘ 02 32.79N, 121∘ 36 47.40E with
18m of elevation) located at the Academia Sinica cam-
pus, Taipei, Taiwan. The rice plants were transplanted to

the field in the first week of March 2009 and the heading
(flowering) appeared in the first week of June 2009. The
straws (leaves and stems) were collected after the seeds were
harvested in late July. The rice plants were approximately
100 cm tall with approximately 13∼15 tillers at the time of
harvest. The dried rice straws were then ground into powder
and stored in sealed plastic bags at room temperature. The
size distribution of the rice straws was determined by mesh
sieving, and five fractions were obtained: >300mm (3.39%);
300∼150mm (47.95%); 150∼106mm (15.52%); 106∼75mm
(20.57%;) <75mm (12.63%).

2.2. Preparation of Magnetite Nanoparticles. In this study,
naked Fe

3
O
4

magnetic nanoparticles were prepared by
the coprecipitation method. FeCl

3
(2.6 g, 16mmol) and

FeCl
2
⋅4H
2
O (1.0 g, 5mmol) were dissolved in 400mL deion-

ized water. The mixed solution was placed in an inert
environment and purged by nitrogen for 30 minutes to
prevent oxidation of the magnetite. The solution containing
ferric and ferrous ions was then heated to 60∘C, during which
the color changed from yellow to orange. After the mixture
turned orange, an ammonium solution (1.5M, 100mL) was
added, inducing an immediate color change from orange
to black and the formation of a colloid mixture. After the
reduction by the alkali solution, the black colloid was heated
to 80∘C. Oleic acid was added to the solution, and the
solution was heated for another hour until the ammonia
evaporated. Subsequently, the solution was cooled to room
temperature, and 100mL kerosene was added to the coated
magnetite suspension. The suspension was stirred until most
of the black color had been transferred into the kerosene.
The kerosene layer was collected, and the water layer was
discarded. The kerosene layer was dropped onto a 𝛽-CDs
solution with ratios (v/v) to black colloid of 0.02, 0.1, 0.5, and
1. The structure of the magnetic supporter Fe

3
O
4
-𝛽-CDs was

determined by XRD and ESCA (Electron Spectroscopy for
Chemical Analysis). The particle size was measured by Zeta-
sizer.

2.3. Cellulase Immobilization. A total of 150mg Fe
3
O
4
-

(𝛽-CDs) magnetic nanoparticles were coated with 10%
(v/v) 3-aminopropyltriethoxysilane (APTES) overnight at
40∘C to form amino-functionalized magnetic nanoparticles
(AFMNs). Afterwards, 10% (v/v) glutaraldehyde was added
as the coupling agent to react with the AFMNs for another 12
hours. The aldehyde-functionalized magnetic nanoparticles
(100mg) were then incubated with cellulase (68mg) from
Aspergillus niger in a sodium cyanoborohydride (100mg)
solution to immobilize the cellulase onto the surface of
magnetite. The immobilized cellulase was characterized by
ESCA (Electron Spectroscopy for Chemical Analysis) and
SQUID (Superconducting Quantum Interference Device).
The activity of immobilized cellulasewas analyzed by the FPU
method.

2.4. Characterization of Nanoparticles. X-ray diffraction
(XRD) patterns were recorded using a PANalytical X’ Pert
PRO diffractometer with the Cu K𝛼 line (1.54 Å). Beam
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divergence was restricted with a 0.15mm silt on the source
side.TheX-ray diffraction studies were performed in the scan
range of 2𝜃 = 15∼70∘ with a scan speed of 1∘min−1 and a
step size of 0.02∘. Analysis of the X-ray photoelectron spectra
(XPS) was performed on a thermo-ESCLAB 250 using an
incident X-ray radiation (Cu K𝛼) as the excitation source.
Particle size distribution and morphology were analyzed
by a vibrating sample magnetometer at room temperature.
Fourier transform infrared (FT-IR) spectra were recorded
in the wave length rage of 4000∼500 cm−1 using a Nicolet
(Madison, WI) FT-IR spectrometer (model impact 410).

2.5. Sugar Determination and Cellulase Activity Measure-
ments. The reducing sugars from hydrolyzed rice straw were
measured by the dinitrosalicylic acid method (DNS) [24],
and the activities of free and immobilized cellulase were
determined by the FPU method. Immobilized cellulase was
added to 5mg filter paper (1mm width × 6mm length)
overlaid with 150 𝜇L of acetate buffer (50mM, pH 5.5). The
mixture was then incubated at 37∘C. After 1 hour, 100 𝜇L
of sample was collected from the mixture and 300 𝜇L of
DNS reagent was added to this aliquot. The sample was
heated at 95∘C for 5min to allow color formation. When
the reaction ended, deionized water (600𝜇L) was added
into the solution. The concentration of reducing sugar was
determined at 540 nm on a HITACHI UV2010/3010.

3. Results and Discussion

3.1. Characteristics of Magnetic Nanoparticles. XRD was con-
ducted to identify the MNPs that were prepared with ferrous
and ferric salts in varying concentrations of 𝛽-cyclodextrin.
Five samples were produced with the following composi-
tions: Fe2+/Fe3+/CDs = 0.33/1/0, Fe2+/Fe3+/CDs = 0.33/1/0.02,
Fe2+/Fe3+/CDs = 0.33/1/0.1, Fe2+/Fe3+/CDs = 0.33/1/0.5, and
Fe2+/Fe3+/CDs = 0.33/1/1 (Figure 1). Other common copre-
cipitates, such as Fe(OH)

3
or Fe

2
O
3
, were not observed

because the positions of the main peaks only matched well
with those from the JCPDS card (19-0629) for Fe

3
O
4
. Our

method of MNP preparation yielded highly pure Fe
3
O
4
par-

ticles (Figure 2). Size measurement by the Zeta-sizer revealed
that the average size of the Fe

3
O
4
particles was 28.05 nm.

The addition of oleic acid as a surfactant led to a decrease
in particle size down to 10.1 nm. The subsequent addition of
𝛽-cyclodextrin to the samples with Fe2+/Fe3+/CDs ratios of
0.33/1/0.1 and 0.33/1/1 further reduced the average particle
size down to 6.2 and 4.5 nm, respectively. Notably, as the 𝛽-
cyclodextrin concentration increased, the size of the obtained
Fe
3
O
4
crystallite decreased. These results showed that 𝛽-

cyclodextrin can be used to effectively limit the particle size
of magnetite.

The Fourier transform infrared (FTIR) spectra of 𝛽-
CDs, Fe

3
O
4
, and 𝛽-CDs-modified Fe

3
O
4
revealed the fol-

lowing features (Figure 3). For the Fe
3
O
4
magnetite, a peak

at approximately 570 cm−1 was assigned to the stretching
vibration of Fe–O (Figure 3(a)).The𝛽-CDs spectrum showed
large and abroad peaks at approximately 3344 cm−1 that
corresponded to the O–H stretching vibration (Figure 3(c)).
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Figure 1: X-ray diffraction patterns of Fe
3
O
4
with different ratios

of ferric ion, ferrous ion, and 𝛽-CDs: (a) Fe2+/Fe3+/𝛽-CDs =
0.33/1/0, (b) Fe2+/Fe3+/𝛽-CDs = 0.33/1/0.02, (c) Fe2+/Fe3+/𝛽-CDs =
0.33/1/0.1, (d) Fe2+/Fe3+/𝛽-CDs = 0.33/1/0.5, and (e) Fe2+/Fe3+/𝛽-
CDs = 0.33/1/1.
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4
-oleic acid-(𝛽-CDs): Fe2+/Fe3+/𝛽-CDs = 0.33/1/1.

The peaks at approximately 2923 and 2854 cm−1 of the 𝛽-
CD spectrum were attributed to the stretching vibration of
C–H. Furthermore, the stretching vibrations of the glucose
ring, such as OCH, HCH, CCH, and COH, were observed at
approximately 1408, 1368, and 1332 cm−1. In addition, three
peaks at 1156, 1080, and 1028 cm−1 were indicative of the C–
O–C linkage. For the Fe

3
O
4
-(𝛽-CDs) conjugate, two specific

peaks of oleic acid were identified with the C=O symmet-
ric stretching vibration at 1708 cm−1, the C=C stretching
vibration at 1641 cm−1, and the =CH bending vibration at
1004 cm−1 (Figure 3(b)). Moreover, the conjugation between
Fe
3
O
4
and 𝛽-CDs was evident from the observation that
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Table 1: Saturation magnetization and coercivity values at 300K of Fe3O4 nanoparticles synthesized with various iron salts.

Type of magnetic nanoparticles Saturation magnetization (emg g−1) Coercivity (Oe)
Fe3O4-(𝛽-CDs) 64.7 0.288
Fe3O4-(𝛽-CDs)-APTES 61.3 0.330
Fe3O4-(𝛽-CDs)-AP-G 60.5 0.479
Fe3O4-(𝛽-CDs)-AP-GE 50.7 3.82
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Figure 3: FTIR spectra of (a) Fe
3
O
4
, (b) Fe

3
O
4
-(𝛽-CDs): Fe2+/Fe3+/

𝛽-CDs = 0.33/1/1, and (c) 𝛽-CDs.

the serial peaks of 𝛽-CDs shifted to higher wavenumbers of
approximately 6–15 cm−1. Therefore, the collective results of
ESCA and FTIR indicated that Fe

3
O
4
conjugated with 𝛽-CDs

covalently.

3.2. Characteristics of Immobilized Cellulase on Magnetic
Nanoparticles. The measurement of total binding energy of
Fe
3
O
4
-(𝛽-CDs) showed characteristic peaks of Fe at 708.2

and 722 eV, whichwere the binding energy of Fe 2p 3/2 and Fe
2p 1/2, respectively (Figure 4(a)). When cellulase was immo-
bilized onto Fe

3
O
4
-(𝛽-CDs) afterAPTES coating, the binding

energy of Fe was shifted higher by 1-2 eV (Figure 4(d)). This
upward shift was due to the transfer of the Fe electron
density to cellulase, thus making it more difficult to emit
the Fe electrons. Moreover, compared with Fe

3
O
4
-(𝛽-CDs)-

AP and Fe
3
O
4
-(𝛽-CDs)-APGE (Figures 4(b) and 4(c)), the

characteristic peak of N was clearly detected and its intensity
increased after immobilization. When APTES was conju-
gated onto the surface of magnetite, we detected the amine
functional group at approximately 400.4 eV (Figure 4(e)).
After immobilization of cellulase, two peaks were shown in

the spectrum of Fe
3
O
4
-(𝛽-CDs)-APGE, with one at 399.8 eV,

which indicated the formation of Schiff base, and the other at
401.2 eV, which corresponded to the free amine of cellulase.

The magnetic properties of the magnetite nanoparti-
cles were measured by the Quantum Design MPMS-XL7
magnetometer with the application of field dependence of
magnetization. The values of saturation magnetization and
coercivity are shown in Figure 5 and tabulated in Table 1.The
nanoparticles at each step were superparamagnetic in nature.
However, the saturation magnetization value was gradually
reduced from 64.7 to 50.7 emg g−1 and the coercivity value
was gradually increased from 0.288 to 3.82Oe when the
nanomagnetite was modified stepwise from Fe

3
O
4
-(𝛽-CDs)

to Fe
3
O
4
-(𝛽-CDs)-AP-GE, respectively. In other words, when

cellulase was immobilized onto Fe
3
O
4
-(𝛽-CDs), the barrier

of magnetite was produced by each following modification.
Morphological analysis of immobilized cellulase by TEM
(Figure 6) and SEM (Figure 7) showed that the average
particle size was approximately 30 nm.

3.3. Characteristics of Immobilized Cellulase on Magnetic
Nanoparticles. Maximum and optimum amount of grafting
(i.e., the production of Fe

3
O
4
-(𝛽-CDs)-AP-GE) was achieved

with the combination of 10% (v/v) APTES, 10% (v/v) glu-
taraldehyde, and 2.4% (wt) cellulase, when the dose of
Fe
3
O
4
-(𝛽-CDs) was 10mg/mL. The activity of cellulase was

reduced from 60.6 to 58.9U g−1 enzyme after immobilization
in acetate buffer (pH 5.5), which was 97% of the activity
of free cellulase. The optimum operating condition was
changed from acidic to weakly acidic condition. Previous
studies on the immobilization of cellulase from Trichoderma
viride onto Fe

3
O
4
also showed that the optimum condition

of cellulase activity shifted from acidic to weakly acidic
condition [20, 21]. This change is beneficial for immobilized
cellulase using magnetite as the supporter because magnetite
is more prone to erosion under acidic conditions, even
though an acidic condition is more suitable for free cellulase.
The phase transformation was previously demonstrated [25–
27], and the structure was shown to be destroyed under
acidic conditions. This result was presented by SEM in
Figure 7. The original immobilized cellulase had a particle
size of approximately 20∼30 nm and the boundarywas clearly
identifiable (Figure 7(d)). At pH 5.0, the surface structure
of the magnetic particles was still maintained. However,
at lower pH values the particle surface was eroded by the
acetic acid. As the pH was lowered, we observed a surface
phase transition from a smooth state to a more uneven state,
and the properties of magnetization and supermagnetism
were reduced or completely eliminated by acid erosion.
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Figure 4: XPS spectra of total binding energies of immobilized cellulase from Aspergillus niger on Fe
3
O
4
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O
4
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3
O
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line: Fe
3
O
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-(𝛽-CDs); dotted line: Fe

3
O
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-(𝛽-CDs)-AP; solid line: Fe

3
O
4
-(𝛽-CDs)-AP-GE.The Fe

3
O
4
MNPswere produced using the following

ratio of ions and 𝛽-CDs: Fe2+/Fe3+/𝛽-CDs = 0.33/1/1.
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Therefore, the weakly acidic condition is more suitable for
hydrolysis catalyzed by immobilized cellulase on a magnetic
supporter.

In the hydrolysis experiment, the initial rate of rice
straw hydrolysis was reduced from 2.26 to 1.553 g L−1 hr−1
when cellulase was added at a concentration of 150U g−1
rice straw. The ionic liquids could be used to dissolve
cellulose by disrupting hydrogen bonding within cellulose
[28–30]. SEM results from previous studies showed that ionic
liquids not only removed the outer structural boundaries
of cellulose but also improved its hydrophilicity [29, 30].
Zhao et al. [30] reported that these actions of ionic liq-
uids could enhance cellulose hydrolysis. The hydrolysis
rate would increase by fourfold compared with no ionic
liquid treatment. Therefore, we tested the effects of three
ionic liquids including 1-butyl-3-methylimidazolium chlo-
ride ([bmim]Cl), 1-butyl-3-methylimidazolium hydrogen
sulfate ([bmim]HSO

4
), and 1-ethyl-3-methylimidazolium

diethyl phosphate ([emim]PO
4
(C
2
H
6
)
2
) on cellulose hydrol-

ysis.
The values of the initial rate of hydrolysis and the amount

of reducing sugar are shown in Figure 8 and tabulated in
Table 2. All three ionic liquids increased the amount of
reducing sugar (11.9–14.16 g L−1) compared with the control
condition with free cellulase only (5.97 g L−1). Additionally,
the initial rate of hydrolysis was increased from approxi-
mately 2.918 to 5.7 g L−1 h−1 after adding any of the ionic
liquids. Even though immobilized cellulase was not as active
as free cellulase in rice straw hydrolysis, this difference
was compensated by adding ionic liquid to the reaction
with the immobilized enzyme. Using immobilized cellulase,
the amount of sugar produced was increased from 3.58 to
5.3 g L−1 h−1 and the initial rate of hydrolysis was increased
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Figure 6: Morphology of immobilized cellulase. (a) TEM bright field (×200 k) and (b) TEM dark field (×200 k).
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Figure 7: Effect of pH on the activity of (◼) free cellulase, (e)
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Morphologies of immobilized cellulase under different pH were
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(c) pH = 4.0; (d) pH = 3.0; (e) pH = 2.0.

from 1.6 g L−1 h−1 to 2.7 g L−1 h−1 on average when an ionic
liquid was introduced.

Table 2: The amount of sugar produced and the initial rate of
reducing sugar formation by free and immobilized cellulase with or
without ionic liquid treatment.

Type of enzyme
Amount of
sugar (g L−1)
(24 hours)

Initial rate
(g L−1 h−1)

Free cellulase (FC) 5.97 ± 1.29 2.918 ± 1.89
FC + [bmim]Cl 11.91 ± 3.33 5.807 ± 3.66
FC + [bmim]HSO4 13.56 ± 4.27 5.671 ± 1.06
FC + [emim]PO4(C2H6)2 14.16 ± 1.82 5.635 ± 2.57

Immobilized cellulase onto
Fe3O4 (IC)

4.78 ± 2.44 1.629 ± 0.92

IC + [bmim]Cl 5.392 ± 2.07 2.739 ± 1.31
IC + [bmim]HSO4 5.821 ± 1.33 2.711 ± 1.55
IC + [emim]PO4(C2H6)2 5.719 ± 3.49 2.595 ± 0.84

When cellulase was immobilized onto Fe
3
O
4
, it could

be collected by magnet and reused. We found that immobi-
lized cellulase was still active after 16 rounds of hydrolysis,
with each round set for 12 hours (Figure 9). The activity
of immobilized cellulase remained at 44.15% of the initial
activity after 16 cycles. Furthermore, the addition of sodium
cyanoborohydride during the process of immobilization
could trigger reductive amidation to convert Schiff ’s base to
a carbon-nitrogen single bond, which is more stable than
Schiff ’s base. We assessed the activities of recycled cellulase
with or without the inclusion of sodium cyanoborohydride
and found that, after 16 rounds of hydrolysis, the sodium
cyanohydride-containing samples retained 85% of the initial
cellulase activity, while the control group without sodium
cyanoborohydride only retained approximately 40% of the
initial activity.Thus, the total amount of sugar from rice straw
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hydrolysis was ten- to twentyfold higher when immobilized
cellulase was used instead of free cellulase.

4. Conclusions

In this study, we found that 𝛽-CDs could effectively decrease
the size of MNPs. The particles were reduced from 28.05 to
4.5 nm in diameter and became more uniformly distributed
compared with those that were not conjugated to 𝛽-CDs.
Enzymatic attachment was confirmed by XPS. After immobi-
lization, the characteristic peak of iron was shifted to a higher
binding energy by 1-2 eV.Moreover, the characteristic peak of
N was detected at 399.2 eV (Schiff ’s base) and 401.4 eV (free
amine). These data suggested that cellulase was successfully
immobilized onto the surface of nanomagnetite using the
silane system.The immobilized cellulase not only retained the
activity of free cellulase but also gained the properties ofmag-
netization, specifically supermagnetism. The optimum pH
for the enzyme shifted from 4.0 to 5.5 after immobilization.
This higher pH serves to stabilize the magnetite-associated
cellulase during hydrolysis because the decrease in acidity
prevents structural damage to the magnetite.

Although the activity of immobilized cellulase was
reduced by 10% compared with free cellulase, the addition of
an ionic liquid, such as 1-butyl-3-methylimidazolium chlo-
ride ([bmim]Cl), 1-butyl-3-methylimidazolium hydrogen
sulfate ([bmim]HSO

4
), and 1-ethyl-3-methylimidazolium

diethyl phosphate ([emim]PO
4
(C
2
H
6
)
2
), could enhance rice

straw hydrolysis by immobilized cellulase.The initial rate and
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Table 3: The total amount of sugar from rice straw hydrolysis by
free cellulase and immobilized cellulase with or without the use of
NaBH3CN.

Type of enzyme Total concentration of
sugar (g/L)

Free cellulase 10.5 ± 3.58
Immobilized cellulase onto Fe3O4
(w/o adding NaBH3CN)

110.66 ± 21.11

Immobilized cellulase onto Fe3O4
(add NaBH3CN)

208.92 ± 29.77

amount of sugar production were both increased by adding
ionic liquids, and the activity of immobilized cellulase was
enhanced to match that of free cellulase.

The immobilized cellulase was shown to be reusable for
16 cycles of hydrolysis while still maintaining approximately
80% residual activity. Until now, the total concentration of
sugar was 208.92 g L−1 (Table 3), which is higher than using
the free enzyme (10.5 g L−1). Collectively, findings from this
study suggest that immobilization of cellulase may greatly
benefit the ethanol production industry.
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Energy crisis is receiving attention with regard to the global economy and environmental sustainable development. Developing
new energy resources to optimize the energy supply structure has become an important measure to prevent energy shortage as
well as achieving energy conservation and emission reduction in China. This study proposed the concept of energy agriculture
and constructed an energy agricultural technical support system based on the analysis of energy supply and demand and China’s
foreign dependence on energy resources, combined with the function of agriculture in the energy field. Manufacturing technology
equipment and agricultural and forestry energy, including crop or forestry plants and animal feces, were used in the system. The
current status and future potential of China’s marginal land resources, energy crop germplasm resources, and agricultural and
forestry waste energy-oriented resources were analyzed. Developing the function of traditional agriculture in food production may
promote China’s social, economic, and environmental sustainable development and achieve energy saving and emission reduction.

1. Introduction

With the rapid growth of the global economy, the world’s
energy demand will increase from approximately 12 billion
tons of oil equivalents (t.o.e.) in 2009 to 17 billion or 18 billion
t.o.e. by 2035. China is the second largest economyworldwide
and has surpassed the US as the world’s largest energy-
consuming country; the energy consumption of China has
reached 2.61 billion t.o.e. [1]. Consequently, the role of
demand and supply of traditional fossil energy resources
has become increasingly important in international relations
[2, 3]. Meanwhile, carbon dioxide emissions are expected to
increase from 29Gt/yr to 36Gt/yr or 43Gt/yr [4], which will
put great pressure on fossil energy resources and significantly
affect global climate [5]. China is the largest emitter of
greenhouse gases worldwide and contributed more than half
of the global carbon dioxide emissions from 1990 to 2008
[6, 7]. With the establishment of the energy conservation and

emission reduction target of the international community,
the contradiction between economic growth and energy
consumption in China has become increasingly serious [8].
Thus, energy consumption on global climate change and
human survival has become increasingly critical, and energy
shortage will be an important restrictive factor in economic
development [9]. At present, these problems are the biggest
threat to humanity.

Numerous reports on global climate change have been
published [2, 10], including the Kyoto Protocol [11]. Many
intergovernmental actions have already been implemented to
solve these problems, such as the Intergovernmental Panel on
Climate Change. These intergovernmental actions on energy
sources include wind, hydro-, and biomass [12]. The Chinese
government has also launched an energy project to develop
renewable energy sources, such as solar, wind, hydro-, and
biomass, to optimize the existing energy structure to prevent
energy shortage [13].

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 824965, 10 pages
http://dx.doi.org/10.1155/2015/824965

http://dx.doi.org/10.1155/2015/824965


2 BioMed Research International

In recent years, China has achieved considerable progress
in utilizing and developing new energy resources. Based
on the 12th Five-Year Plan of China, nonfossil fuel should
account for 11.4% and 20% of the total primary energy
consumption by 2015 and 2020, respectively. At the end of
2011, the installed generation capacity of nonfossil energy
of China was 27.5%, which comprised hydropower (21.7%),
nuclear power (1.19%), wind power (4.27%), and biomass
power (0.41%) [14]. The development of biomass energy
is relatively slow in China, but the new energy field has
great potential because of its minimal negative effect on the
environment, low cost of raw material, wide distribution
of resources, and great energy conversion potential [14, 15].
Agricultural biomass is a preferred alternative energy source
to overcome these challenges because it is environment
friendly and accessible [1, 16, 17].

Agriculture is an old industry and the main provider of
energy in rural areas of developing countries. In addition to
providing food, clothing resources, and household energy,
agriculture also provides various sources of raw materials to
produce energy in the form of energy agriculture, such as
oil, starch, sugar, straw, algae, trees, and livestock feces [18].
Through modern processing technologies, biomass energy
production can be converted to fuel oil, gas, or electric energy,
which can optimize the energy supply structure, reduce
greenhouse gas emissions, and maintain urgent economic
and social sustainable development. In this study, energy
agriculture is an energy model to reduce CO

2
emissions and

adjust the energy demand structure [11].
Energy agriculture has started earlier and developedmore

rapidly in other countries than in China. Since 1975, Brazil
has implemented a plan that massively produces fuel alcohol
using sugar cane [19, 20]. Recently, developed countries, such
as the US, Japan, Canada, UK, and Germany, as well as
developing countries, such as the Philippines, Indonesia, and
Thailand, have formulated their own biofuel development
programs [21]. From2000 to 2005, ethanol productionworld-
wide increased from 4.6 billion gallons to 12.2 billion gallons,
a jump of 165% [22]. The biofuel production of Europe
increased from 80 thousand tons in 1992 to 470 thousand
tons in 1998 and that of the US rapidly increased from 30.28
million tons in 1979 to 3.63 billion tons in 1990, 4.54 billion
tons in 1999, and 9.69 billion tons in 2003. The study on
biodiesel of theUS began in 1983, and its biodiesel production
reached 450 million gallons in 2007, which increased by 80%
compared with the production in 2006 [23]. The US also
planned to increase the annual output to 6.1 million tons by
2015. Other countries are also actively and rapidly promoting
the development of the industry, including Germany, Japan,
Brazil, and India [24].

Bioenergy in China was not studied as early as the
other countries. Energy agriculture had not been given close
attention by law until 2006 with the establishment of the
“renewable energy law” [13]. Excess rice and agricultural
waste are the main raw materials of biomass energy, but the
cultivation area of energy crops is continuously expanding
[25]. Similarly, investigation on biodiesel produced by waste
cooking oil, oil extraction residue, and forest oil fruit also
started late in China [24]. Nevertheless, China has started

emphasizing on energy agriculture and biomass energy
industry and developed a clear program [26].

In the National Long-Term Development Plan (2005–
2020), the “agricultural and forestry biomass project” is
classified as a major project and an important part of the
national energy strategy. The State Forestry Administration
has conducted a preliminary plan for biomass energy aimed
at developing 13.33 million hectares of forestland to grow
biomass energy raw materials. During the 11th Five-Year
(2006–2010) period, China had cultivated biomass energy
plants tomeet the supply requirement of 6million tons of raw
diesel and raw materials for 15 million KW installed capacity
of power generation [27]. In April 2007, the Department
of Science and Technology Education of the Ministry of
Agriculture released an investigation and assessment letter to
all provinces and cities regarding the development of suitable
energy crop resources inmarginal land.The investigation and
assessment work started with winter fallow land that could
be used for planting energy crops. The implementation of
this measure will promote the planning and development of
energy agriculture [28].

The development of agricultural energy in China is
promising. China is currently one of the world’s largest biogas
production countries [29] and has set up a standard system of
biomass solid fuel. About 19 agriculture industry standards
presently exist in China. By the end of 2010, the number of
promulgated and implemented energy standards in Chinese
rural areas reached 94 [30]. At the beginning of the 21st
century, China established several production enterprises
and set relevant standards to develop fuel ethanol; thus, fuel
ethanol has been used in cars in some provinces for several
years [27]. Energy agriculture has not attracted attention in
China because the policies focus on reusing excess rice and
agricultural waste [31]. In the next decade, China will be
focusing more attention on the energy agriculture industry,
including its scientific input and policy orientation.

2. Energy Supply and Demand of the Chinese
Energy Agriculture Development

2.1. Structure Characteristics of the Energy Supply and
Demand. Table 1 shows the trend of the energy supply and
demand of China from 1978 to 2012. According to statistics,
raw coal output increased from 70.3% in 1978 to 76.5% in
2012 and showed a dominant part in China’s energy supply
structure despite the occurrence of certain amplitude fluctu-
ations during this period.Meanwhile, the self-supply capacity
of oil decreased from 23.7% in 1978 to 8.9% in 2012, whereas
natural gas and electricity increased from 2.9% to 4.3% and
3.1% to 10.3%, respectively, in more than 30 years from 1978.

Coal consumption accounted for 76.2% of the total
energy consumption in 1990, followed by a decrease of 9.6%
to 66.6% in 2012. In the same period, production only was
76.5% (2012), which indicates that supply exceeded demand.
The proportion of crude oil consumption decreased from
22.7% to 18.8% in 2011, which indicates a decrease of 3.9%.
This result presents a great contradiction of supply and
demand.Theoutput production of natural gas increased from
1.9% in 1994 to 4.3% in 2012, and the consumption proportion
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Figure 1: Consumption and imports of crude oil in China [32, 45].

increased by 1.8% in 1997 to 5.2% in 2012. The output of
rapidly developing wind power, hydropower, and nuclear
power increased from 3.1% in 1978 to 10.3% in 2012, which
was equivalent to 3.3 times that in 1978, and consumptionwas
equivalent to 2.8 times that in 1978, indicating an oversupply
problem [31]. However, regional and seasonal power supply
and demand contradiction still exists. Therefore, optimizing
China’s energy structure will become a priority in future
development.

2.2. China’s Dependence on International Energy Market.
After more than half a century of exploration and develop-
ment, China’s energy industry has achieved significant suc-
cess. However, China still shows an unbalanced relationship
of energy supply and demand (Table 1) and relies on foreign
imports, particularly oil. China’s dependence on crude oil
imports from the international crude oil market was only
7.59% in 1995, but the proportion increased continuously to
33.76% in 2000, 42.9% in 2005, and 51.3% in 2009.The foreign
dependence indicated an increase at an average rate of 3%
annually. In 2010, China’s dependence on foreign oil remained
high, but the increase was only 2.5%, which was lower than
the average rate 15 years ago. The latest data shows that the
crude oil dependency proportion has reached 56.5 in 2011
and 2012 (see Figure 1). The International Energy Agency
forecasted that China’s dependence on oil imports will reach
76.9% in 2020 [31, 32]. Based on these findings, China’s energy
supply will continue to rely on the international crude oil
market for a long time, and the dependence rate will further
increase. Therefore, changing and optimizing the energy
structure at the national strategic level are significant.

3. Framework of China’s Energy Agricultural
Development Strategy

3.1. Basic Concept, Definition, and Characteristics of Energy
Agriculture. Cultivating plant oil sources is the best expla-
nation for energy agriculture, which is an academic concept

that appeared in recent years. The first Chinese official
publications on energy agriculture were “Shallow Theory
of the Development of China’s Energy Agriculture” by Yao
[33] and “Necessity and Strategy of Development of Energy-
Oriented-Agriculture” by Feng et al. [34]. Both studies discuss
the concept of energy agriculture. Yao regarded energy agri-
culture as agricultural production and related activities for
providing energy resources and transforming products. Feng
et al. reported that energy agriculture aims to convert solar
energy into an energy that can be used directly. The energy
agriculture proposed by Lu aims to produce energy [35].
Hu and Gu [36] considered that energy agriculture includes
various energy utilization patterns; the main development
resource was biomass energy. According to Li [37], energy
agriculture is a motivation to produce high-value crops
with high biomass energy content. Biomass energy locked
in biomass crops will then be translated into energy that
can be directly used for economic and social development.
Xu et al. and Sun et al. [21, 38] generally regarded that
energy agriculture is the foundation of biomass industry and
a new form of agriculture that supplies raw materials to
produce biomass energy. Based on previous studies and the
special role of agriculture in solving energy problem, energy
agriculture can be defined as an agricultural production
activity, where solar energy is fixed through photosynthesis
by green energy crops and then converted into energy that
can be directly used by humans (Figure 2). Energy agriculture
has the following characteristics.

(1) Energy agriculture is a concept that involves interdis-
ciplinary industry of planting, breeding, and modern
energy chemical industry, aswell as equipmentmanu-
facturing, electric power, and transportation. Energy
agriculture also produces living resources, such as
food, clothing, and housing, as well as energy. It is
an integrated science based on land, crops, and arti-
ficial regulation. This concept belongs to agriculture
category because the process and utilization of crops
depend on land, similar to traditional planting and
breeding.

(2) Energy agriculture mainly solves the contradiction
between fossil energy consumption and development
of the environment and economy in the human
development process. The energy provided by energy
agriculture is different from the traditional primary
energy, such as coal, oil, and natural gas. This energy
is renewable, which is fixed through photosynthesis of
green plants and stored as organic energy in the body
of crops.

(3) Energy agricultural production cannot be used
directly and must be combined with certain process-
ing technologies. The energy can only be used by
humans after being converted under certain technical
and economic conditions rather than through direct
combustion of straws or firewood.

(4) Production activities of energy agriculture are very
systematic. They include a series of production and
research activities, such as energy crop cultivation
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and management, energy crop germplasm resource
selection and breeding, processing technologies of
energy agricultural production, equipment design,
and development.

(5) Fixing atmospheric CO
2
is the main production pro-

cess of energy agriculture. CO
2
and H

2
O are released

from the process of exploiting agriculture products.
CO
2
emissions do not increase because of energy

flow and material recycling in the ecosystem. There-
fore, developing energy agriculture is suitable for
controlling the concentration of greenhouse gases in
the atmosphere. This process is also significant for
controlling the increase of surface temperature and
maintaining the ecosystem carbon balance of the
earth.

(6) The prerequisite for energy agriculture development
is food and energy security, which are the major
challenges faced by energy agricultural development.
Energy agriculture can be performed smoothly by
guaranteeing food security.

3.2. Technology System for Energy Agriculture in China.
According to its definition and characteristics, energy agri-
culture involves five sectors, namely, energy crop farming,
energy forestry, energy animal husbandry, utilization of waste
produced in agricultural production, and related processing
industry (Figure 3) [39]. The contents of each sector are as
follows.

The technology system of energy crop is nonfood crops
breeding and high-yield culture technique. Nonfood crops
include starchy crops, oil crops, and sugar crops. Energy

forestry is cultivation and breeding technology system of
germplasm resources, including firewood forest-based wood
fuel, woody oil, and woody starch crops. Woody oil crops
include Jatropha, tung tree, Pistacia, Xanthoceras sorbifolia
Bunge, and oil tea camellia. Woody starch crops are mainly
oak fruit (acorn).

Energy technology system in animal husbandry uses
modern biobreeding techniques to directly breed existing
animals with high grease conversion rate, such as pigs. This
technology aims to cultivate new species of animals that
can efficiently convert plant products, such as straw, wheat
bran, and other nonfood products, into axunge for biodiesel
processing [40]. Currently, herbivores are preferred, such as
pigs and sheep.

Energy utilization technology system is a technological
system for producing biogas, biodiesel, and cellulosic fuel
ethanol from wastes, such as various straws, tree branches,
feces, and kitchen waste, produced by farming, animal
husbandry, or humans.

The manufacturing technology system of energy agricul-
tural equipment involves designing special equipment and
exploring intelligent processing technologies. Equipment and
technology are mainly used to utilize energy agriculture,
forestry, animal husbandry wastes, and so on.The equipment
and products of producing biodiesel oil, and fuel ethanol are
all included in the system (Figure 3).

3.3. Development Potential of Chinese Energy Agriculture.
According to the policy and tendency of China’s energy
development, the priorities of energy development in China
are the utilization of marginal land resources, selection and
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cultivation of energy biomass germplasm resources, and
efficient utilization of waste energy in the production process.

3.3.1. Potential of Marginal Land Resources. China has a vast
territory. In addition to the 121 million hm2 of cultivated
land used to ensure the nation’s grain production, China’s
available nonarable land area is large. According to the survey,
China has 108 million hm2 of uncultivated land, and 35.35
million hm2 is suitable for agriculture, accounting for 32.7%
of the total wasteland area. The total wasteland area may be
equivalent to 36.9% of the existing arable land area. Forestry
land covers 267.43 million hm2, but only 76.62 million hm2
of waste mountains and land is suitable for tree planting,
accounting for 28.6% of the woodland area. The woodland
area is equivalent to 6.2% of the existing forest area [28].

According to the information from the Science and
Research Department of theMinistry of Agriculture (Science
and Education Division of the Ministry of Agriculture) in
April 2007, 34.2 million hm2 of noncultivated land suitable
for cultivation of energy crops is distributed in 1845 counties
(cities and regions) of China. Approximately 26.8 million
hm2 of wasteland is available for farming. First-, second-,
and third-class wastelands cover 4.33 million hm2 (16.2%),
8.73 million hm2 (32.6%), and 13.73 million hm2 (51.2%),

respectively [41]. The amount of winter-free farmland is
approximately 7.4 million hm2.

Considering crop ecological adaptability, the suitable
wasteland areas for planting sweet sorghum, cassava and
sugar cane are approximately 13, 5, and 15 million hm2,
respectively. If 20% to 30% of wastelands are cultivated
with energy crops, the biomass energy production can be
converted to 50 million tons of alcohol based on the existing
technologies in China [41].

3.3.2. Potential of Germplasm Resources. According to the
notice of “strengthening biological fuel ethanol project con-
struction and management” jointly enacted by the National
Development and Reform Commission and Ministry of
Finance in 2006, as well as “the guidance of promotion of
the healthy development of deep processing of corn” and
“development planning of agricultural biomass energy (from
2007 to 2015)” promulgated by theMinistry of Finance China
and the Department of Agriculture in 2007, the development
of energy crops in China must adhere to the precondition
of “do not compete for food with people, do not compete
for land with food” [42] Therefore, the energy agricultural
germplasm resources of China aim to develop nonfood
energy crops. Approximately 40 kinds plants can be used
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Table 2: Biological characteristics of mainly woody fuel.

Tree name Harvest organ Yield kg/hm2 Oil content C16-C18 FA Distribution area

Jatropha curcas L Seed 9750 More than 39.8% (kernel 64.5%) 100.00%
Guangdong, Guangxi, Yunnan,
Guizhou, and Sichuan provinces
etc.

Xanthoceras
sorbifolia Bunge Seed 9000 More than 35.5% (kernel 66.4%) 88.97% North China, East China, and

Northwest China
Pistacia chinensis
Bunge Seed 12000 35.1% (kernel 56.5%) 100.00% North to Yellow River basin, south

to Guangdong, Guangxi

Cyperus esculentus L Tuber 6000 25.30% 100.00% North to inner Mongolia, south to
Jiangsu and Zhejiang provinces

Euphorbia lathyris L seed 1650 More than 43.5% (kernel 69.2%) 99.70% North to Jilin, south to Jiangsu and
Zhejiang provinces

Swida wilsoniana seed 12000 33%∼36% (nutlet 55%–59%) 77.68%
Yellow River basin regions to their
south, Hunan, Jiangxi, and Hubei
provinces are the main areas

as energy crops, including short rotation trees, herbaceous
crops, sugar crops, vegetable oil crops, and plants used for
extracting hydrocarbons, such as sugar beets, sugar cane,
sweet sorghum,Miscanthus crop, sweet corn, beans, peanuts,
cotton, sunflower, rapeseed, palm, and castor. Studies show
that the highest per unit yield is achieved by sugar cane and
sweet sorghum.The biomass per unit area produced by sugar
cane and sweet sorghum is 12 times as much as maize and
2.5 times as much as sweet potato and cassava. Maize is the
most suitable crop for fuel ethanol production because 2.82
tons of maize can produce 1 ton of fuel ethanol. However,
the fuel ethanol production per unit of land of maize is the
lowest, whereas sugarcane is the highest, followed by sweet
sorghum, cassava, and sweet potato. Maize is suitable for
planting in almost all parts of China, cassava and sugarcane
are mostly planted in southern China, and sweet potato and
sweet sorghum are suitable in southwestern and northern
China [43].

According to the results of the sixth forest resource
inventory published in 2005, the national forest area is 175
million hm2, with total standing volume of 13.62 billion m3
and total woody biomass resources of more than 18 billion
tons. Energy forestry mainly contains woody biomass fuel
resources, woody oil plant resources, woody starch, and fiber
plant resources.

China’s existing firewood forest area is approximately 3.03
million hm2, which can provide 21.24 million tons of fire-
wood that can replace 12.11 million tons of coal equivalents.
Preliminary estimates showed that approximately 60 million
hm2 of shrubs can be planted in western China. If 60%
of these areas are used as energy forest, approximately 144
million tons of biomass can be obtained (if 4-ton biomass
is produced per hectare annually), which can replace 93.6
million tons of coal equivalents.

Approximately 3.43 million hm2 of woody oil crop area
has been planted in China. A total of 151 energy oil plants
(seed plant), 697 genera, and 1554 species exist, which
account for 5% of the total seed plants in China. About
154 species of woody plants have seed oil content of more
than 40%, and up to 10 species are suitable for building raw

material bases and scale supply bases for improved variety
using barren hills and sand. Table 2 shows the main woody
oil crops.

Some inedible woody fruit trees are rich in starch; for
example, the acorn of oak comprises 50% starch.The existing
area of oaks is up to 18 million hm2 in China, and more
than 6.7 million hm2 of oak area exists in Inner Mongolia,
Jilin, and Heilongjiang provinces. More than 10 million tons
of fruits can be harvested from these oaks annually, which
contain more than 5 million tons of starch. If these fruits
are fully utilized, 2.26 million tons of biological fuel alcohol
can be produced. Hemp and other lignocellulose materials
are widely distributed in China. The suitable planting areas
are north to Heilongjiang, south to Hainan, west to Xinjiang,
and east to coastal areas, which cover up to 1.06 million hm2.
The dry matter is up to 23 tons per hectare annually, and the
lignocellulose content is as high as 68% to 75%. If each ton
of lignocellulose can produce 0.35 tons of industrial alcohol,
hemp (dry matter basis) per hectare can produce 5.75 tons of
industrial alcohol average annually.

3.3.3. Potential of Agricultural Waste Resource. According to
the information provided by the China Statistical Yearbook
in 2012, the estimated amount of crop straw in China was
972.26 million tons in 2011. Food crop straw, oil crop straw,
and other crop straws were 765.32, 60.15, and 146.79 million
tons, respectively.The dung discharge was about 39.87 billion
tons, in which about 54.5% was pig manure (21.7 billion tons)
and 38.69% was cow dung (15.4 billion tons). Human feces
emission in 2011 was about 25.73 million tons [44].

Among all the provinces and cities in China, Guangxi,
Heilongjiang, and Henan were the top producers of crop
straw. Xizang, followed by Shanghai and Qinghai, produced
the lowest quantity of crop straw. Sichuan ranked first in
terms of livestock manure emission, followed by Henan
and Hunan. Shanghai, behind Beijing and Tianjin, was the
lowest in the rank. Given these data, Sichuan ranked first
in agricultural waste potential, and its total quantity of
agricultural waste was 437.88 million tons, accounting for
8.8% of the whole country, followed byHenan and Shandong,
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Figure 4: Resource and potential of agricultural waste of province’s level in mainland China [20, 31].

accounting for 8.4% and 6.1%, respectively. Shanghai ranked
last in resource potential because its quantity of agricultural
waste was 11.26 million tons, accounting for 0.23%, followed
by Beijing and Tianjin with 0.32% and 0.38%, respectively
(Figure 4) [31, 44].

When these straws and dung were used for digestion
at 35∘C, the biogas yield potential of crop straws in 2011
was estimated to be 311.97 billion m3, which is equivalent to
220 million tons of standard coal. The potential of livestock
manure was 288.93 billion m3, which is equivalent to 205
million tons of SCE (standard coal equivalent). The biogas
potential of human feces was 12.5 billion m3, which is
equivalent to 8.8 million tons of SCE. The total biogas
production potential of agricultural waste in 2011 was 613.43
billionm3 or 436million tons of SCE, accounting for 17.6% of
the coal produced in the same period.

The above analysis showed that China has considerable
reserves of energy agriculture resource that can potentially
produce large amounts of energy when used well.

4. Conclusions

(1) China’s energy agricultural development and energy
supply and demand structure from 1978 to 2012
showed an increasing demand for renewable energy
and decreasing demand for raw coal and oil. The
supply-demand contradiction of raw coal and oil
still continued, and an oversupply of the overall
performance of gas and electricity existed.

(2) China’s dependence on foreign oil continued to incre-
ase for a long time.Thus, strategies on optimizing and
changing the energy structure must be planned at the
national level.

(3) Energy agriculture is a special agricultural produc-
tion activity, where solar energy is fixed through
photosynthesis by energy crops and then converted
into energy that can be directly used. An energy
agriculture technology system was also established
based on energy crop, energy forestry, energy animal
husbandry, energy utilization of agricultural waste,
and equipment manufacturing.

(4) China has an immense energy potential for marginal
land resources, germplasm resources, and agricul-
tural and forestry wastes. Developing energy agri-
culture has no limits if resources are fully utilized.
Meanwhile, the ecological construction of China will
improve with combined energy agriculture.
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Theworld energy crisis and increased greenhouse gas emissions have driven the search for alternative and environmentally friendly
renewable energy sources. According to life cycle analysis, microalgae biofuel is identified as one of the major renewable energy
sources for sustainable development, with potential to replace the fossil-based fuels. Microalgae biofuel was devoid of the major
drawbacks associatedwith oil crops and lignocelluloses-based biofuels. Algae-based biofuels are technically and economically viable
and cost competitive, require no additional lands, requireminimal water use, andmitigate atmospheric CO

2
. However, commercial

production of microalgae biodiesel is still not feasible due to the low biomass concentration and costly downstream processes.
The viability of microalgae biodiesel production can be achieved by designing advanced photobioreactors, developing low cost
technologies for biomass harvesting, drying, and oil extraction. Commercial production can also be accomplished by improving
the genetic engineering strategies to control environmental stress conditions and by engineering metabolic pathways for high lipid
production. In addition, new emerging technologies such as algal-bacterial interactions for enhancement of microalgae growth
and lipid production are also explored. This review focuses mainly on the problems encountered in the commercial production of
microalgae biofuels and the possible techniques to overcome these difficulties.

1. Introduction

World energy crisis and global warming are the two major
problems human kind faces today, which are mainly due
to the more population growth, fast industrialization, and
increased use of fossil fuels [1]. Hence, the importance for
identification of potential renewable source for sustainable
energy production has gained momentum recently [2]. Cur-
rently many countries are using biomass, waste, solar, wind,
hydro and geothermal energy sources as alternative to fossil
based fuels [3]. International Energy Agency (IEA) recently
declared that the energy fromwastes and combustible sources
has higher potential as alternative fuel as compared to other
renewable sources [4].

Biofuel (biodiesel, bioethanol, and biogas) from com-
bustible sources is presently being recognised as an alternate
and green renewable fuel for sustainable energy produc-
tion in the near future [5]. Microalgae are the photosyn-
thetic microorganisms, which are attracting huge interest
from researchers, government, and local and international
entrepreneurs. Recently, the usage of liquid biofuels such as
biodiesel, bioethanol, and jet fuel has increased immensely
especially in the transport industry [6]. Compared to fossil
diesel, biodiesel has many advantages such as it is biodegrad-
able and nontoxic and it has lower emissions of greenhouse
gases (GHG) [7].

Microalgae biofuels belong to the third generation type of
biofuels, which are considered as an alternative energy source
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Table 1: Comparison of oil content, oil yield, and biodiesel productivity of microalgae with the first and the second generation biodiesel
feedstock source [17, 18, 21, 22].

Feedstock source Oil content
(% oil by wt. in biomass) Oil yield (oil in litres/ha/year) Biodiesel productivity

(kg biodiesel/ha/year)
Oil palm 36 5366 4747
Maize 44 172 152
Physic nut 41–59 741 656
Caster 48 1307 1156
Microalgae with low oil content 30 58,700 51,927
Microalgae with medium oil content 50 97,800 86,515
Microalgae with high oil content 70 136,900 121,104

for fossil fuels without the disadvantages associated with
the first and the second generation biofuels [8]. Generally
the first generation biofuels are derived from crop plants,
such as soybean, corn, maize, sugar beet, and sugar cane;
palm oil; rapeseed oil; vegetable oils; and animal fats [8].
These types of biofuels have created a lot of disputes due
to their negative impacts on food security, global food
markets, water scarcity, and deforestation [9, 10]. In addition,
the second generation biofuels derived from nonedible oils
(Jatropha curcas, Pongamia pinnata, Simarouba glauca, etc.),
lignocellulose biomass, and forest residues require huge areas
of land otherwise that could be used for food production.
Currently, the second generation biofuel production also
lacks efficient technologies for commercial exploitation of
wastes as source for biofuel generation [6]. Based on the
above-mentioned drawbacks associated with the first and
second generation biofuels, microalgae biofuel seems to be
a viable alternative source of energy to replace or supplement
the fossil fuels.

Several species of microalgae, such as Botryococcus brau-
nii, Nannochloropsis sp., Dunaliella primolecta, Chlorella sp.,
and Crypthecodinium cohnii, produce large quantities of
hydrocarbons and lipids. Botryococcus braunii, the colonial
green microalgae, has the capability to produce a large num-
ber of hydrocarbons as compared to its biomass, and it also
synthesizes other commercially important compounds such
as carotenoids and polysaccharides [11–16]. The production
level of oil content in microalgae species reaches up to 80%
and the levels from 20 to 50% are quite common [16–18].
The microalga Chlorella has up to 50% lipids and B. braunii
produces the highest oil content of approximately 80% [17].
In Table 1, a comparison was given between the oil yield,
production, and biodiesel productivity of microalgae with
some other biofuel feedstock. Other than biofuel, microalgae
also synthesize different bioactive compounds and have
varied applications in nutraceuticals, pharmaceuticals, and
chemical and food industries [19, 20].

Microalgae biofuel production is commercially viable
because it is cost competitive with fossil based fuels, does
not require extra lands, improves the air quality by absorbing
atmospheric CO

2
, and utilizes minimal water [23]. However,

microalgae biofuels have some disadvantages such as low
biomass production, low lipid content in the cells, and small
size of the cells that makes harvesting process very costly.

These limitations can be overcome by improving the tech-
nologies for harvesting and drying and genetic engineering
of metabolic pathways for high growth rate and increased
lipid content. Initial evaluation of microalgae as the potential
source for biofuel production began in 1970, but it was
temporarily shelved due to technical and economic problems
[24]. Later, subsequent studies from 1980 onwards showed
high potential in microalgae biofuel production [25].

2. World Market for Biofuel Production

Large scale commercial production of microalgae began
in Japan in the early 1960s by culturing Chlorella as food
additive. Later, in the 1970s and 1980s it expanded to reach
other countries such as USA, Australia, India, and Israel. By
the year 2004, the microalgae industry had grown to produce
7000 tonnes of dry matter per annum [26–28].

Biofuel production in the world has increased recently,
mainly in the production of bioethanol from sugar crops
(e.g., sugar cane, sugar beet, and sweet sorghum) and cereals
(wheat andmaize).World bioethanol production in 2009was
73.9 billion liters which showed 400% increase as compared
to that in 2000, which was only 17 billion liters [29]. Based
on this progress, the global bioethanol production in 2017
will be double that of 2007 [30]. United States and Brazil
remained the top most bioethanol producers in the world.
In Brazil, with the exception of bioethanol from sugar cane,
other biofuels are economically not competitive with fossil
based biofuels without subsidies [10].

The world biodiesel production in the year 2003 was
around 1.8 billion litres [31]. Countries like United States,
Brazil, Canada, China, India, and Japan and Europe are
motivated to develop internal biofuel markets and the plans
were established to use these biofuels. During the past several
years, an increase in biodiesel production was observed
because of the increased demand for fuels, to produce
“cleaner” energy globally, to fulfil the Bali Action Plan and
Kyoto Protocol requirements and establishment of alterna-
tive sources for agricultural producers [32]. Currently, the
biodiesel production rates in Southeast Asian countries such
as inMalaysia,Thailand, and Indonesia range between 70 and
250% [33].

Europe is also an important biofuel producer in the
global market. Currently, the EuropeanUnion countries have
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Figure 1: Different strategies involved in microalgae biomass and biofuel production.

a small share (6%) in global biofuel production. The Euro-
pean production levels in global market have increased 40
times from 80 tons in 1993 to 780 tons in 2001 and 3.184.000
tons in 2005 [34]. Germany is the topmost biofuel producing
country in Europe followed by France, Italy, and Czech
Republic [35]. In Europe, biodiesel production occupies
the top position (79.5%) among liquid biofuels in the year
2004 [34]. In European countries, biodiesel is generally used
by applying various blends with diesel. However in some
countries like Germany, Sweden, and Austria, pure biodiesel
is used in adapted captive fleet vehicles. Presently in Europe
about 1.4 million hectares of arable land is dedicated for
biodiesel production. At the moment there are about 40
plants in the EU producing up to 3,184.00 tonnes of biodiesel
yearly; and these plants are located mainly in Italy, Germany,
Austria, Sweden, and France.

3. Production of Microalgae
Biomass and Biofuel

Microalgae biomass and biofuel production can be developed
at two major phases that involve upstream and downstream
processes (Figure 1). The upstream phase involves different
cultivation technologies to maximize biomass quality and
quantity, whereas the downstream stage puts emphasis on
harvesting technologies and sustainable production of bio-
fuel.

3.1. Upstream Processes

3.1.1. Microalgae Cultivation Technologies. Production of mi-
croalgae biomass can be carried out by three different
types of culture systems such as batch, semi-batch, and
continuous systems. The growth rate and maximum biomass
production of microalgae strains in these culture systems are
affected by abiotic (light, temperature, pH, salinity, O

2
, CO
2
,

nutrient stress, and toxic chemicals), biotic (pathogens and

competition by other algae), and operational (shear produced
by mixing, dilution rate, depth, harvest frequency, and
addition of bicarbonate) factors. A number of studies have
been conducted to develop different cultivation technologies
for bulk production of microalgae biomass [28, 36]. Usually,
microalgae can be cultivated using four types of cultivation
methods such as phototrophic, heterotrophic, mixotrophic,
and photoheterotrophic [37] cultivation methods (Table 2).
Among these, only phototrophic cultivation is commercially
feasible for large scale microalgae biomass production [26].
In addition to this, phototrophic microalgae can also capture
atmospheric carbon dioxide and act as a potential carbon
sink.

(1) Phototrophic Cultivation. Microalgae have high photo-
synthetic efficiency and growth rates when compared to
higher plants [16]. In phototrophic method, microalgae can
generally be cultivated in open ponds and enclosed photo-
bioreactors.

(a) Open Pond Production. These are the oldest and simplest
systems commonly used for large scale microalgae produc-
tion. These microalgae cultivating methods have been prac-
ticed since the 1950s [26]. Presently, about 98%of commercial
algae are produced in these systems [41]. There are various
types of open pond systems which are mainly differentiated
based on their size, shape, andmaterial used for construction,
type of agitation, and inclination [42]. Some common ones
include raceways stirred by a paddle wheel, extensive shallow
unmixed ponds, circular ponds mixed with a rotating arm,
and sloping thin-layer cascade systems. Among the above-
mentioned systems, raceways are the most commonly used
artificial system [43]. Open pond system is the cheapest
method for large scale cultivation of microalgae compared
to close PBRs. Open pond systems do not compete with
agricultural crops for land, since they can be established
in minimal crop production areas [44]. The construction,
regular maintenance, and cleaning of these systems are easy
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Table 2: Biomass and lipid productivities of some microalgae under phototrophic, heterotrophic, and mixotrophic conditions.

Cultivation method Microalgae Biomass productivity
(g L−1 d−1)

Lipid content
(% dry weight biomass)

Lipid productivity
(mg L−1 d−1) Reference

Phototrophic method
Chlorella vulgaris 0.02–0.20 50–58 11.2–40
Chlorella protothecoides 2.00–7.70 14.6–57.8 1214 [18]
Chlorella sorokiniana 0.23–1.47 19.0–22.0 44.7

Heterotrophic
method

Chlorella vulgaris 0.15 23 35 [38]
Chlorella protothecoides 3.1–3.9 — 2400 [39]
Chlorella sorokiniana 1.48 23.3 — [40]

Mixotrophic method
Chlorella vulgaris 0.25–0.26 20.0–22.0 52.0–56.0
Chlorella protothecoides 23.9 58.4 11,800 [37]
Chlorella sorokiniana 0.58 — 29.0–56.0

and they also consume relatively low energy [45]. Open
pond systems are less technical in design and are more
scalable; however, they are limited by abiotic growth factors
like temperature, pH, light intensity, and dissolved oxygen
concentration and are easily subjected to contamination [46].
Contamination from the air and ground is often a serious
limiting factor for cultivation of algae in open pond systems
and therefore most of the species cultured in that systems are
grown under selective environments such as high alkalinity
and high salinity [47–50].

(b) Enclosed Photobioreactors (PBR). These systems are gen-
erally available in the form of tubes, bags, or plates, which
are made up of glass, plastic, or other transparent materials.
Algae are cultivated in these systems with adequate supply of
light, nutrients, and carbon dioxide [51, 52]. Although many
PBR designs are available, only a few are practically used for
bulk production of algae [53]. Some common PBR designs
include annular, tubular, and flat-panel reactors, with large
surface areas [52, 54].

Annular Photobioreactors. These photobioreactors are more
frequently used as bubble columns or airlift reactors [55]. But
occasionally they are used as stirred tank reactors [56]. Gen-
erally in column photobioreactors the columns are arranged
vertically, and aeration is provided from below, and light
illumination is supplied through transparent walls. Column
photobioreactors have the advantages of best controlled
growth conditions, efficient mixing, and highest volumetric
gas transfer rates [57].

Tubular Photobioreactors. In these reactor systems the algal
cultures are pumped through long and transparent tubes.The
mechanical pumps or airlifts create the pumping force, and
the airlift also allows the exchange of CO

2
and O

2
between

the liquid medium and the aeration gas [58–61].

Flat-Panel Photobioreactor. Flat-panel photobioreactors sup-
port higher growth densities and promote higher photosyn-
thetic efficiency [45, 62]. In flat-panel system, a thin layer
of more dense culture is mixed or sailed across a flat clear
panel; and the incoming light is absorbed within the first few
millimetres at the top of the culture [63–65].

As compared to open pond systems, photobioreactors
have many advantages such as controllable growth, system
efficiency, and algal purity. However, there are some dis-
advantages such as high costs of construction, operation,
and maintenance (Table 3). Though these drawbacks can
be partially compensated by higher productivities, they still
limit the cost-effective production of microalgae biomass on
required scale for biodiesel production.

(c) Hybrid Production Systems. In these hybrid systems both
open ponds and close photobioreactors are used together
in combination to get better results. In these systems, the
required amount of contamination free inocula obtained
from photobioreactors is transferred to open ponds or race-
ways to get maximum biomass yield [72, 73]. Olaizola [74]
and Huntley and Redalje [75] used these hybrid systems for
the production of astaxanthin fromHaematococcus pluvialis.
However this is not suitable for biofuel production because
this system is more expensive and it is also a batch culture
system rather than a continuous culture system.

(2) Heterotrophic Cultivation. In heterotrophic cultivation,
instead of photosynthetic process, microalgae utilize organic
carbon for their growth and development. As photosynthetic
organisms, microalgae are usually light-limited at high cell
densities during large scale cultivation [76] or they experience
photoinhibition if the light is too intense, both of which lead
to slow growth and production [77]. Based on these draw-
backs associatedwith phototrophic cultivation, heterotrophic
cultivation of microalgae can be considered favourably [78].
The major advantages associated with heterotrophic culti-
vation over phototrophic cultivation are the good control
on cultivation procedure, elimination of light necessity, and
low cost of biomass harvesting [79]. However, heterotrophic
cultivation also has some limitations. (1) Limited number
of heterotrophic capable species is a limitation. Until now
only four types of heterotrophically grownmicroalgae such as
C. protothecoides [80–82], C. vulgaris [38], Crypthecodinium
cohnii [83], and Schizochytrium limacinum [84] have been
identified with high lipid production. (2) Contamination
from other organisms is another problem due to the presence
of organic substrate [78]. (3) Glucose is the preferred organic
substrate for heterotrophic growth of microalgae. However
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Table 3: Comparison between open ponds and photobioreactors [51, 52, 58, 66–71].

Factor Open ponds Photobioreactors
Area-to-volume ratio Large Small
Algal species Restricted Flexible
Species selection Growth competition Shear resistance
Sterility Low High
Cultivation period Limited Extended
Water loss through evaporation Possible Prevented
Controlling of growth conditions Very difficult Easy
Light utilization efficiency Poor/fair Fair/excellent
Gas transfer Poor Low-high
Temperature Highly variable Required cooling
Temperature control None Excellent
Automatic cooling system None Built in
Automatic heating system None Built in
Cleaning Not required Required due to wall growth and dirt
Weather dependence High Medium
Process control and reproducibility Limited Possible within certain tolerance
Microbiology safety None UV
Harvesting efficiency Low High
Population density Low High
Biomass productivity Low High
Biomass quality Variable Reproducible
Air pump Built in Built-in
Hydrodynamic stress on algae Difficult Easy
Shear Low High
CO2 transfer rate Poor Excellent
Mixing efficiency Poor Excellent
Volumetric productivity High Low
Water loss Very high Low
O2 concentration Low due to continuous spontaneous out gassing Exchange device
CO2 loss High Low
Land required High Low
Capital investment Small High
Periodical maintenance Less More
Operating cost Lower Higher
Harvesting cost High Lower
Most costly parameters Mixing O2, temperature control
Scale-up technology for commercial level Easy to scale up Difficult in most PBR models

the utilization of plant-based glucose leads to food versus
fuel feud because this is also used for human consumption
[85]. Therefore, there is a necessity to develop an alternative
technology to use lignocellulose and glycerol derived glucose.
(4) Generallymicroalgae release the CO

2
through respiration

but in heterotrophic cultivation it cannot sequester the CO
2

from atmosphere [86]. Therefore, more comprehensive LCA
studies and proactive research for heterotrophic cultivation
of microalgae are highly required.

(3) Mixotrophic Cultivation. Most of the microalgae uti-
lize both the autotrophic and heterotrophic pathways for
their growth and development, indicating that they are able

to photosynthesize and utilize organic material [87, 88].
In mixotrophic growth system microalgae cannot depend
entirely on photosynthesis because light is not a complete
limiting factor, as either light or organic substrate can
be utilized for growth [78, 89]. Microalgae which exhibit
mixotrophic metabolism are Spirulina platensis (cyanobac-
teria) and Chlamydomonas reinhardtii (green algae) [78]. In
these organisms, photosynthesis takes place by utilizing light,
whereas aerobic respiration uses an organic carbon source for
growth [87]. Here the growth of the organism is influenced
by the media supplemented with glucose during the light
and dark phases; hence, biomass loss during the dark phase
is less [89]. A subtype of mixotrophy is called amphitrophy.
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This type of organisms can survive either autotrophically or
heterotrophically, depending on the availability of organic
carbon source and light intensity [90].

Chojnacka and Noworyta [91] compared the growth of
Spirulina sp. in photoautotrophic, heterotrophic, and mix-
otrophic cultures. Their observation indicated that cultures
grown inmixotrophic conditions showed reduced photoinhi-
bition and enhanced growth rates as compared to autotrophic
and heterotrophic culture conditions. Therefore, fruitful
mixotrophic production of microalgae permits the incor-
poration of photosynthetic and heterotrophic compounds
during diurnal cycle. Mixotrophic cultivation reduces the
impact of biomass loss during dark respiration and decreases
the utilization of a number of organic matters during growth.
Based on these features, mixotrophic cultivation plays a
significant role in microalgae biofuel production.

Photoheterotrophy is also known as photometabolism or
photoorganotrophy or photoassimilation. In this cultivation
system, organic substrate is utilized as carbon source in the
presence of light. There is no clear differentiation between
photoheterotrophic and mixotrophic metabolisms, but they
can specifically be defined according to the requirement of
energy source for growth and particular metabolite produc-
tion [90].

3.1.2. Molecular Strategies to Improve Microalgae Biomass and
Biofuel Production. Manipulation of metabolic pathways by
using genetic engineering in microalgae is relatively easy
due to its unicellular formation. The main objective of
applying genetic engineering to microalgae is to improve the
biomass and biodiesel production. The progress in genetic
engineering of microalgae was extremely slow until recently.
Availability of themicroalgae genome sequences greatly facil-
itates the genetic engineering technology. To date genome
sequencing projects were completed for several microalgae
species [92] and the sequencing projects for some other
microalgae species such as Fragilariopsis cylindrus, Pseudo-
nitzschia,Thalassiosira rotula, Botryococcus braunii, Chlorella
vulgaris, Dunaliella salina, Galdieria sulphuraria and Por-
phyra purpurea are under progress [93, 94]. In addition
to this, several sequencing projects for different species of
microalgae plastids and mitochondria were completed and
some projects are continuing [92, 95–97]. The development
of methodologies for microalgae genetic transformation
has progressed considerably in the last 15 years. Advanced
methodologies were developed for green, red, and brown
algae, diatoms, euglenoids, and dinoflagellates, and until now
30 microalgae strains have been successfully transformed
[92].Most of the transformation experiments weremade on a
model green alga Chlamydomonas reinhardtii at both nuclear
and chloroplast levels [98, 99].

(1) Genetic Engineering for Enhanced Biomass Production.
Microalgae growth is generally influenced by various envi-
ronmental stress conditions such as temperature, light, salt
concentration, and pH. These conditions can be controlled
by engineering and manipulations of growth characteristics,
but these manipulations increase the total growing costs

of microalgae. Thus, it will be beneficial if the genetic
engineering strategies can be developed to control these envi-
ronmental stress conditions.The average light intensitywhich
provides the maximum photosynthesis in most microalgae
species is around 200–400 𝜇M photons m−2s−1. The light
intensity above this level reduces the microalgae growth.
During midday, the maximum light intensity reaches up to
2,000𝜇M photons m−2s−1 [100]. Because of this, microal-
gae growth efficiency during day time is less. Therefore,
several studies were carried out to improve the microalgae
photosynthetic efficiency and also to reduce the effect of
photoinhibition. Most of these studies were carried out by
reducing the number of light-harvesting complexes (LHC)
or lowering the chlorophyll antenna size to decrease light
absorbing capacity of individual chloroplasts [101]. In an
experiment, LHC expression in transgenic C. reinhardtii was
downregulated to increase the resistance to photooxidative
damage and to enhance the efficiency of photosynthesis
by 50% [101, 102]. This alteration allowed C. reinhardtii to
tolerate photoinhibition. In another study conducted byHue-
semann et al. [103], no growth improvement was observed in
algal antenna mutants cultured in outdoor ponds and also in
laboratory conditions. Genes that are able to withstand other
stress conditions such as temperature, pH, salt concentration,
and other stimuli have also been identified.

(2) Genetic Engineering for Enhanced Biofuel Production.
Genetic engineering application in the improvement of
microalgae biofuel production is still in the initial stage.
Some important advances have been made in the past few
years such as development of genetic transformation strate-
gies; sequencing of nuclear, mitochondrial, and chloroplast
genomes; and establishment of expressed sequence tag (EST)
databases [92]. The current molecular strategies required to
improve microalgae biodiesel production include blocking
energy rich compounds (e.g., starch) producing metabolic
pathways, to decline lipid catabolism, that is, elimination of
fatty acid 𝛽-oxidation that consumes TAGs; modification of
lipid characteristics; direct biological synthesis of fatty acids;
and secretion of TAGs, free fatty acids, alkane, and wax esters
directly into the medium [92].

3.1.3. Interactions with Bacterial Biofilms to Improve Biomass
and Biofuel Production. Microalgae and bacteria perform
symbiotic relationship by establishing “phycosphere” [104,
105] as plants and bacteria do in the “rhizosphere” [106].
Microalgae produce extracellular products for the devel-
opment of matrix like substance on their surfaces, which
encourages and provides the environment for the formation
of bacterial biofilms [107, 108]. Teplitski et al. [109] reported
the existence of microalgae-bacteria interactions in the uni-
cellularmicroalgaeChlamydomonas reinhardtii. To date, only
limited studies have been carried out about the existence
of interactions between bacterial biofilms and microalgae
[110–112]. These studies suggest that the bacteria encourage
the growth of microalgae by producing the vitamins and
other growth factors, and the organic matters produced by
the microalgae simultaneously encourage bacterial growth.
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Figure 2: Possible interactions between microalgae and bacteria: solid arrows indicate the positive interactions and dashed arrows indicate
the negative interactions [118, 119].

They also have negative interactions between each other;
microalgae inhibit the bacterial growth by increasing the
temperature, pH, and dissolved oxygen concentration (DOC)
or by producing inhibitory metabolites [113, 114], and in
the same manner bacteria also can inhibit the microalgae
growth by secreting algicidal compounds [115] (Figure 2).
Recent reports suggested that the presence of these positive
interactions between microalgae and bacteria enhances the
microalgae biomass and biodiesel production [116, 117].

3.2. Downstream Processes

3.2.1. Harvesting and Drying of Microalgae Biomass. After
attaining sufficient biomass, the microalgae cells are sep-
arated from water and prepared for downstream process-
ing. Generally one or more solid-liquid separation steps
are required for microalgae biomass separation [23, 120,
121]. According to life cycle analysis, this separation pro-
cess accounts for 20–30% of the total biofuel production
costs [122]. Biomass harvesting and drying processes may
constitute major energy consumption in microalgae biofuel
production [123]. Therefore, there is a need to reduce energy
consumption in microalgae biomass harvesting and drying
processes; otherwise, it may cause major cost increase in the
overall processes of microalgae biofuel production [124, 125].

3.2.2. Extraction and Purification of Lipids from Microal-
gae Biomass. Several methods such as presses, supercritical
carbon dioxide extraction, ultrasonic-assisted extraction,
osmotic shock, solvent extraction, and enzymatic extraction
are available for oil extraction from microalgae biomass.
The first three methods are used only at laboratory scale.

The most important aspects to be considered for selection
of appropriate oil extraction process are the cost, efficiency,
toxicity, and ease of handling. Supercritical carbon dioxide
and osmotic shock are not commercially viable methods due
to high operation costs [126]. Enzymatic extraction method
is commercially possible, but some efforts are needed to
reduce the costs [127, 128]. However, some commercially
viable methods are needed to minimize the cost, maximize
the extraction of desirable lipid fractions, and reduce the
coextraction contaminants.

3.2.3. Microalgae Biomass Conversion Technologies. Microal-
gae biomass conversion technologies are classified into differ-
ent types such as biochemical conversion, thermochemical
conversion, chemical reaction, and direct combustion [129]
(Figure 3). Biochemical conversion can be applied to produce
methanol (anaerobic digestion) and ethanol (fermentation)
from microalgae biomass [28]. Thermochemical conversion
processes can be categorised into pyrolysis (bio-oil, charcoal),
gasification (fuel gas), and liquefaction (bio-oil) [130–132].
The energy stored in microalgae cells can be converted into
electricity by using direct combustion process. In chemical
conversion technologies transesterification process can be
employed for the conversion of extracted lipids into biodiesel
[16]. Transesterification process is quite a sensitive process
as it depends on different parameters such as free fatty acids
(FFAs), water content, molar ratio of alcohol to oil, catalyst,
reaction temperature, and stirring [133]. Catalytic processes
are more appropriate in converting biomass to biodiesel,
especially nanocatalysts which have the good capacity in
improving product quality and attaining best operating con-
ditions [134].
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4. Limitations of Biofuel
Production from Microalgae

In addition to many advantages, microalgae biofuels also
have some disadvantages. The main limitations involved in
microalgae biofuel production are the low concentration of
biomass in the culture and low oil content. In addition, small
size of microalgae cells makes the harvesting process quite
costly. Harvesting and drying of microalgae biomass from
high volume ofwater are an energy consuming process. Com-
pared to the conventional agriculture practice, microalgae
farming ismore costly and complicated.These difficulties can
be minimized or overcome by the improvement of the har-
vesting technology. Some of the cost effective technological
strategies suggested to developmicroalgae biofuel production
are (1) development of biorefinery or coproduct strategy, (2)
designing high photosynthesis efficiency photobioreactors,
(3) development of cost-effective technologies for biomass
harvesting and drying, (4) development of genetic engineer-
ing technology to modify metabolic pathways for microalgae
biomass and lipid production, and (5) understanding of
symbiotic interactions between microalgae and bacteria that
also affects the biomass and lipid production in microalgae.

5. Economic Analysis of Microalgae
Biofuel Production

Economy plays an important role in the commercial feasi-
bility of microalgae biofuel production [136]. Microalgae oil
production cost depends on various factors, such as biomass
yield, oil content, scale of production systems, and cost of
recovering oil from microalgae biomass. It also depends on

the petroleum oil price. According to Gallagher [137], the
economic feasibility of microalgae biofuel production seems
to be fair and dependent on government subsidies and the
future prices of oil. In addition to optimized biomass yields,
the requirement of carbon neutral renewable alternatives
makes microalgae one of the best future sources of biofuels
[16]. Norsker et al. [138] calculated biomass production costs
for three different commercial production systems such as
open ponds, horizontal tubular photobioreactors, and flat-
panel photobioreactors. The resulting biomass production
costs for these three systems including dewatering were
4.95, 4.15, and 5.96 C per kg, respectively. The factors
which influence production costs are irradiation, mixing,
photosynthetic efficiency, culture medium, and CO

2
. If we

optimize these factors, the production cost reduces to C
0.68 per kg and at this cost microalgae become promising
feedstock for biodiesel production and for other applications.
Generally the following formula can be used to estimate the
cost of algal oil where it can be a competitive substitute for
petroleum diesel [16]:

𝐶algal oil = 25.9 × 10
−3

𝐶petroleum, (1)

where 𝐶algal oil is the microalgae oil price in dollars per gallon
and 𝐶petroleum is the crude oil price in dollars per barrel.

According to the above-mentioned formula, the algal oil
roughly contains 80% of the caloric energy value of crude
petroleum. For example, in order to maintain competitive-
ness with petroleum diesel microalgae oil should not be
priced more than $ 0.70/L, if petroleum price is $ 0.62/L.

The biodiesel competitiveness depends mainly on the
microalgae biomass production costs. Competitiveness can
be calculated by estimating the maximum price that could



BioMed Research International 9

be paid for microalgae biomass with a given content of oil, if
crude petroleum can be purchased at a given price as a source
of energy. This estimated price can then be compared with
the current cost of producing the algal biomass. According to
Chisti [44] the quantity of algal biomass (𝑀, tons), which is
the energy equivalent to a barrel of crude petroleum, can be
estimated as follows:

𝑀 =

𝐸petroleum

𝑞 (1 −𝑊)𝐸biogas
+ 𝑌𝑊𝐸biodiesel, (2)

where𝐸petroleum (∼6100MJ) is the energy contained in a barrel
of crude petroleum, 𝑞 (m3ton−1) is biogas volume produced
by anaerobic digestion of residual algal biomass,𝑊 is the oil
content of the biogas,𝑌 is the yield of biodiesel from algal oil,
and 𝐸biodiesel is the average energy content of biodiesel.

Typically, 𝑌 in (2) is 80% by weight and 𝐸biodiesel is
∼37,800MJ per ton. Keeping with average values for organic
wastes, 𝐸biogas and 𝑞 are expressed to be around 23.4MJm−3

and 400m3ton−1, respectively. Using these values in (2), 𝑀
can be calculated for any selected value of𝑊.

Assuming that converting a barrel of crude oil to various
useable transport energy products costs roughly the same as
converting 𝑀 tons of biomass to bioenergy, the maximum
acceptable price that could be paid for the biomass would be
the same as the price of a barrel of crude petroleum; thus,

Acceptable price of biomass ($.ton)

= Price of a barrel of petroleum ($)
𝑀

.

(3)

By using these equations the prices ofmicroalgae biomass
can be estimated for biomass with different levels of oil
content (15%–55% by weight). The feasibility of microalgae
biofuel can be enhanced by designing advanced photobiore-
actors, developing cost-effective technologies for biomass
harvesting and drying, improving molecular strategies for
more biomass and lipid production, and understanding of
biotic and abiotic interactions with algae.

6. Conclusions

Microalgae have the potential to be important and sustain-
able renewable energy feedstock that could meet the global
demand. In spite of themany advantages, microalgae biofuels
also have somedisadvantages such as lowbiomass production
and small cell size that makes the harvesting process costly.
These limitations could be overcome by designing advanced
photobioreactors and developing low cost technologies for
biomass harvesting, drying and oil extraction. In addition,
application of genetic engineering technology in the manip-
ulation of microalgae metabolic pathways is also an efficient
strategy to improve biomass and biofuel production. Genetic
engineering technology also plays an important role in the
production of valuable products with minimal costs. Biotic
interaction with bacterial biofilms is also an important aspect
in microalgae biomass and biofuel production. However,
these technologies are still in the early stages and most have

not been applied on a commercial scale. Therefore, further
research in the development of novel upstream and down-
stream technologies will benefit the commercial production
of biofuels from microalgae.
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A novel thermotolerant lipase from Bacillus aerius was immobilized on inexpensive silica gel matrix. The immobilized lipase was
used for the synthesis of biodiesel using castor oil as a substrate in a solvent free system at 55∘C under shaking in a chemical reactor.
Several crucial parameters affecting biodiesel yield such as incubation time, temperature, substratemolar ratio, and amount of lipase
were optimized. Under the optimized conditions, the highest biodiesel yield was up to 78.13%. The characterization of synthesized
biodiesel was done through FTIR spectroscopy, 1H NMR spectra, and gas chromatography.

1. Introduction

Sustainability is a key principle in natural resource manage-
ment and it has become increasingly obvious that continued
dependence on fossil fuel energy resources is unsustainable in
the long run because of depleting resources and the contribu-
tion of these fuels to environmental and health problems [1].
Thus transesterification of vegetable oils can be used for the
synthesis of fatty acid methyl esters with properties similar
to petroleum-based diesel fuel which is renewable source of
energy and this process is increasingly researched as a means
of producing an environmentally acceptable alternative fuel
[2].The use of lipases as biocatalysts in the transesterification
of triacylglycerides allows mild reaction conditions and easy
recovery of glycerol, without need for further purification
or chemical waste production [3]. Enzymatic production
of biodiesel by methanolysis of triglycerides using lipase as
the catalyst offers several advantages compared to chemical
processes. The cost of lipase production is one of the main
obstacles for industrial application of lipases. Immobilization
of lipases decreases cost of production by their reusability,
which is necessary to make them more attractive and potent
for industrial applications such as thermostability, activity

in nonaqueous media, to improve handling, recovery, and
recycling of biocatalyst [4]. Different vegetable oils are used
for the biodiesel production, including sunflower oil [2, 5],
waste cooking oil [6], soybean oil, [7], pomace oil [8], and
palm oil [9]. Competition between food and biofuel leads to
the search for fat sources which are not used as food, such as
nonedible oils and restaurant waste lipids [10]. The produc-
tion of biodiesel on a large scale using edible and nonedible
oils promotes plantation of crops resulting in recycling of
CO
2
and minimizing its impact on the greenhouse effect

[1].
In the present work, microbial lipase from Bacillus

aerius was immobilized by adsorption onto silica matrix.
Immobilized enzyme was used for biodiesel production by
transesterification of castor oil with methanol. The effects
of enzyme concentration, incubation time, relative molar
concentration of reactants, and reaction temperature on
the rate of synthesis of biodiesel were separately evaluated.
Synthesized biodiesel from the methanolysis of castor oil was
characterized by FTIR and NMR spectroscopy to get the
evidence for the formation of products. No such research
has been found in the literature using this organism which
consequently leads to its novelty.
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2. Materials and Methods

2.1. Chemicals and Enzyme. Silica gel matrix 60–150, glu-
taraldehyde, p-nitrophenyl acetate (p-NPA), p-nitrophenyl
benzoate (p-NPB), p-nitrophenyl formate (p-NPF), and p-
nitrophenyl palmitate (p-NPP) were purchased from Lan-
caster Synthesis, England; Tris buffer and castor oil were
purchased from HIMEDIA Laboratory Ltd., Mumbai, India;
and methanol was from MERCK, Mumbai, India. All chem-
icals were of analytical grade and were used as received. The
lipase producing bacteria were isolated from thewater sample
of a hot spring named Tattapani, Kullu, Himachal Pradesh.
The thermophilic Bacillus aerius (identified at IMTECH,
Chandigarh) was grown in the medium of the following
composition: yeast extract (2 g/L), peptone (5.0 g/L), sodium
chloride (5.0 g/L), beef extract (1.5 g/L), ammonium chloride
(1.0 g/L), and cottonseed oil (10mL/L) (emulsified with 0.5%
Gum Acacia) at pH 8.5. The seed culture (7.5% inoculum)
was transferred to 50mL productionmedium (250mLErlen-
meyer flask) for 48 h under shaking conditions at 110 rpm at
55∘C. The culture broth was centrifuged at 10,000 rpm for
10min at 4∘C. The lipase activity was assayed both in the
supernatant as well as in pellet for determining extracellular
and intracellular enzyme activity, respectively. The enzyme
produced by thermophilic Bacillus aerius was purified to 9-
fold with 7.2% recovery by ammonium sulfate precipitation
and DEAE-cellulose column chromatography. The enzyme
was found to be a monomeric protein having a molecular
weight of 33 kDa on SDS-PAGE.

2.2. Determination of Lipase Activity. The activity of free and
silica-bound lipase was measured by a colorimetric method
[11]. The reaction mixture contained 60 𝜇L of p-nitrophenol
palmitate (p-NPP) stock solution (20mM p-NPP prepared
in isopropyl alcohol) and 40𝜇L lipase and Tris buffer (0.1M,
pH 9.5) to make final volume of 3mL. The reaction mixture
was incubated at 55∘C for 10min in a water bath. Keeping the
reaction mixture at −20∘C for 10min stopped the reaction.
The absorbance of p-nitrophenol released was measured at
A
410

. The enzyme activity was defined as the micromoles of
p-nitrophenol released perminute by the hydrolysis of p-NPP
by 1mL of soluble enzyme or 1mg of silica-bound enzyme
(weight of matrix included) under standard assay conditions.
The protein was assayed by a standard method [12].

2.3. Immobilization of Lipase onto Silica. The silica gel matrix
(60–150 mesh) was washed with 0.1M Tris buffer (pH 7.0)
and then centrifuged at 10,000 rpm at 4∘C for 10min. The
supernatant was discarded and pellet was washed 4-5 times
with Tris buffer. The matrix was then kept at 4∘C overnight
in Tris buffer.Then 1–5% glutaraldehyde (cross linking agent)
solution was added to the 4 g matrix and kept at 35∘C under
shaking conditions for different time periods. The matrix
was washed 3-4 times with Tris buffer (pH 7.0) to remove
unbound glutaraldehyde. 8mL (1.91 U/mL) of purified lipase
from Bacillus aerius was then incubated with the matrix for
1 h under shaking condition. The supernatant was discarded.

2.4. Methanolysis of Castor Oil and Analysis of Biodiesel.
Methanol (1M) and nonedible castor oil (1M) were taken in

a screw-capped glass vial. To this mixture, enzyme (Bacil-
lus aerius lipase ∼1.44U/mg) as a catalyst was added and
incubated with constant shaking at 250 rpm. The effects of
reaction time (24–120 h), temperature (40 and 60∘C), oil to
methanol molar ratio (1 : 1 to 1 : 6), and immobilized lipase
amount (1–7% of oil weight) on biodiesel production were
investigated in the reaction system.The reaction mixture was
washed with distilled water to remove the glycerol and excess
methanol. The quantification of ester was done by FTIR
spectroscopy on Nicollet 5700 in KBr pallets, 1H NMR was
done (Advance Buker II-400MHz) in deuterated chloroform
(CDCl

3
) solution with internal standard TMS (0 ppm), and

chemical shifts were recorded in parts per million (𝛿/ppm)
and GLC equipped with a flame ionization detector and a
column (10% SE-30 Chrom WHP, 2-meter length, mesh size
80–100, internal diameter 1/8 inches, and maximum tem-
perature limit 300∘C; Netel Chromatograph, Thane, India).
Nitrogen was used as a carrier gas (30 cm3/min).The injector
was warmed to 250∘C, and the detector was set at 280∘C.The
quantification was accomplished by intern standardization.
Methyl ricinoleate was the internal standard used.Themethyl
ester yield was determined using GLC and % yield method as
follows:

% yield =
weight of biodiesel formed (g)

Total weight of reaction mixture (g)
× 100.

(1)

3. Results and Discussion

In the present study lipase activity from Bacillus aerius was
found to be 1.44 U/mg and this activity is comparable with
that reported in the previous study [4].

3.1. Effect of Reaction Time on Transesterification. The effect
of reaction time on the transesterification was investigated
by varying the reaction time from 24 to 120 h. The yield of
biodiesel increased on increasing incubation time from 24 to
96 h (Figure 1). At 96 h, approximately 54.08% of biodiesel
was produced. Thus in the subsequent transesterification
reactions, a reaction time of 96 h at 55∘C for immobilized-
lipase was considered optimum for the synthesis of biodiesel.
Longer reaction time led to the reduction of biodiesel for-
mation, because the transesterification reaction reverses and
thus results in loss of methyl esters as well as soap formation
[13, 14]. Li et al. observed the incubation time of 72 h to be
optimal for the synthesis of biodiesel [15]. Since the activity of
different lipases is different so Li et al. found 72 h as optimum
incubation time as compared to 96 h.

3.2. Effect of Reaction Temperature. Changes in the reaction
temperature can affect the activity and stability of the enzyme
and thus the rate of reaction. The effect of temperature on
the lipase activity was examined using a temperature range
of 40∘C to 60∘C as shown in Figure 2 with castor oil (1M)
and methanol (1M) in a solvent free system for 96 h. The
maximum biodiesel synthesis (54.08%) was observed at 55∘C
(Figure 2) under the above reaction conditions. Previously
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Figure 1: Time course of biodiesel synthesis tested at 55∘C. Reaction
conditions: methanol/oil 1 : 1 (mol/mol); 2% lipase by oil weight.
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Figure 2: Effect of temperature on the synthesis of biodiesel.
Reaction conditions: reaction time 96 h,methanol/oil 1 : 1 (mol/mol)
and 2% lipase by oil weight.

the optimum reaction temperature of 60∘C was observed for
the synthesis of biodiesel [16]. In a recent study, the optimum
temperature of 37∘C was observed for the synthesis of
biodiesel [17], so this shows mesophilic nature of enzyme but
the lipase from Bacillus aerius was thermotolerant; therefore
maximum biodiesel production was observed at 55∘C.

3.3. Effect of Methanol/Castor Oil Molar Ratio. One of the
most important variables affecting the yield of ester is the
molar ratio of methanol to oil. A set of experiments was per-
formed in which the oil/methanol molar ratio was varied in
the range 1 : 1–1 : 5 (mol/mol). The results obtained (Figure 3)
showed that the methyl ester yield (64.08%) was highest
at 1 : 4 oil/methanol molar ratio. However further increase
in molar ratio beyond the optimal level led to decrease
in biodiesel yield. This might be due to the deactivation
of the lipase by exposure to methanol. In a recent study,
the 1 : 4 substrate molar ratio was found to be the best
for the maximum yield of biodiesel [17]. Previously 6 : 20
(oil : methanol) molar ratio was found to be optimum for the
synthesis of biodiesel [18].

3.4. Effect of Amount of Lipase. The influence of enzyme
quantity on the methanolysis of castor oil has been shown
in Figure 4. The maximum yield of biodiesel (78.13%) was
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Figure 3:The effect ofmethanol/oil molar ratio on themethanolysis
of castor oil. Reaction conditions: reaction temperature 55∘C, 2%
lipase by oil weight, and reaction time 96 h.
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Figure 4: Effect of concentration of lipase on the synthesis of
biodiesel. Reaction conditions: reaction time 96 h, reaction temper-
ature 55∘C, and methanol/oil 1 : 4 (mol/mol).

obtained with 84U of immobilized lipase. It was observed
that, with an increase of enzyme concentration, initial rate
of esterification was increased from 14 to 84U and remained
almost constant with increase in lipase amount beyond 84U.
The castor oil contains 85–90% of ricinoleic acid; thus methyl
ricinoleate was used as internal standard.

3.5. Characterization of Ester by Analytical Methods. The
Characterization of ester was also done by various analyti-
cal/spectroscopic methods which are FTIR, 1H NMR spec-
troscopy (Table 1) and gas chromatography. The FTIR spec-
trum of methyl ricinoleate shows the peak at 1743.39 cm−1
which is due to (–C=O stretching of ester), at 1648 cm−1
due to the (–C=C– stretching) but it has high intensity as
the presence of ester group resulted in electronegativity of
the neighboring groups and a peak at value 2942 cm−1 (–
C–H– stretching) clearly confirms the formation of biodiesel
(Figure 5). But when the above spectra were compared with
their precursors in literature it was clearly found that the
peak at value 1680 cm−1 is absent in Figure 5 which was due
to –COOH group clearly confirming that esterification took
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Figure 6: NMR spectrum of transesterified castor oil.

place at this position and all other peaks remained; only
the intensity of the peaks changed because of some new
functional groups added in it.The 1HNMR spectra of methyl
ester are shown in Figure 6. Signals at values 2.32 ppm and
4.21 ppm were due to presence of –CH

2
–O–C–O and –C=O

functional groups of ester bond which were absent in the
spectrum of their precursor. Also in the precursor molecule a
signal at value 12.05 ppm is due to –OH group but in its ester
form this signal is absent clearly confirming that the reaction
took place at this position.All other peaks remained the same.
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Table 1: Characteristic peaks of methyl ricinoleate taken as a standard.

S. number Compound FTIR peaks NMR peaks
Functional groups Values in cm−1 Functional groups Values in ppm

1 Methyl ricinoleate
–C=O, OH 1743.39, 3481 –CH2–O–C–O, –C=O 2.32, 4.21
–C=C– 1648 –C=C– 5.32

–CH– stretching 2942 –CH2, –CH– 2.82, 1.29

2 Ricinoleic acid
–C=O, OH 1680, 3481 –C=O, OH 6.00, 12.05
–C=C– 1616 –C=C– 5.42
–CH– 2942 –CH2, –CH 2.52, 1.29

The spectra of the products formed at various steps were
matched with the ChemDraw Ultra 10 which unambiguously
confirms the formation of biodiesel and also compared with
its precursor molecules. From the % yield method and GLC
analysis, it was observed that the yield of biodiesel produced
was approximately the same.

4. Conclusion

Methanolysis of nonedible castor oil with lipase immobilized
on silica to yield biodiesel through transesterification has
been investigated. Biodiesel was successfully synthesized by
silica-bound lipase in 96 h under shaking at 55∘C using 1 : 4
oil/methanol molar ratio. Effect of the interaction among the
different parameters for transesterification and enzymekinet-
ics was needed to be known to catalyze a reaction. Bacillus
aerius lipase showed promising results and immobilizing the
enzyme on inexpensive silicamatrix could reduce cost as well
as improve yield of ester.
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2Department Chemical and Biological Engineering, Chalmers University of Technology, 41296 Gothenburg, Sweden
3Department of Food and Agricultural Product Technology, Faculty of Agricultural Technology, Universitas Gadjah Mada,
Bulaksumur, Yogyakarta 55281, Indonesia

Correspondence should be addressed to RachmaWikandari; rachma.wikandari@hb.se

Received 6 June 2014; Revised 16 August 2014; Accepted 23 August 2014

Academic Editor: Ilona Sárvári Horváth
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Limonene is present in orange peel wastes and is known as an antimicrobial agent, which impedes biogas productionwhen digesting
the peels. In this work, pretreatment of the peels to remove limonene under mild condition was proposed by leaching of limonene
using hexane as solvent. The pretreatments were carried out with homogenized or chopped orange peel at 20–40∘C with orange
peel waste and hexane ratio (w/v) ranging from 1 : 2 to 1 : 12 for 10 to 300min. The pretreated peels were then digested in batch
reactors for 33 days. The highest biogas production was achieved by treating chopped orange peel waste and hexane ratio of 12 : 1
at 20∘C for 10min corresponding to more than threefold increase of biogas production from 0.061 to 0.217m3 methane/kgVS.The
solvent recovery was 90% using vacuum filtration and needs further separation using evaporation. The hexane residue in the peel
had a negative impact on biogas production as shown by 28.6% reduction of methane and lower methane production of pretreated
orange peel waste in semicontinuous digestion system compared to that of untreated peel.

1. Introduction

Orange as the main citrus fruit is one of top-five fruit
commodities that dominate the global fruit market. Accord-
ing to Food and Agriculture Organization, global orange
production reached 68 million tons representing 8.5% of the
total fruit production [1]. The largest orange producers are
Brazil, United States of America, China, India, and Mexico
in 2012 [1]. Approximately, 40–60% of oranges are processed
for juice production, of which 50–60% ends up as waste
including seed, peel, and segment membrane [2, 3]. The
generation of these solid wastes is estimated to be in the
range of 15 to 25 million tons per year [3]. Among these
wastes, citrus peel is the major constituent accounting for
approximately 44% of the weight fruit mass [4].

Citrus waste for different applications such as production
of pectin, flavonoid, fiber, and animal feed production has

been proposed by several researchers [5–8]. However, a large
amount of this waste is still dumped every year [9], which
causes both economic and environmental problems such as
high transportation cost, lack of dumping site, and accumu-
lation of high organic content material [10]. Therefore, more
effective and sustainable alternatives for using orange peel
wastes such as biogas are highly desirable.

Biogas is gaseous material produced during anaerobic
digestion of organic compound. Biogas holds wide appli-
cations such as fuel for electricity, car, cooking, lightening,
and heating. Among these applications, conversion of orange
peels wastes into fuel is attractive, since it gives benefits in
terms of both energy recovery and environmental aspects.
Orange peel waste contains both soluble and insoluble car-
bohydrates that can be digested to biogas [11]. However, the
main challenge to produce biogas from orange peel is the
presence of an antimicrobial compound “D-limonene.” This
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chemical constitutes 90% of oranges essential oil as 2-3% of
dry matter of the orange [11]. Limonene has been reported
to be highly toxic to anaerobic digestion [11–13]. It causes
ultimate failure of the process at concentration of 400𝜇L/L on
mesophilic digestion [11] and in the range of 450 to 900𝜇L/L
on thermophilic digestion [14].

A number of investigations have been carried out to
tackle the inhibition challenges by limonene [14, 15]. These
methods can be classified into three categories of limonene
removal, limonene recovery, and conversion of limonene
into less toxic compound. Among these methods, limonene
recovery seems to be the best alternative since this chemical
is a valuable compound used in several industries such as
perfumery, chemicals, cosmetics, medical, and food flavor
[16, 17]. There are several methods that have been reported
for limonene recovery including steam explosion [14], steam
distillation [13], and acid hydrolysis [12]. However, these
methods are performed under harsh conditions, which
require high energy consumption. In addition, using acid
for the pretreatment, a further neutralization is essential and
expensive equipment should be applied to handle the cor-
rosive behavior of the material. Furthermore, the acids used
have a negative impact on the subsequent digestion process.
On the other hand, since the goal of the pretreatment is to
improve the biogas as a source of energy, the consumption of
energy during the production process should be minimized.
Hence, pretreatment of the orange wastes under ambient
temperature is favorable.

Leaching or solid-liquid extraction is an alternative pre-
treatment performed in room temperature. In this technique,
the limonene in the orange peel waste is leached into a solvent
that has contact with the peel [18]. This technique is widely
used to extract organic compounds from natural materials,
where these compounds are present at low concentration.
To the best of our knowledge, this technique has not been
employed for pretreatment of orange peel wastes. Therefore,
the objective of this work was to examine leaching technique
for orange peel waste pretreatment with focus on biogas
production.

2. Material and Methods

2.1. Material. Orange peel wastes were collected from
Brämhults Juice AB (Borås, Sweden). The wastes were from
orange juice process and contained 21.3% total solid (TS).
It was then chopped or homogenized prior to pretreatment
process. Inoculum was collected from a thermophilic biogas
plant (Borås Energy and Environment AB, Borås, Sweden).
The inoculumwas kept at 55∘C for 3 days before the digestion
process. Chemicals including hexane, diethyl ether, and
sodium sulfate were purchased from Sigma-Aldrich.

2.2. Methods. Pretreatment of the wastes by leaching was
conducted in Erlenmeyer flasks. Four different solvents
including hexane, diethyl ether, dichloromethane, and
ethyl acetate were used. These chemicals are toxic and/or
inflammable and should be treated properly. In the exper-

iment to select the solvent, each solvent was added to the
orange peel with orange peel waste and hexane ratio of 1 : 4.
Themixture of solvent and orange peel was shaken vigorously
for 10 minutes followed by incubation for 20 minute at room
temperature. In the optimization of pretreatment study,
hexane was used as a solvent. Two levels of four parameters
including temperature (20∘C and 40∘C), time (10min and
300min), orange peel wastes and hexane ratio (1 : 2 and 1 : 12),
and the wastes size (homogenized or chopped) were selected.
Forty grams of thewasteswas dissolvedwith a certain amount
of hexane in the flasks, followed by shaking vigorously for a
determined period of time. After the settlement, the extracts
were removed from residuals by vacuum filtration. The
residual, pretreated orange waste was then washed three
times with water in order to remove remaining hexane.
Finally, the pretreated waste was digested to produce biogas.

Digestion processes were performed in batch and semi-
continuous reactors. The determination of biogas potential
of the orange peels in batch digestion was carried out
according to a previous study [19]. In the experiment to
select the solvent, the digestion was conducted with different
concentration of volatile solids (VS) ranging from 0.5 to 2%.
In the optimization study, two percent of VS of the untreated
and pretreated peels were placed in 120mL glass bottle. The
total volume of the mixture was 30mL including 20mL of
inoculumand the rest was orange peel andwater.The reactors
were then flushed with amixed gas containing 80% of N

2
and

20% of CO
2
for 2min. The reactors were incubated at 55∘C

for 33 days. Reactors containing only water and inoculum
were used as a blank. The experiments were performed in
triplicate. At the end of the digestions, the pHof the digestates
was measured. For semicontinuous digestions, the pretreated
wastes were chosen based on the results obtained from
the batch digestion. The semicontinuous digestions were
performed in 2 L reactors (Automatic Methane Potential Test
System I, Bioprocess Control, Sweden) with a liquid volume
of 1.8 L. The reactors were placed in a water bath at 55∘C.The
organic loading rates (OLR) for both untreated and treated
orange peels were set at 1 g VS/L/day during the starting up
period and gradually increased to 3 gVS/L/day.The hydraulic
retention timewas set at 30 days. Gas production, pH, volatile
fatty acids, and buffer capacity ratio were monitored during
the digestion process.

Total solid and volatile solid of the untreated and pre-
treated wastes were determined using a gravimetric method.
The gas productionwasmeasured using a gas chromatograph
(Varian 450GC, USA) equippedwith a packed column (J&W
Scientific GS-Gas Pro, 30m × 0.320mm) and a thermal
conductivity detector (TCD). Gas samples of 100𝜇L were
withdrawn using a 250 𝜇L pressure tight syringe (VICI,
Precision Sampling Inc., USA). The carrier gas was nitrogen
with the flow rate of 2mL/min.The temperature for injection,
oven, and detector was 75, 100, and 120∘C, respectively.

Hexane content of the orange wastes was analyzed by
dissolving the wastes into 10mL methanol. The methanol
extract was then injected to gas chromatography-flame ion-
ized detector (Clarus 400, Perkin Elmer) equipped with ZB-
WAX-Plus, 30m × 0.25mm × 0.25 𝜇m.
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Figure 1: Methane production of pretreated orange peel waste by
different solvents and digestion at different concentration of volatile
solids.

For statistical analysis, normal probability method and
analysis of variance (ANOVA)were performed usingDesign-
Expert 8 package.

3. Results and Discussion

Orange waste is a potential feedstock for biogas production.
Orange waste contains ca 74.5% carbohydrate, 7.7% protein,
and 10.6% fat [20]. Even though the theoretical methane
yield is 0.45Nm3/kgVS, the methane yields of 0.061 and
0.131 Nm3/kgVS were obtained in this experiment from
chopped and homogenized peel, respectively. This indicated
the strong inhibition by the limonene. Therefore, this com-
pound should be separated from the orange peel before the
digestion process. In the current study, the limonene was
recovered from the orange peel by solid-liquid pretreatment
using solvent to extract the limonene.

3.1. Leaching of Orange Wastes and Subsequent Digestion. In
order to select a proper solvent for limonene recovery, four
solvents including hexane, diethyl ether, dichloromethane,
and ethyl acetate were used to extract the limonene followed
by digestion of the pretreated orange peel waste for confir-
mation. The pretreated orange peel waste was digested at
different concentration of volatile solids ranging from 0.5 to
2%.The results show that, for all VS concentration added, the
orange peel pretreated with hexane gave the highest methane
yield (Figure 1). Hence, the pretreatment using hexane was
further investigated in order to obtain the best pretreatment
method.

In the optimization study for pretreatment using hexane,
four factors of leaching with two levels including temperature
(20 and 40∘C), time (10 and 300min), orange peel waste
and hexane ratio (1 : 2 and 1 : 12), and the citrus waste size
(homogenized and chopped) were investigated. The pre-
treated orange waste was then digested to select the best
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Figure 2: Effect of hexane (I) and limonene (Δ) on biogas
production compared to control (◻).

condition of pretreatment. The results are summarized in
Table 1. According to the statistical analysis, waste size was
the only factor that was significant for the methane yield.

Table 1 showed that, for chopped peel, the pretreated
wastes had higher methane production than the untreated
ones. The pretreatment of the wastes increased methane pro-
duction to the value of 0.076–0.217m3/kgVS corresponding
to 25–350%of improvement.Thebest pretreatment condition
based on the methane yield obtained was for chopped peel
treated at 20∘C for 10min with orange peel waste and hexane
ratio of 1 : 12. This pretreatment increased the methane yield
by more than three times. On the other hand, in the case
of homogenized peel, the pretreatment resulted in lower
methane production.

3.2. Hexane Inhibition in Digestion. The toxic effect of hexane
on anaerobic digesting microorganism might be responsible
for the low yield obtained from the pretreatedwastes. In order
to confirm this hypothesis, batch digestion with addition of
hexane to the digesting system was conducted. For compar-
ison, the toxicity of limonene was also examined using the
same method. The result showed that, at the same concen-
tration, hexane was more toxic than limonene to anaerobic
digesting system. Addition of hexane at concentration of
13 g/L resulted in 28.6% reduction of methane production
compared with the control experiment (Figure 2).

The toxicity of hexane might explain the lower methane
yield of the orange peel pretreated with homogenization.The
smaller size of homogenized peels enabled greater contact
surface between hexane and the peel resulting in higher
hexane residue left in the peel. In addition, proportions
of methane in biogas from pretreated homogenized orange
wastes (45% to 68.5%) were lower than that of the pretreated
chopped wastes (62.3% to 78.4%) (data not shown).

In order to further examine the accumulation effect of
hexane in the system, semicontinuous digestion was con-
ducted. The pretreated orange peel was compared with the
untreated orange peel at organic loading rate of 3 gVS/L/day.
Biogas production of the untreated and pretreated orange
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Table 1: Methane yield of pretreated orange peel waste at different temperature, time, and peel/solvent ratio.

Temperature (∘C) Time (min) Peel/solvent ratio Citrus waste size Methane yield (Nm3/kgVS)
Untreated Homogenized 0.131 ± 0.008

20 10 1 : 2 Homogenized 0.101 ± 0.011
40 10 1 : 2 Homogenized 0.097 ± 0.009
20 300 1 : 2 Homogenized 0.040 ± 0.004
40 300 1 : 2 Homogenized 0.051 ± 0.010
20 10 1 : 12 Homogenized 0.071 ± 0.006
40 10 1 : 12 Homogenized 0.074 ± 0.006
20 300 1 : 12 Homogenized 0.094 ± 0.016
40 300 1 : 12 Homogenized 0.060 ± 0.014

Untreated Chopped 0.061 ± 0.004
20 10 1 : 2 Chopped 0.177 ± 0.011
40 10 1 : 2 Chopped 0.162 ± 0.015
20 300 1 : 2 Chopped 0.134 ± 0.016
40 300 1 : 2 Chopped 0.102 ± 0.017
20 10 1 : 12 Chopped 0.217 ± 0.009
40 10 1 : 12 Chopped 0.076 ± 0.011
20 300 1 : 12 Chopped 0.120 ± 0.005
40 300 1 : 12 Chopped 0.121 ± 0.016
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Figure 3: Methane production of untreated (◻) and pretreated (Δ)
orange peel wastes in semicontinuous digestion at organic loading
rate of 3 gVS/L/day.

wastes is presented in Figure 3. The results show that the
biogas production of the pretreated peel was lower than that
of the untreated peel whichmight be due to the accumulation
of hexane in the system.

3.3. Hexane Removal from Pretreated Orange Wastes. It was
shown that hexane has inhibitory effect on anaerobic digest-
ing system (Figure 2), and thus hexane residue in the peel
must be removed prior to the digestion. Vacuum filtration
was able to separate 90% of hexane and caused the hexane
content of the pretreated orange wastes to be 0.2mL/g of
orange peel waste, which corresponds to concentration of
26 g/L hexane in the digesting system. This hexane residue
was two times higher than the hexane concentration used in

toxicity test (13 g/L). Hence, the hexane residue in the peel
should be minimized or eliminated prior to the digestion
process for both economic and technical reasons. Since
hexane is a highly volatile hydrocarbon, removal of hexane
can be performed by normal or vacuum evaporation process.
In order to find the best condition, the evaporation was
conducted at different temperatures and time. The range
of temperature was between 30 and 70∘C. Evaporation at
temperature beyond 70∘C made the orange peel very dried.
In addition, boiling point of hexane is 68∘C which is already
below themaximum evaporation temperature.The low range
of temperature gave advantages in which destruction of
nutrients can be minimized and the energy consumption can
be kept low. Hexane residue in the peel after evaporation was
then analyzed. The result shows that 66% of hexane can be
removed by evaporation at 50∘C for 10min corresponding to
9 g/L of hexane in the peel (Table 2).

3.4. The Overall Process of Methane Production and Limonene
Extraction. One benefit of leaching pretreatment method is
to recover the limonene that is a flavor compound in orange
belonging to terpenoid group. As flavor compound, limonene
holds widespread application in food, feed, cosmetic, chemi-
cal, and pharmaceutical industry. In themarket of flavor, food
and beverages is the largest which contributes to 47% of total
demand in 2003 [21].

In this process (Figure 4), orange peel is fed to grinding
unit using a conveyer for size reduction. The chopped peel is
mixed with hexane for 10min at 20∘C with peel and solvent
ratio of 1 : 2, where limonene is extracted from the peels
and dissolved in the organic phase of hexane. The peel is
then separated from the hexane by vacuum filtration which
separates ca 90% of the hexane. Since the remaining hexane
in the peel inhibits the digestion, it should be separated and
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Table 2: Hexane residue in pretreated orange peel waste after evaporation in different conditions.

Pretreated peel waste Evaporation temp. (∘C) Evaporation Time
(min)

Hexane concentration
(ml/g orange peel waste) % hexane removal

Unevaporated
(control) — — 0.12 ± 0.00 —

Evaporated 30 10 0.12 ± 0.01 0
Evaporated 30 30 0.06 ± 0.03 54
Evaporated 50 10 0.04 ± 0.00 66
Evaporated 50 30 0.07 ± 0.00 45
Evaporated 70 10 0.08 ± 0.02 31
Evaporated 70 30 0.09 ± 0.01 28
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Figure 4: Block flow diagram of biogas production from treated orange peel waste by leaching pretreatment and limonene extraction.

recycled using normal or vacuum evaporation. The treated
peel is fed into anaerobic digester to produce methane. The
mixture of hexane and limonene out from filtration which
has about 0.55 L limonene per m3 of hexane is fed into rotary
vacuum evaporator operated at 70∘C in order to evaporate the
volatile hexane and separate it from the limonene. The vapor
of hexane is condensed and recycled back to the pretreatment
vessel for extraction of more limonene from fresh peels.

The VS content of the treated orange peel is 11% and
the methane yield was 0.177Nm3/kgVS. Thus, every ton of
orange wastes produced 19.47Nm3 of biogas and 1.4 L of
limonene as by-product. The best pretreatment condition
obtained in this work increased the methane yield by 350%
compared to the untreated peel. This improvement is lower
than that obtained from steam-explosion pretreatment which
could increase the methane yield by 426% [14]. However, in
this current work the pretreatment was conducted at room
temperature for 10 minutes, whereas the steam explosion
pretreatment was carried out at 150∘C for 20 minutes [14].

Thus, this pretreatment can be considered as low energy
demanding. However, selection of the solvent is a critical
point to avoid inhibition problem from the solvent on
anaerobic digesting system.

4. Conclusion

Leaching of limonene fromorangewastes can be a low energy
demanding method for removing the inhibition effects of the
wastes in the digestion process. The highest methane yield
was obtained by pretreatment of the substrate at 20∘C for
10min with orange peel waste and hexane ratio of 1 : 12 which
results in three times higher methane yield compared to the
untreated wastes.
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Second-generation bioethanol production from sweet sorghum bagasse first extruded at different conditions and then treated with
cell wall degrading enzymes and fermented with I. orientalis was determined. The twin extruder parameters tested were barrel
temperature, screws speed, and feedstock moisture content using surface response methodology. The best extrusion conditions
were 100∘C, 200 rpm, and 30% conditioning moisture content. This nonchemical and continuous pretreatment did not generate
inhibitory compounds. The extruded feedstocks were saccharified varying the biocatalysis time and solids loading. The best
conditions were 20% solids loading and 72 h of enzymatic treatment. These particular conditions converted 70% of the total
fibrous carbohydrates into total fermentable C5 and C6 sugars. The extruded enzymatically hydrolyzed sweet sorghum bagasse
was fermented with the strain I. orientalis at 12% solids obtaining a yield of 198.1mL of ethanol per kilogram of bagasse (dw).

1. Introduction

There are many pretreatments that can be used to pre-
pare or obtain the fermentable sugars from lignocellulosic
raw materials. The most popular pretreatments include
acid hydrolysis, steam explosion, ammonia fiber expansion,
alkaline wet oxidation, and hot water pretreatment [1, 2].
However, all the mentioned treatments work at high tem-
peratures and pressures generating hazardous compounds
derived from sugar degradation [3]. For this reason the
search of novel pretreatments able to disrupt cell walls which
render more available cellulose and hemicellulose without
inhibitors for the subsequent enzymatic hydrolysis is relevant
[4]. Thermoplastic extrusion is a promising technique for
the biomass processing to bioethanol production [1, 5].
Extrusion provides a continuous reaction system in which
the feedstock is effectively mixed, compressed, melted, and
plasticized at the barrel end changing the raw material’s
physical-chemical properties. This high productivity process

employs short residence time and is easily adaptable and
scalable [4]. In addition, extrusion does not generate solids
losses nor hazardous byproducts and effluents and has an
efficient water use [6]. The twin-screw extruders have shown
superiority over single screw counterparts [7] because of their
versatility due to the easy build-up of different elements along
the screw shaft providing different functionalities [8]. The
extrusion parameters like barrel temperature, screws speed,
and moisture have remarkable effects in the processing of the
raw materials like increasing in the surface area and porosity
[3]. The use of enzymatic hydrolysis provides a specific
sugar production treatment withmild process conditions and
ample sugar yields [2]. The combination of the extrusion and
enzymatic treatments provides a process free of unwanted
wastes.

The sweet sorghum is an excellent crop for bioethanol
production due to its dual capacity of providing a sugar
juice (rich in glucose, fructose, and sucrose) and spent
lignocellulosic biomass (rich in C5 and C6 sugars) that are
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efficiently converted into first and second-generation ethanol
[9].The integral use of these feedstocks enables the possibility
of a reduction of the ethanol production cost [10]. The
objective of this research was to determine optimum extru-
sion parameters (last zone of the barrel temperature, screws
speed, and feedstock moisture content) of sweet sorghum
bagasse for its subsequent sugar enzymatic hydrolysis and
fermentation with the strain Issatchenkia orientalis 20381 into
bioethanol.

2. Materials and Methods

2.1. Materials. Sweet sorghum (Sorghum bicolor (L.)
Moench) bagasse was procured from the research plots of the
Instituto Nacional de Investigaciones Forestales, Agŕıcolas
y Pecuarias (INIFAP) C.E., located in Celaya, Guanajuato,
at 1760m above sea level (coordinates 20∘3447N,
100∘4913W). After mechanical juice extraction, the ba-
gasse was transported to the Tecnológico de Monterrey,
Monterrey Campus, and dried at 50–60∘C for 24 h. The dry
bagasse was ground in a knife mill (Wiley Mill, Swedesboro,
NJ) equipped with a 1mm sieve.

2.2. Chemical Characterization. Moisture was determined
using the AACC standard assay 44–15. For the structural
carbohydrates assay the sweet sorghum bagasse (SSB) was
washed of any soluble component in water or ethanol accord-
ing to themethods recommended by the National Renewable
Energy Laboratory (NREL) [11].Then, the insoluble fiber was
hydrolyzed and filtered for HPLC analysis as recommended
by Sluiter et al. [12].

2.3. Extrusion Pretreatment. A twin-screw corotating ex-
truder (BTSM-30, Bühler AG, Uzwil, Switzerland) with a
barrel composed of 5 zones and two independent feeders for
the solid rawmaterial andwater was used.The temperature of
the fifth zone of the barrel was controlled by a heat exchanger
device (Tool Temp, Bühler AG, Uzwil, Switzerland).The total
length and outer diameter of the screws were of 800mm
and 30mm, respectively, and the L/D ratio was 20. A die
with a single 4mm hole was used. The screws configuration
was composed of three different sections: inlet/conveying
elements section (for the introduction and transport of the
dry feedstock and water), mixing elements section, and the
final work elements section composed for kneading and
reverse elements.

2.3.1. Experimental Design and Extrusion Conditions. A cen-
tral composite design was used. Three different factors were
evaluated: conditioning moisture content, screws speed, and
temperature applied in the last section of the extruder
barrel. Each independent variable had two levels: 30 or 50%
moisture, 100 or 200 rpm, and 50 or 100∘C, respectively. A
center point with the conditions 40% moisture, 150 rpm, and
75∘C was employed. Four center points were performed and
three replicates were used for each design point. The solid
feed rate was set constant at 5.7 kg⋅h−1 for all conditions.

2.4. Enzymatic Saccharification. The biocatalysis assays were
made with a total volume of 100mL in 500mL flasks using
10% solid bagasse fraction for the central composite design
and 10, 12, 14, 16, 18, 20, 22, 24, 26, or 28% solids for the
loading assays. Citrate (50mM) buffer adjusted to pH 5
with 10mM of sodium azide was used for all hydrolyses.
Biocatalyses were carried out in an orbital shaking incubator
(VWRModel 1575) set at 50∘C and 150 rpm for 24, 48, 72, or
96 h of reaction time. For all other assays, 72 h reaction time
was employed. Novozymes enzymes NS22086, NS22083,
NS22118, NS22119, NS22002, and NS22035 and dosages of
5, 0.25, 0.6, 0.4, 2, and 0.06% with respect to the solids
loading were used, respectively. These enzymes consist in a
fibrolytic cocktail of 𝛽-glucosidase, 𝛽-glucanase, arabinase,
hemicellulase, pectinase, xylanase, and glucoamylase. The
declared activity for each enzyme was 1,000 endoglucanase
units (EGU)/g, 250 cellobiase units (CBU)/g, 100 fungal
𝛽-glucanase units (FBG)/g (13,700 polygalacturonase units
(PGU)/g), 2,500 fungal xylanase units (FXU-S)/g, 45 FBG/g,
and 750 PGU. The dosages used were 5.00, 0.60, 0.40, 0.25,
2.00, and 0.06%w/w total solids, respectively.

2.5. Fermentation Process. The fermentation was performed
with the strain Issatchenkia orientalis ATCC 20381 in 500mL
Erlenmeyer flasks with 200mL of the hydrolysates by tripli-
cate. Beforehand, the strain was incubated in Difco YM broth
(Becton, Dickinson and Company, USA) in an orbital shak-
ing incubator (VWR Model 1575) set at 28∘C and 100 rpm.
The hydrolysates were adjusted to 12% solids with citrate
buffer pH 5. A concentration of 1 × 106 cells⋅mL−1∘Brix−1 was
inoculated into each prepared reaction flask. Aliquots of the
fermentation broth were taken at 0, 12, 24, 48, and 72 h of
fermentation.The aliquots were centrifuged at 4500 rpm and
filtered through a 0.22𝜇m filter. The total sugars, inhibitors,
and ethanol of the filtered samples were analyzed by HPLC
while the free amino nitrogen (FAN) was determined after
reactionwith ninhydrin.The amount of FANwas determined
in a spectrophotometer set at 420 nm. The calibration curve
was constructed using glycine as standard [13].

The fermentation was performed without any nutrient
supplementation at 28∘C in an incubator (VWRModel 1575)
under anaerobic conditions.

2.6. HPLC Quantification of Sugars and Inhibitors. The enzy-
matic saccharified samples were treated as described in
previous research [14]. Analytes were separated by a Shodex
SH1011 column (300 × 7.8mm) with a flow rate of 0.6mL per
minute ofHPLC-gradewater containing 5mMH

2
SO
4
for the

quantification of inhibitors and ethanol. The sugar quantifi-
cation was performed with a Shodex SP0810 column and a
cation/anion deasher (Biorad). The column temperature was
set at 60 and 85∘C for inhibitors and sugars, respectively.
Also, the detector was at 50∘C and the autosampler (refractive
index detectorWaters 2414) was at 4∘C. Standards of ethanol,
cellobiose, D-glucose, D-xylose, L-arabinose, D-mannose, D-
galactose, acetic acid, 5-hydroxymethylfurfural, and furfural
(Sigma Chemical Co., St. Louis, MO) were used. The run
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times for sugars and inhibitors quantifications were 20 and
45min, respectively.

2.7. Calculations. Thesugar yieldswere expressed per gramof
hydrolyzed sweet sorghum bagasse. The calculations for total
and individual sugar yields and recoveries were the following:
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where 𝑌
𝑖
= individual sugar yield [mg⋅g−1], 𝑆

𝑖
= individual

sugar detected with HPLC [mg⋅mL−1], 𝑉
𝑇
= total volume

recovered [mL], 𝑋
𝑇
= total hydrolyzed solids [g], 𝑌

𝑇
= total

sugars [mg⋅g−1], 𝑅
𝑖
= individual sugar yield recovered [%],

𝐵

𝑖
= individual structural sugar per gram of sweet sorghum

bagasse [mg⋅g−1], 𝑅
𝑇
= total sugars yield recovered [%],

𝐵

𝑇
= total structural sugars per gram of sweet sorghum

bagasse [mg⋅g−1], 𝐸
𝑌
= ethanol yield [mg⋅g−1] per gram of

bagasse, 𝐸
𝑉
= ethanol volume [mL⋅g−1], 𝜌

𝐸
= ethanol density

[0.789 g⋅mL−1], 𝐸 = ethanol detected with HPLC [mg⋅mL−1],
and 𝑅

𝐸
= ethanol yield [%].

2.8. Statistical Analysis. The analysis of data generated by
the central composite design and ANOVA were performed
with software Minitab 14 with a statistical significance (𝛼) of
0.05 to determine significant differences between treatments
and the correlations coefficients (𝑅2). For the enzymatic
and fermentation data a 𝑡-test were used and means were
compared using the Fisher’s exact tests.The response surfaces
were plotted with the Statgraphics Centurion XVI software.

3. Results and Discussion

3.1. Chemical Characterization. The sweet sorghum bagasse
chemical composition was the following: 31.48% of glucans,
9.33%of xylans, 0.94%ofmannans, 2.94%of arabinans, 3.37%
of galactans, 25.42% of water extractives, 7.79% of ethanol
extractives, 0.07% of acetyl groups, 4.90% of acid ashes, and
13.03% of total lignin. This meant that the SSB contained

about 50% fiber components (537.4mg of total sugars per
gram of dry bagasse). The high lignin content is a strong
barrier for the cellulose and hemicellulose accessibility [2].
Shen et al. [10] reported SSB with 10% more sugars, but 5%
more lignin than the counterpart tested herein. Cao et al. [15]
reported SSBwith 49.78% cellulose and 27.72%hemicellulose.
This feedstock also contained higher amounts comparedwith
that SSB used in this research. However, although our SSB
had low glucose concentration, its low lignin content could
be advantageous for the extrusion pretreatment because it has
been shown that lignin decreases the pretreatment efficiency
and acts as a physical barrier against chemicals and enzymes
[16, 17]. These differences were probably due to variety
differences, agronomical conditions, and crop maturation.

3.2. Extrusion Effect

3.2.1. Release of Total Sugars. A high linear correlation coef-
ficient of 93.1 was obtained for the total sugars with respect
to temperature, screws speed, and moisture (Figures 1(a1),
1(a2), and 1(a3)). The moisture content and the interaction
between temperature and moisture were the most significant
extrusion parameters with a 𝑃 value = 0.000 followed by
the screws speed with a 𝑃 value = 0.013. As expected, the
amounts of total free sugars as well as the C5 and C6
sugars concentrations were strongly affected by the extrusion
parameters. Higher sugar yields were obtained at low tem-
pering moisture, high screws speeds, and high temperature
(Figure 1(a1)). The crystalline cellulose structure represents
a strong barrier for the active sites of enzymes [5]. In this
nonchemical pretreatment, the extruder shear stress was
the mean way of action to enhance the decrystallization
of cellulose and its porosity and susceptibility to fibrous
degrading enzymes.The tempering moisture of the feedstock
was the main factor affecting disruption of fiber components
because it directly affected the shear stress rate [3]. When
the tempering moisture was increased, the SSB ran more
easily through the extruder. Thus, with higher moistures
the shear stress was reduced decreasing the susceptibility
of the extruded feedstock for the subsequent enzymatic
hydrolysis step. The extruder temperature and the screws
speeds also affected the yield of individual sugars specially
those belonging to the C5 group (Sections 3.2.2 and 3.2.3).
It was observed that at high extruder temperatures a lower
feedstock viscosity inside the barrel was obtained [3], and
this effect improved when the speed of the screws was
increased. Karunanithy et al. [18] extruded different varieties
of switchgrass, big bluestem, and prairie corn finding a better
glucose recovery after enzyme treatment when extruding
the feedstocks at 200 rpm in a single screw extruder. In
this research, the optimum extruding conditions were 30∘C,
200 rpm screws speed, and 30% feedstock moisture content.
With these conditions it was possible to release themaximum
amounts of sugar after the subsequent enzyme treatment.
Approximately 70.4% of the sugars were released from the
fiber matrix. Thus, the extruded feedstock processed under
the conditions mentioned above was further converted into
fermentable sugars and ethanol. The utilization of higher
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Figure 1: Response surfaces for total sugars ((a1), (a2), and (a3)), C6 ((b1), (b2), and (b3)), and C5 ((c1), (c2), and (c3)) generated from sweet
sorghum bagasse extruded at different temperatures (50, 75, or 100∘C), screws speeds (100, 150, or 200 rpm), and moistures inside the barrel
(30, 40, or 50%) hydrolyzed with fiber degrading enzymes expressed in sugars milligrams per gram of bagasse (dw).
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screws speeds (400 or 500 rpm) decreased sugar recovery to
only 52.2 and 58.6%, respectively. According to Karunanithy
and Muthukumarappan [6], the heat produced from the
higher screws speeds affected negatively the viscosity of the
feedstock inside the barrel and in some instances caused
the blocking of the extruder. The same author [3] obtained
an overall yield of 44.5% sugars associated to cell walls of
switchgrass without the generation of inhibitory compounds
when operating a single screw extruder at 50 rpm, 150∘C,
and 15% moisture content. Karunanithy et al. [18] employed
4 heaters to maintain the barrel temperature and increase
the efficiency of transformation of lignocellulose materials.
In this investigation, only one heat exchanger was used to
maintain the barrel at high temperature. Only the last section
of the extruder was heated because the screw configuration
was designed to cause friction and intrinsic heat to properly
treat the SSB. Regarding the extruder specific mechanical
energy (SME) Lamsal et al. [5] obtained good sugar recoveries
in a range of 222 up to 639 Wh⋅kg−1. The SME at 100, 150,
and 200 rpm were 266.8, 276.0, and 314.8 Wh⋅kg−1 when
extruding 30% tempered SSB, respectively. The results indi-
cated that the thermoplastic extrusion was an adequate
continuous pretreatment for second-generation bioethanol
production without the generation of hazardous compounds
that decrease the efficiency of fermentation of hydrolyzed
lignocellulosic feedstocks.

3.2.2. Release of C6 Sugars. After the enzymatic hydrolysis,
it was possible to release significant amounts of cellobiose,
glucose, galactose, and mannose from the extruded SSB.
The mathematical models for C6 sugars were linear with
correlation coefficients greater than 85% (Figures 1(b1), 1(b2),
and 1(b3)). Almost all the factors and their interactions had
significant effects over the efficiency of the subsequent step of
enzymatic hydrolysis. For cellulose hydrolysis, all the inde-
pendent factors, double and triple interactions, had signifi-
cant effects (𝑃 value ≤ 0.009).The same effects were observed
with galactose with the exception that the feedstock moisture
content did not have a significant effect. On the other hand,
for glucose and mannose all the effects and interactions were
statistically significantly different except for temperature (𝑃
value ≤ 0.010). Karunanithy andMuthukumarappan [3] used
a single screw extruder to pretreat switchgrass and found
that at 150 rpm there was a better sugar release. Also, these
researchers found that at 100∘C and low tempering moisture
contents the glucose recovery was higher. Although not all
the extrusion parameters were significant for every sugar
released, all these variables needed to be optimized in order
to have an efficient pretreatment. The interaction between
extrusion parameters allowed the efficient C6 sugars release
from SSB.

3.2.3. Release of C5 Sugars. A linear correlation was obtained
for the enzymatic release of arabinose with 𝑅2 = 72.63%.
The main effects were the moisture content and the interac-
tions temperature-screw speed and screws speed-feedstock
moisture content (𝑃 values ≤ 0.002). On the other hand, the
enzymatic release of xylose fitted as a quadratic correlation (𝑃

value = 0.000) with 𝑅2 = 74.27%. The main extrusion effects
for xylose hydrolysis were the square temperature and the
interactions temperature-moisture, screws speed-moisture,
and temperature-screws speed-moisture content. The square
temperature and the screws speed-moisture interactions had
a 𝑃 value = 0.037, which meant less significance than the
other values that had a 𝑃 value = 0.000. The modeling of
both C5 sugars fitted as a quadratic correlation temperature
dependent (𝑅2 = 51.72, 𝑃 value = 0.010). The arabinose linear
modeling was overshadowed by the quadratic effect of the
xylose modeling mainly for the higher amount of this sugar
compared to arabinose. Karunanithy et al. [18] found that
the temperature had a positive effect on the xylose release
from diverse lignocellulosic raw materials. Similar to the C6
sugars, it was found that the feedstock moisture and the
extrusion parameters interactions had a positive effect over
the SSB enzymatic hydrolysis. Furthermore, the feedstock
moisture had a direct effect over the temperature due to the
shear stress effect. The heat is a very important condition
for hemicellulose conversion to sugars [2]. The use of higher
feedstock moisture contents reduced the heat exchange and
therefore sugars yields [3].

Even if the arabinose had a correlation coefficient similar
to that of xylose, the global behavior of C5 enzymatic release
had a quadratic correlation (Figures 1(c1), 1(c2), and 1(c3),
resp.). As discussed independently for xylose and arabinose,
the feedstock moisture content was the main factor affecting
the C5 sugar release. A low feedstock moisture yielded more
sugars. On the other hand, at higher moistures (40 and 50%)
the sugars concentrations were reduced significantly, espe-
cially when the extruder was operated at screws speeds higher
than 100 rpm. Also, the interaction of temperature with other
effects was important specifically for the susceptibility of
hemicellulose to enzymatic hydrolysis. The quadratic effects
had a strong influence in the center conditions when the
C5 sugars concentrations drop to lower concentrations. The
effect of the significant interactions was positive for sugars
recovery, especially at 30% moisture content, 100∘C, and
200 rpm. The opposite effect was obtained at 50% feedstock
moisture content, where the sugar concentrations with 100∘C
and 200 rpm were significantly less compared to 50∘C and
100 rpm (Figure 1(c1)). Despite this specific effect, the C5
sugar concentrations remained higher using a feedstock
moisture content of 30%.

3.2.4. Inhibitors Compounds. As expected, any enzymatic
hydrolysate did not contain significant amounts of acetic
acid, furfural, or HMF.These inhibitors are produced in large
quantities in fiber feedstocks pretreated with acid or alkaline
chemicals. Karunanithy et al. [18] and Karunanithy and
Muthukumarappan [3] reported slight amounts of acetic acid
in some of their enzymatically saccharified lignocellulosic
extruded materials. The acetic acid is generated from the dis-
ruption of the hemicellulose [1, 19].Thehydrolysates obtained
in this research did not contain acetic acid, indicating that
the heat applied during extrusion was not enough to release
the acetic groups from lignocellulose. Furfural and HMF are
produced from the C5 and C6 sugars dehydration [20] after
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Figure 2: Sugars generated from sweet sorghum bagasse extruded
at 30% moisture, 200 rpm, and 100∘C at 10% solids loading after 24,
48, 72, and 96 h treatment with fiber degrading enzymes.

chemical pretreatments. The residence time of the feedstock
and the temperatures inside the extruder were not enough to
degrade sugars into these types of inhibitors [7].

3.3. Enzymatic Studies

3.3.1. Enzymatic Saccharification Time Effect. Themajor glu-
cose and total fermentable sugar release occurred after 24 h
hydrolysis. At this point in time 52.8% of the glucose and
47.9% of the total sugars were released from the extruded
SSB (Figure 2).There were no significant differences between
the total amounts of sugars at 24 and 48 h of enzymatic
saccharification. In the case of the xylose concentration,
there were no significant differences after 48 h of hydrolysis.
The mannose reached its maximum concentration after 24 h
hydrolysis with no significant differences throughout the
proposed biocatalysis step. The amounts of sugars were not
significantly different when hydrolysates produced after 72
and 96 h of saccharification were compared. Regarding glu-
cose, the maximum concentration was reached at 72 h where
82% of the total available glucose was produced. Arabinose
was the only sugar which reached the maximum concentra-
tion after 96 h of hydrolysis. Even if the major amount of
sugars was released during the first 24 h, hydrolyses times
between 48 and 72 h were necessary to release the remaining
22% of the total sugars. During the saccharification, the
hydrolyzed sugars block the active site of the enzymes
[21]. For this reason, the SSB hydrolysis had an apparent
time of slow enzymatic activity between the 24 and 48 h
reactions. According to Pandey [1] cellulases are inhibited
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Figure 3: Sugars generated per g bagasse (dmb) at 10, 12, 14, 16, 18,
20, 22, 24, 26, or 28% loading of sweet sorghum bagasse extruded
at 30% moisture, 200 rpm, and 100∘C and subsequently treated with
fiber degrading enzymes for 72 h.

approximately 75% when the glucose concentration reached
3 g⋅L−1. After 24 h of enzymatic hydrolysis the hydrolysates
contained 18.47 g⋅L−1 of glucose, enough amount to produce
cellulase inhibition. There were no significant differences in
total sugars concentrationswhen hydrolysates generated after
72 and 96 h were compared. Thus, 72 h of biocatalysis was
selected as the best hydrolysis time. At this time 73% of the
total sugars were released.

Shen et al. [10] reported maximum sugars concentrations
after 96 h enzymatic hydrolysis using SSB that was previously
steam-pretreated. These particular conditions only achieved
68% of glucose hydrolysis. A previous research that tested
the use of thermoplastic extrusion of SSB tempered to 30%
moisture [22] obtained 67.5% of total sugars recovery. The
feedstock was extruded at 150∘C and 100 rpm and then sac-
charified using 5% bagasse loading. With the new extrusion
conditions it was possible to hydrolyze 70% sugars using the
double amount of SSB.

3.3.2. Solids Loading Assay. The effects of different mass
loading fractions in the enzymatic hydrolysis performance of
the extruded sweet sorghum bagasse are depicted in Figure 3.
Xylose and arabinose were detected in significant amounts
whereas galactose was not generated during the biocatalysis
step.There were no statistical differences between total sugars
concentrations when the 10 and 20% mass fractions were
compared. It was possible to hydrolyze around 70% of the
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total sugars at the loading of these solids. Xylose and arabi-
nose were generated similarly during the proposed enzyme
hydrolysis. The maximum concentrations were observed in
the 10% mass hydrolysates and remained with no significant
change when compared with hydrolysates elaborated with 12,
14, 16, 18, or 20% mass fractions. At 22% or higher solids, the
C5 sugars concentration decreased although the detrimental
effect was not observed in the 26 and 28% bagasse fractions.
Mannose reached its higher concentration in hydrolysates
containing 10 to 20%mass loading. After these solid loadings
there were no significant differences when 14, 16, 18, or 20%
mass loadings were compared. The mannose in hydrolysates
produced with 22% solids maintained the same average
concentration compared to the rest of the higher solid mass
fractions tested. Regarding cellobiose, it increased constantly
in hydrolysates produced with 10 to 20% mass loadings. The
maximum concentrations (18mg⋅g−1 bagasse) were achieved
in hydrolysates containing 18 to 24% bagasse loadings. At
higher solid concentrations cellobiose decreased to values
under 15mg⋅g−1 bagasse. The increase in cellobiose concen-
trationwas related to the reduction in glucose concentrations.
The accumulation of cellobiose likely occurred due to its
product inhibitory effect on endoglucanases, exoglucanases,
and 𝛽-glucosidases [18, 23]. When more solids were used,
higher amounts of cellobiose were released and enzymes
inhibited yielding lower amounts of sugars especially in
hydrolysates containing 22% solids. The maximum glucose
concentration was achieved at 10% SSB loading. After this
concentration there were no significant differences between
the group of hydrolysates containing 12, 14, 16, or 18% solids
and the other group containing 16, 18, or 20% SSB solids.
The glucose concentrations in hydrolysates containing 22,
24, or 26–28% were significantly different. The hydrolysate
containing 20% extruded bagasse loading was not signifi-
cantly different compared to the counterpart containing 10%
solids. The proposed thermoplastic extrusion pretreatment
favored cellulose decrystallization and increased the surface
area and porosity of the feedstock increasing the amount
of soluble fiber [6, 8]. Due to these effects it was possible
to increase the bagasse loading during the fiber degrading
enzymatic step. The hydrolysate containing 10% SSB solids
contained 37.8 g⋅L−1 of total sugars whereas its counterpart
at 20% solids achieved 73.6 g⋅L−1. Therefore, the hydrolysate
with 20% solids contained almost twice the sugar amount
compared to the 10% solid counterpart. It was possible to
employ high solid concentrations with extruded SSB without
seriously affecting enzymes performance. However, the use
of higher mass fractions did not further improve sugar
generation. Although the extrusion pretreatment improved
the subsequent enzymatic hydrolysis, the water to solid ratio
became a limiting factor in hydrolysates containing more
than 20% solids. The role of free water is relevant because it
acts as solvent enhancing the contact between substrate and
enzymes. Also the water has a direct effect over the viscosity
and the enzyme mass transfer in the hydrolysates [21]. The
use of higher than 20% extruded SSB loadings decreased
free water necessary to enhance enzyme performance and
sugars yields. In addition, the cellobiose amounts increased

indicating the likely enzymatic inhibition by products. These
results indicated that the 20% mass fraction achieved high
sugars yield using relatively lower amounts of water. This
particular hydrolysate contained 7.3% total sugars suited
for the following fermentation step. Despite the chemical
composition, the enzymatically saccharified extruded SSB
using a 20% mass loading contained 10% more total sugars
compared to counterparts produced by Shen et al. [10].

3.4. Extruded Sweet Sorghum Bagasse Fermentation. There
were no significant differences between the sugar consump-
tion and ethanol generation in hydrolysates with and without
insoluble solids (Table 1). Although all the soluble sugars
were metabolized by the yeast, the main carbohydrate source
was glucose. After the first 12 h fermentation, 23.6 and
32.2% of the total sugars were consumed in hydrolysates
free of insoluble solids and counterparts containing insol-
uble solids. After 24 h fermentation, 99.4 and 96.5% of the
glucose were consumed in hydrolysates with and without
insoluble solids, respectively (Table 1). During the first 12 h
fermentation, only 23.6% of the total sugars in hydrolysates
containing insoluble solids content were consumed. This
particular system generated 21.78mg ethanol⋅g−1 extruded
bagasse. For the fermentation of the counterpart free of
insoluble solids, 32.2% of the total sugars were consumed
at the first 12 h. The arabinose was not detected after 12 h
in both fermenting broths, which indicated the effective
consumption of this sugar by the I. orientalis strain. On the
other hand, 25% of the available xylose was consumed after
12 h fermentation in hydrolysates containing insoluble solids
and this sugar was not further fermented during the posterior
60 h fermentation. Similarly, the fermentation of hydrolysates
without insoluble solids consumed 25.6% of the total xylose
present in the broth. The low and high xylose and glucose
consumptions were previously documented [22]. Galactose
wasmetabolized slowly along the fermentation of hydrolysate
with insoluble solids. On the other hand, the fermented
counterpart without solids consumed all the galactose after
48 h biocatalysis. After two days of fermentation, the sugars
consumed were transformed into 200Ml ethanol⋅g−1 SSB in
hydrolysates with and without insoluble solids, respectively.
These ethanol conversions efficiencies were 40.9 and 41.4%,
respectively. There were no significant differences in ethanol
concentrations when 24 and 48 h fermentation times were
compared. After 48 h fermentation, the yeast only used the
remaining sugar to survive and did not generate significant
amounts of ethanol. In both cases, the mannose was not used
and therefore it increased its concentration in both fermented
broths. Interestingly, in both types of fermentation, the
cellobiose decreased with the reaction time, but the fermen-
tation in presence of insoluble solids decreased significantly
after 24 h. Probably the I. orientalis had a cellulosic enzymatic
activity with solids presence. Regarding the alpha amino
nitrogen consumption, it followed a similar trend compared
to sugars consumption. During the first 12 h fermentation,
only 5.6 and 4.1% of FANwere consumed in hydrolysates with
and without insoluble solids. However, FAN consumption
increased to 50% after 24 h fermentation. This behavior
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together with the glucose consumptionmarked the final stage
of the fermentation. Only hydrolysates without insoluble
solids kept producing significant amounts of ethanol and
consumed FAN during the last stage of the programed
fermentation.This indicates that the I. orientalismetabolized
these components for survival in the absence of glucose.

Fermentation of enzymatically saccharified extruded
SSB adjusted to 12% solids generated 19.20 and 18.53 g
of ethanol⋅L−1 in hydrolysates prepared with and without
insoluble solids, respectively. Shen et al. [10] obtained simi-
lar yields of 19.8 g etnaol⋅L−1 after fermenting enzymatically
saccharified steam pretreated SSB with different strains of S.
cerevisiae. Choi et al. [4] performed simultaneous sacchari-
fication and fermentation of rapeseed straw pretreated with
H
2
SO
4
in a twin-screw extruder obtaining 16.01 g of ethanol

per L. The combination of diluted acid pretreatment and
extrusion achieved a good ethanol yield, but the process rec-
ommended the washing of the chemically and mechanically
treated feedstock to remove inhibitors.

The efficacy of the physical pretreatment proposed herein
without the use of chemicals is ideally suited to the subse-
quent saccharification step and yields hydrolysates with high
amounts of potentially fermentable C5 andC6 sugars without
inhibitors that are effectively fermented into bioethanol by
yeast strains such as I. orientalis. In this research, hydrolysates
were diluted due to the utilization of a regular fermentation
strain. The utilization of an osmotolerant yeast will likely
make it possible to ferment without diluting. Assuming that
the sweet sorghum cultivar yields around 85 ton per hectare
[9] with 50% of sweet juice it is possible to convert the spent
lignocellulose biomass into 4309 L⋅Ha−1 of ethanol.Thus, the
integral use of sweet sorghum to generate first-generation
ethanol from the sweet juice and second-generation ethanol
from bagasse processed by the technology proposed herein
can yield more than 7369 L bioethanol⋅Ha−1.

4. Conclusions

Extrusion was a viable pretreatment for second-generation
bioethanol using SSB because it did not generate inhibitors
and enhanced the subsequent enzymatic conversion into
fermentable sugars. The SSB extruded at 100∘C and 200 rpm
and with 30% moisture generated up to 70% of the
total sugars after treatment with fiber degrading enzymes.
After 72 h enzyme hydrolysis and using 20% mass fraction
73.6 g⋅L−1 total sugars were obtained. Fermentation of these
hydrolysates yielded about 200mL ethanol⋅kg−1 of extruded
SSB. Interestingly, it was not necessary to remove the insolu-
ble solids of the enzymatically treated SSB hydrolysate for a
successful fermentation.
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The increased demand and consumption of fossil fuels have raised interest in finding renewable energy sources throughout the
globe.Much focus has been placed on optimizingmicroorganisms and primarilymicroalgae, to efficiently produce compounds that
can substitute for fossil fuels. However, the path to achieving economic feasibility is likely to require strain optimization through
using available tools and technologies in the fields of systems and synthetic biology. Such approaches invoke a deep understanding
of the metabolic networks of the organisms and their genomic and proteomic profiles. The advent of next generation sequencing
and other high throughput methods has led to a major increase in availability of biological data. Integration of such disparate
data can help define the emergent metabolic system properties, which is of crucial importance in addressing biofuel production
optimization. Herein, we review major computational tools and approaches developed and used in order to potentially identify
target genes, pathways, and reactions of particular interest to biofuel production in algae. As the use of these tools and approaches
has not been fully implemented in algal biofuel research, the aim of this review is to highlight the potential utility of these resources
toward their future implementation in algal research.

1. Introduction

Biofuel production frommicroalgae has been receiving atten-
tion as an alternative energy source due to its high biomass
productivity and minimal land resource requirement. How-
ever, there is still a need to improve algal productivity in
order to make algal-based bioproducts economically viable.
Metabolic network reconstructions of algae can offer insight
into genetic modification strategies that can be used to
improvemicroalgal strains. A large number of computational
tools have been developed, allowing a range of analyses
and predictions, based on genetic and thermodynamic con-
straints embedded in in the network, to identify bioengineer-
ing strategies that can result in enhanced biofuel production
of the engineered algal strain. Although a fair number of algal
genomes have been fully sequenced, only a few metabolic
network models have been reconstructed for these species,
hampering algal bioengineering progress [1].

The utilities of metabolic network models span over
several types of applications. On one hand, these models

help contextualizing high throughput experimental data, for
example, integrating gene expression data with metabolic
pathways under different growth conditions [2]. Metabolic
models can also unveil targets for metabolic engineering
approaches, which can lead to increased production of target
metabolites [3] or preferentially increase respiration rates
[4]. On the other hand, with the availability of large and
diverse biological data sets, metabolic network models can
provide a framework to integrate such omics data and allow
the formulation and testing of downstream hypotheses. Last,
cross-species metabolic comparison represents one more
utility of such reconstructions through which identification
of differentially activatedmetabolic pathways can be achieved
among other comparative analyses [5]. Herein we review
the reconstruction of metabolic network models and major
computational tools and pipelines that hold the potential
to contribute to the optimization of algal strains for biofuel
production. We describe a number of tools that remain
mostly unused by the algal research community. This is
reflected from the observation that only 7 algal-based PGDBs
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Table 1: Databases and tools for metabolic network reconstruction.

Database Link
Algal Functional Annotation Tool http://pathways.mcdb.ucla.edu/algal/index.html
BiGG http://bigg.ucsd.edu/
BioCyc http://biocyc.org/
Biomart http://www.biomart.org/index.html
BRENDA http://www.brenda-enzymes.info/
COBRA http://opencobra.sourceforge.net/openCOBRA/
ExPASy http://www.expasy.org/
KBASE http://kbase.us
KEGG http://www.genome.jp/kegg/
Model SEED http://www.theseed.org/wiki/Main Page
MetaCyc http://metacyc.org/
Pathway Tools http://pathwaytools.org/
Reactome http://www.reactome.org/PathwayBrowser/
UniProt http://www.uniprot.org

(Pathway/Genome Database) are available in Pathway Tools
[6], while approximately 3,500 PGDBs are available for non-
algal species (please see below formore information).The use
of some of the herein discussed tools, already applied to the
multitude nonalgal organisms, ranging fromhuman toE. coli,
provides strategies for algal biofuels optimization with major
enhancement potential.

2. Metabolic Network Model Reconstruction

Metabolic network reconstruction from genomic and large-
scale experimental data can help understand and predict
metabolic processes and pathways. A number of tools
and databases have been developed specifically to facili-
tate metabolic network reconstruction. In addition, new
analysis tools and approaches are being developed along
with the expansion of relevant databases and resources.
Table 1 presents some of the existing databases and tools for
metabolic network reconstruction.

Metabolic network reconstruction requires informa-
tion on gene-protein-reaction associations to reconstruct
evidence-based, species-specific networks. Protein database
resources and tools help to link information between
enzymes, EC numbers, genes, proteins, pathways, and sub-
strates.These include BRENDA [7], ExPASy [8], and UniProt
(Universal Protein Resource) [9]. BRENDA (BRaunschweig
ENzyme DAtabase) enzyme portal is the enzyme infor-
mation system, which integrates information from seven
databases to provide functional biochemical and molecu-
lar data. To explore and visualize metabolic networks as
maps of metabolic pathways, a number of freely available
pathway databases exist. For example, BioCyc, MetaCyc
[10], KEGG (Kyoto Encyclopedia of Genes and Genomes)
[11], Reactome [12], and BiGG [13] can be named. In turn,
common metabolic reconstruction tools include COBRA
(more specifically its rBioNet component) [14–16], Model
SEED [17], and Pathway Tools [6].

Pathway Tools [6, 18] is an integrated software tool that
can create in a semiautomated manner organism-specific

network and pathways databases (called Pathway/Genome
Database, or PGDB). The PGDBs are essentially knowledge
bases that users can query and visualize. For instance,
dead-end metabolite analysis and visualization of predicted
reaction fluxes can be done easily under “cellular overview”
option of the software (Figure 1(a)). A collection of approxi-
mately 3,530 PGDBs can be found in BioCyc, which users can
visualize, manage, and analyze. Out of these 3,530 PGDBs,
only 7 relate to algae (both prokaryotic and eukaryotic),
namely,Thalassiosira pseudonana, Nannochloropsis gaditana,
Acaryochloris marina, Anabaena cylindrica, Anabaena vari-
abilis, Synechococcus elongatus, and Chlamydomonas rein-
hardtii. None of the aforementioned algal PGDBs are well-
curated with most of them having had slight validation.
One of the intensively curated PGDBs is MetaCyc [19–21],
which serves as a generic knowledge base that organism-
specific networks can be reconstructed from. Homo sapiens
(HumanCyc), E. coli (EcoCyc), and Arabidopsis (AraCyc)
are some examples of curated, species-specific knowledge
bases that can be found in BioCyc (http://biocyc.org/). Kbase
(http://kbase.us/) and Biomart [22] are other examples of
knowledge bases and knowledge-management platforms that
are freely available and allow integration and reconciliation of
a variety of data sources.

Genome-scale metabolic reconstructions have continued
to expand along with the increased availability of sequenced,
annotated genomes. Recent reviews describe the timeline
of the appearance of publicly available metabolic models
since 1999 for eukaryotes, prokaryotes and archea, and the
algorithms that were used [23, 24]. The processes require
inputs from different databases and experimental validations.
A standard procedure for the reconstruction of genome-scale
metabolic networks has been described in detail byThiele and
Palsson [25].

The process of network reconstruction, starting from
genome sequences to the finished reconstructed network,
is generally time-consuming and labor-intensive. Therefore,
automation of the process has been of interest. A limited
number of software tools for automated reconstruction are



BioMed Research International 3

(a) (b)

(c)

Figure 1: A screen shot of (a) Pathway Tools based on C. Reinhardtii (unpublished data) (b) Metdraw (based on the C. reinhardtii iRC1080
metabolic model [82]) (c) Paint4net visualization of C. reinhardtii central metabolism (based on iAM303 model [84]) flux distribution is
shown with forward and reverse fluxes (green and blue, respectively).

Table 2: Selected software for genome-scalemetabolic reconstruction (adapted fromLiao et al., 2012 [27]; Agren et al., 2013 [33]; andHamilton
and Reed, 2014 [34]).

RAVEN Model SEED SuBliMinal GEMSiRV Pathway Tools COBRA toolbox

Input
Annotated
genome
sequence

Genome annotated
in RAST Species name Model in sbml

format
Annotated genome
sequence

Model in sbml
format

Reference
databases KEGG SEED KEGG, MetaCyc KEGG MetaCyc N/A

Interface MatLab Web Command line Software Web, software MatLab

License Free (requires a
MatLab license) Free Free Free

Free for academic
and government
use

Free (requires a
MatLab license)

Simulation Yes Yes No Yes Yes Yes

Visualization Yes Yes (with
Cytoscape plug-in) No Yes Yes Yes

(with plug-in)

currently available (some examples are given in Table 2); for
instance, AUTOGRAPH [26], GEMSiRV [27], MicrobesFlux
[28],MetRxn [29],Model SEED [17, 30], SuBliMinaLToolbox
[31], FAME [32], and RAVEN Toolbox [33] can be named. A
systematic comparison between some of these platforms can
be found in [34]. While draftmetabolic models can be gener-
ated through such software tools, intensive manual curation

is still needed to resolve errors; wrong assignments, fill gaps
and reconcile inconsistencies in the generated network.

3. Pathway Visualization

Visualization is a powerful approach to leverage understand-
ing of pathways and reconstructed metabolic networks. In
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metabolic networks, nodes represent metabolites and edges
denote reactions. There are a number of web-based tools to
visualize biochemical and metabolic pathways; for example,
Biocarta (http://www.biocarta.com/), ExPaSy (Expert Pro-
tein Analysis System, http://www.expasy.org/), and KEGG
(Kyoto Encyclopedia of Genes and Genomes) can be named;
however, most are static pages with only a few resources
allowing authorized users to edit the pathways. The advan-
tages that BioCyc/MetaCyc offer compared to KEGG include
the ability to carry out pathway analysis, operon prediction,
or comparative pathway analysis (for more details see [35])
and visualize the results.

Cytoscape [36, 37] is a biological network visualization
and data integration tool that can be used to visualize
the results from FBA studies (please see Constraint Based
Analysis section for information on FBA). CytoSEED [38] is a
Cytoscape plug-in to visualize results from the Model SEED.
Fluxviz [39] is another Cytoscape plug-in to visualize flux
distribution in the molecular interaction network. VANTED
[40, 41] is another data visualization and data integration tool
which can be utilized as a stand-alone tool. FluxMap [42] and
FBA-SimVis [43] are VANTED plug-in for visualization of
metabolic flux after FBA analysis. In addition, Paint4net [44]
is a tool to automatically generate maps of reaction fluxes in
conjunction with COBRA toolbox (Figure 1(c)).

Most recently, MetDraw [45], a new tool for visualization
of genome-scale metabolic networks, has been developed
(Figure 1(b)). This tool is compatible with systems biology
markup language (SBML) file inputs and allows export of
the map image as SVG files. It also allows visualization
of metabolomics and reaction fluxes added to gene-protein
expression data and overlays all of them on the reconstructed
network map. The range of file formats available for data
export render the postmodification of the maps, with com-
monly used image editing software, a simple task.

4. Model Refinement and Gap Filling

Although the generation of metabolic network models has
been gaining momentum, these models may not provide a
complete or accurate representation of metabolism. Particu-
larly, automated modeling has allowed the faster generation
of network models, yet reconciliation between the model
itself and the biochemical and genomic data is invariably
needed. Such model refinements lead to a more accurate
reconstruction, allowing more accurate downstream analy-
ses. A common step in such reconstruction refinements is
filling reaction gaps to decrease the numbers of dead-end
metabolites and enhance the network connectivity. Several
tools and algorithms have been set in place to address gap
finding and gap filling in metabolic network reconstructions.
Some of these tools include, but are not limited to, Gapfill,
MEP, GrowMatch, BNICE, and the hole filler in Pathway
tools.

4.1. Gapfind and Gapfill. These tools have been developed
using two distinct algorithms that initially identify (Gapfind)
what the authors have called a “no production” or “no

consumption” metabolites [46] through analyzing the pro-
duction or consumption fluxes in the metabolic model.
Subsequently, the identified no production/consumption
metabolites are considered as “gaps” and theGapfill algorithm
will attempt to fill them through four major ways. Initially,
the algorithm will consider all of the available reactions in
the model and reverse them; it will then attempt to import
reactions that involve the metabolites from well-curated
databases such as MetaCyc [10]. Lastly, it will attempt to
fill these gaps by adding transport reactions either internal
transport ones, as in from one cellular compartment to the
other, or external transport reactions that can either take from
or excrete to the extracellular medium.

4.2. MEP and Pathway Tools Hole Filler. On the other hand
MEP and Pathway Tools hole filler represent an alternative
approach that tackles the gap filling issue identifying missing
genes rather than missing reactions, and these tools achieve
this goal using expression data and species homology, respec-
tively. As such, this will eventually lead to the expansion of the
reconstructedmodel to includemore genes and enzymes and
possibly rewire the connectivity of the network [47, 48].

4.3. GrowMatch. This tool has been developed as a model
refinement tool rather than a gap filler tool where the aim
of such an application would be to reconcile inconsistencies
between metabolic model predictions in silico and growth
data in vivo. This computational tool can suggest suppression
of specific genes to resolve what is referred to as Growth
No Growth (GNG) inconsistencies and alternatively adds
functionalities to genes to resolveNoGrowth/Growth (NGG)
inconsistencies [49].

4.4. BNICE. It is a framework that considers specific path-
ways rather than the full-scale model and allows for the
optimization of the pathways. It identifies all possible chem-
ical compounds that can be produced by the reactions and
enzymes of the pathway [50]. Although this tool is not a
model refinement tool per se, the outcome of the pathway
optimization can ultimately lead to provisional addition of
compounds to the metabolic model and subsequent searches
(independently from the tool) for the corresponding genes to
provide genomic evidence for the pathway. This approach is
similar in outcome to the Gapfind/Gapfill approach.

All of the above and many more tools are of critical
importance in the manual curation of metabolic network
models. Although the above-mentioned tools ultimately lead
to a similar outcome, each may present unique advantages
and has specific requirements (Table 3).The choice and use of
such tools would thus lead to a higher quality reconstruction
and most importantly a higher predictive power.

5. Constraint-Based Modeling, FBA, and
Integration of Expression Data

Subsequent to generation of well-curated metabolic network
models of organisms, several downstream applications can
be used to explore the emergent system’s properties. Having
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Table 3: A comparative table contrasting some of the major model refinement tools.

Gapfind and
Gapfill GrowMatch BNICE MEP Pathway Tools

hole filler
Require a
reconstructed
metabolic model

Yes Yes No Yes Yes

Additional
requirements

External databases,
e.g., MetaCyc

Requires in vivo
data collection

Requires the
translation of
reactions and
substrates into
mathematical
matrices

Requires
expression data
analysis

Requires species
homology
analysis

Refinement
strategy

Identifies missing
reactions or
reverses available
reactions

Suppresses
genes or adds
functionalities
associated with
genes in the
initial model to
reconcile the
model with in
vivo data

Optimizes
pathways in a
way that can
provide
feedback into
the model
adding
compounds and
substrates

Identifies
missing genes in
the model

Identifies
missing genes in
the model

a network set in place, the fluxes of each of the compo-
nent reactions can be evaluated and moreover modified
in an attempt to increase or decrease the production or
consumption of key metabolites. In the case of algal biofuel
optimization, it is of high interest to achieve directional
overproduction of lipids that constitute the basis for algal
biofuels. Making use of the known metabolic networks and
via a constraint based modeling approach, the identification
of genes, pathways, and knockout strategies, that interfere
or alter, the expression profiles relevant to production of
enzymes related to lipid synthesis and metabolites involved
in lipid synthesis pathways is readily achievable. This can
be done through a number of computational tools with the
outcomes evaluated in silico using flux balance analysis (FBA)
[51] and further validated by in vivo experiments.

FBA constrains the metabolite fluxes and their bio-
chemical reactions by four main parameters: mass con-
servation, thermodynamics (reaction reversibility), steady
state assumption for internal metabolite concentrations, and
nutrient availability. Based on these constraints, reaction
boundaries are set, and a system of linear differential equa-
tions is solved with a biologically relevant objective function
optimized. The solution space for an FBA can be reduced
in size by more constraints and boundaries imposed on
reactions and fluxes where the optimal flux distribution
achieving the optimized function is a feasible solution for the
problem.

Some of the available tools and algorithms that are able
to perform such tasks include (but are not restricted to)
Optknock, Optstrain, Optflux, MTA, iMAT, BioMet toolbox,
PROM, GIMME, E-Flux, MADE, SIMUP, and TIGER, with
some allowing the integration of expression data to the
metabolic model. These tools are described below.

5.1. GIMME, iMAT, and MADE. Gene inactivity moderated
by metabolism and expression (GIMME) [52] is a tool that

allows for the integration of expression data to metabolic
networks yet optimizing the functionality of the model
towards a set objective function by minimizing the use of
reaction categorized as inactive. GIMME reduces the sets
of reactions to a binary on/off mode whereas each reaction
flux is compared to a set threshold and deemed “off” if the
flux does not reach that value [53, 54]. Similarly, integrative
metabolic analysis tool (iMAT) [55] performs the same task
as GIMME in such a way that transcript levels of genes are
compared and the corresponding reactions are then assigned
value of −1, 0, and 1 to refer to low, moderate, or high levels of
expression. Further ahead, the algorithm will then optimize
the model to make use of as many reactions having “1”
coefficient and decreases the reactions with “−1” coefficient
in order to achieve a set objective function. Here too, a
threshold needs to be set for expression data comparison to
be done. As both iMAT and GIMME require a manually set
threshold, this gives rise to biases. In an attempt to evade
such a complication, MADE [56], or metabolic adjustment
by differential expression, has been developed to carry out
similar tasks as the previous two tools yet without the
need of manual assignment of a threshold. It will rather
require as input expression data originating from more than
one condition and will then comparatively, based on the
differential expression of each of the genes under each of the
conditions, set a threshold based on which the reactions will
then be reduced to binary on/off code [53, 54].

5.2. E-Flux. While the above-mentioned tools allow the
incorporation of expression data to metabolic model recon-
structions and subsequently allow optimization of these
models towards a set objective function by suppressing
reactions categorized as inactive or of low activity, E-flux
allows for this optimization through constraining the upper
bounds of the metabolite fluxes based on the expression data
by imposing tight constraints on metabolites and reactions
where the fluxes will not reach a set value and vice versa [57].
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Table 4: A comparative table contrasting major constraint based modeling tools (adapted from Blazier and Papin 2012 [53]).

GIMME iMAT MADE E-Flux SIMUP MTA

Description

Determines sets of
active versus
inactive reactions
comparing
expression levels to
a set threshold
optimizing the
model towards a
set objective
function

Categorizes
reactions into high,
moderate, and low
expression and
solves
mathematical
equation to
optimize for an
objective function

Establishes a
differential
expression profile
using several
datasets
originating from
different growth
conditions

Sets upper
bounds for
lowly expressed
reactions using
an externally set
threshold to
evaluate
expression data
sets

Identifies
bioengineering
strategies that
force the cell to
coutilize
substrates
achieving a state
of “synthetic
survival”

Predicts gene
knockout
strategies that
would alter the
metabolic fluxes
in a cell in order
to achieve the
objective
function
assumed

Advantages Requires one set of
expression data

Requires no
knowledge of
metabolic
functions

Requires no
externally set
threshold for
expression levels

Requires no
reduction of
expression data
to an on/off
categorization

Achieves the
coutilization of
two sugars

Categorizes cell
metabolism as
“source” or
“target” with no
necessary a
priori
knowledge of
functionalities

Disadvantages

Requires an
externally set
threshold for
mRNA transcript
values

Categorizes genes
into high,
moderate, and low
expression

Requires more
than one dataset of
expression data to
establish
differential
expression profiles

Sets an upper
bound on fluxes
using a specific
function
converting
expression data

So far only
applicable to
sugars

Requires gene
expression
profiles in order
to identify
knockout
strategies

5.3. Optknock, Optstrain, and Optflux. These tools have been
used to identify gene knockout strategies (Optknock) [58]
that lead to the overproduction of a target metabolite or
overexpression strategies (Optstrain) [59] that result into an
optimized strain with respect to a set objective function.
Optflux on the other hand uses evolutionary algorithms
and the previously mentioned Optknock algorithm to iden-
tify metabolic engineering targets as well as a range of
other applications from phenotype simulations to metabolic
flux analysis and calculation of elementary flux mode
[60].

5.4. BioMet Toolbox. It is a web-based resource that can
be used to perform stoichiometric analyses and integra-
tion of transcriptome and interactome data to a metabolic
network. It also allows performing linear programming
simulations, optimizing for an increased or decreased
growth rate, as well as substrate consumption and pro-
duction. Single or double knockout simulations can also
be achieved as well as the detection of key metabo-
lites around which high transcriptional activity is noted
[61].

5.5. MTA. Metabolic transformation algorithm [62] is an
alternative approach that leads to the prediction of gene
knockout strategies able to shift the metabolism of a cell and
alter its state from a “source” state to a “target” state. Gene
expression profiles are used in order to predict knockouts that
modify the flux distribution of the source state in a way to
match the desired target state.

5.6. TIGER. It is a toolbox that can be used to integrate
expression, metabolic and regulatory information into a
genome scale model. It also accounts for gene-protein-
reaction associations and couples it with its regulatory profile.
One of its added values is its ability to identify model
inconsistencies and thus it allows for a modification of the
reconstructed network above and beyond being an integra-
tion tool [63].

5.7. SIMUP. Most recently, this algorithm was reported
offering one unique feature with respect to all of the above
introduced tools.The algorithm aids in identifying metabolic
engineering strategies that can force the cell to coutilize two
different sugar substrates thus, in effect, placing the cell in a
“synthetic survival” state in a way that the cell is now forced
to metabolize two different sugars simultaneously instead
of preferentially consuming one. The net effect can be to
simplify the fermentation cycle [64, 65].

In the context of biofuels, all of the above algorithms and
tools present huge potential for achieving higher production
of the desired bioproducts in microorganisms. The preferen-
tial use of one tool over the other may depend on the nature
of data available rather than the ultimate goal (Table 4).
The identification of knockout strategies that could alter the
lipid metabolism by overproducing it, or the detection of
highly regulated key metabolites in the lipid pathway, or even
achieving a strain able to coutilize two separate sources of
energy for its survival, all represent promising outcomes of
such applications and several attempts have been already
made making use of such algorithms (the results could be
found in more detail in the published articles [66, 67]).
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Figure 2: A schematic representation of a comparative design of electrical and analogous biological circuit. (a) and (d) represent the initial
states of the circuits in presence and absence of the input. (b), (c), (e), and (f) represent the designed circuit, addressing the issue raised by
the “wild type” design of (a) and (d) when the input signal is interrupted or is not present.

6. Omics Data Integration Tools

Beyond the integration of expression data to networkmodels,
a deeper understanding of the functional model requires
further integration of proteomics, metabolomics, fluxomics,
and phenotypic data with transcriptomics data. Computa-
tional tools and algorithms have been recently set forth to
achieve the aforementioned integrations. IOMA, MASS, and
MBA are examples of such endeavors.

6.1. IOMA. Integrative omics-metabolic analysis is an algo-
rithm that allows the integration of metabolomics and
proteomic data to the metabolic network model and also
evaluates the kinetics of the reactions included [68].

6.2. MASS. Mass action stoichiometric simulation [69]
achieves integration of fluxomic data on top of the

metabolomics and proteomics data sets which leads to
the dynamic reconstruction of the model in place.

6.3. MBA. Model-building algorithm [70] has been recently
reported with an added feature allowing it to also integrate
phenotypic data on top of all the above-mentioned omics
data sets, thus potentially leading to tissue-specific model
reconstruction.

With respect to phenotypic data, one interesting tool
that may generate such type of data and can be used in
conjunction with MBA, for example, is the Biolog phenotype
microarray technology [71, 72]. The Biolog is a powerful
technology providing high-throughput quantitation of phe-
notypic data, useful in identifying additional biochemical
assays and improving a metabolic model reconstruction.

The phenotype microarray (PM) technology developed
by Biolog (Hayward, CA, USA) can be used for the
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Figure 3: A conceptual representation of algal model reconstruction and refinement, integrating various sets of omics data and experimental
validation of predictions (based on Manichaikul et al., 2009 [84]).

phenotypic analysis. Biolog is an in vitro assay that measures
the respiration of cells as a function of time in hundreds
of microwells simultaneously. Each PM plate contains 96
wells seeded with different metabolite and monitored auto-
matically over time via the OmniLog machine. Metabolite
utilization within the cell is determined by the amount of
color development produced by a tetrazolium-based redox
dye. Various 96-well metabolite plates (or PMs) can be used
to measures carbon source, nitrogen, sulfur, and phosphorus
utilization phenotypes. Some plates were used to test for
osmotic/ion and pH effects. Data analysis is performed using
the opm software package [73]. The Biolog technology has
also been successfully used to fill gaps in metabolic networks
to enhance models [74].

7. Bioengineering, Parts and Circuits

With all of the above tools readily available to use and
many others currently in use but not described in this
review, the identification of new pathways and reactions
has been made easier than ever before. In the context of
bioengineering, the significance of these computational tools
is in guiding wet-bench experimental design as opposed to
providing solely theoretical insight into the system as awhole.
More specifically, with regard to biofuel production, the
identification of knockout strategies or differential expression
of genes or enzymes that might lead to overproduction of

biofuels would be only of theoretical value if not coupled with
more applicable approaches to achieve the targets in vivo.This
is where the contributions of synthetic biology approaches
are of crucial importance and significance. Once the target
pathways have been identified, the parts forming those
pathways, in engineering terms, are to be made available
in order to mimic the cell metabolic circuitry and alter
it. Parts are defined as genes and ribosomal binding sites,
promoters, terminators, and polymerases [75]. Most recently,
Talebi et al. have successfully achieved a 12% increase in
the total lipid content of the microalgae Dunaliella salina,
transforming it witha bioengineered plasmid comprising
specific parts, genes, and inducible promoters, driving the
cellular carbon flux into the fatty acids biosynthesis pathway
[76].

Biological circuits are furthermore defined as a designed
device made out of a set of parts and engineered in a way to
confer an added functionality to a system. Figure 2 illustrates,
in a comparative approach to electrical circuits, what a
newly designed biological circuit can achieve. A number of
biological circuits have been previously realized [77–79] and
genetic parts are now made available through a number of
databases such as the MIT Registry of Standard Biological
Parts’ (http://partsregistry.org/). A more in-depth review on
the tools and applications that lead to the design of circuits
was published by Marchicio et al. and can be referred to for
more details [80].
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Figure 4: A summary figure representing recombinational transferring of an ORF from a gateway vector in which the initial cloning was
done into destination vectors for downstream applications, including high throughput experiments and biochemical assays. Once an ORF is
cloned into an “entry vector,” the ORF can easily be transferred into many “destination vectors” with desired expression capabilities and tags
[87].

8. Emerging Algal-Specific Computational and
Experimental Resources

Optimizing algae for biofuel production requires a deep
understanding of algal metabolic networks with genomic,
fluxomics, proteomics, and metabolomics data integration.
Figure 3 conceptualizes an integrative approach to build,
refine, and validate an algae based metabolic model with
predictive power to guide potential bioengineering targets
aimed at optimizing algae for biofuel production.

Furthermore, a better understanding of the biological
system through functional modeling using data generated
from the sequencing technologies is still one of the research
challenges. Functional modeling requires gene ontology
(GO) annotation for enrichment analysis. GO enrichment
analysis tools identify GO terms with statistical significance
in the reference set. Algal Functional Annotation Tool is
the algae-specific genome annotation tool that uses gene
lists from AUGUSTUS, JGI, or phytozome gene models
for Chlamydomonas reinhardtii and Chlorella NC64A [81]
to perform functional term enrichment. This functional
annotation tool provides analytical power for interpretation
of obtained large-scale experimental data.

Interestingly, a new approach in bioengineering, tran-
scription factor engineering approach (TFE) [67], is regarded
as a highly promising approach and considers transcrip-
tion factors as parts able to modify biological circuits. An
ongoing work (in the authors’ laboratory) is now attempting

to systematically clone transcription and chromatin factors
(TF and CF) of C. reinhardtii thus making available to
the scientific community a full library of TF and CF parts
that can easily be introduced as part of a new design.
Figure 4 represents one step further downstream the initial
cloning and describes the transfer of cloned ORFs from
the entry vector to the destination vector of choice. These
ORFs can be considered as potential parts to be used in
bioengineering endeavorswhenmodel-based predictions call
for their use. Furthermore, the metabolic ORFeome of C.
reinhardtii has been previously generated and the reconstruc-
tion of its central metabolic network has been done [82–
84]. Following that, genome-scale reconstructed networks
of C. reinhardtii were released accounting for around 2000
reactions and their associated genes and metabolites [82,
85]. Added to these models, a PGDB for C. reinhardtii
has been made available as ChlamyCyc [86] making use of
Pathway Tools platform and thus making the investigations
of the metabolic and regulatory networks of such algae far
more at hand. Prior and in parallel to these advances a
species specific resource, Chlamydomonas Resource Center
(http://chlamycollection.org/), has served the algal commu-
nity offering a library of Chlamydomonas strains amongst
other parts and tools, which provide needed resources for
experimental protocols targeting various aspects of algal
biology, including the metabolism of lipids and biofuels in
this organism.
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9. Conclusion

The above reviewed computational tools and approaches in
conjunction with the high interests of the scientific commu-
nity in synthetic biology offer a new perspective in accelerat-
ing biofuel production andmicroalgal optimization research.
The pressing economical and environmental challenges of
the use of fossil fuels will furthermore lead to a positive
selective pressure towards the use of these strategies aiming
at the optimization of biofuel producing strains. A large set
of biofuel types can serve as alternative energy sources which
currently include ethanol, n-butanol, iso-butanol, short chain
alcohols, short chain alkanes, biodiesel (FAMEs), and fatty
alcohols.These tools and applications are promising yetmuch
more optimizations need to be achieved in order for biofuel
production to compete with available fossil fuels. With the
“green revolution” and the more environmentally conscious
population, we expect this field to expand significantly in the
coming years, building on the available resources for systems
and synthetic biology and achieving the generation of strains
optimized for biofuel production.
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This study evaluated the use of an anaerobic packed-bed reactor for hydrogen production at different hydraulic retention times
(HRT) (1–8 h). Two reactors filled with expanded clay and fed with glucose (3136–3875mg L−1) were operated at different total
upflow velocities: 0.30 cm s−1 (R030) and 0.60 cm s−1 (R060). The effluent pH of the reactors was maintained between 4 and 5 by
adding NaHCO

3
and HCl solutions. It was observed a maximum hydrogen production rate of 0.92 LH

2
h−1 L−1 in R030 at HRT of

1 h. Furthermore, the highest hydrogen yield of 2.39molH
2
mol−1 glucose was obtained in R060. No clear trend was observed by

doubling the upflow velocities at this experiment. High ethanol production was also observed, indicating that the ethanol-pathway
prevailed throughout the experiment.

1. Introduction

Hydrogen produced during acidogenesis stage of the anaero-
bic digestion is of significant interest, commercially and envi-
ronmentally. It is also considered a clean fuel and, thus, it does
not release greenhouse gases during combustion. However,
to produce hydrogen from organic waste anaerobically, it is
important to eliminate the methanogenic stage of the process
by inactivatingmicroorganisms responsible formethane con-
version. It is necessary to adopt different operating strategies
because the reactional environment should adapt in response
to the condition applied. Some methods of inhibiting meth-
anogenesis include pretreating the inocula to inactivate the
methanogens and maintaining the pH of the system at spe-
cific values.

Furthermore, the choice of the reactor to produce hydro-
gen anaerobically is an important factor in optimizing hydro-
gen production. Good mixing conditions and high microbial
biomass retention are desirable, and thus the right reactor
configuration is essential. Attached growth reactors such as
anaerobic packed-bed reactors (APBRs) appear to provide
the best conditions. These reactors have a larger surface area
available for microorganism deposition, and as a result, they
are often used in research on hydrogen production [1–9].

RegardingAPBR, various aspects have already been inves-
tigated. Some of these aspects include substrate, pH, temper-
ature, inoculum, and support material for biomass adhesion.
Several studies have investigated APBR with various sources
of carbon, including sucrose [1, 2, 8], glucose [3, 5, 6, 9–11],
domestic or industrial wastewater [12, 13], synthetic indus-
trial paper effluent [14], palm extraction oil [15], and mixed
fruit peel [16].

Studies in batch reactors [17, 18] have shown that pH is
crucial for hydrogen production and metabolite formation.
However, there is no consensus on the ideal pH for hydrogen
production. InAPBR, some researchers have opted towork in
the 6-7 pH range [2, 4, 9] whereas others have preferred not to
change the feed solution leading to a pH between 5 and 6 [1, 3,
5, 8]. Another important aspect in studies on APBR is related
to the selection of the support material for biomass adhesion.
Activated carbon [1, 2], packing rings [8], polyurethane foam
[9], expanded clay [1, 5] are some of the materials that have
been employed in recent studies.

Because of the diversity of parameters adopted by
researchers, it appears to have no agreement about the best
operation ranges to produce hydrogen. Even in studies that
employ the same carbon source (glucose) and support

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 921291, 10 pages
http://dx.doi.org/10.1155/2014/921291

http://dx.doi.org/10.1155/2014/921291


2 BioMed Research International

material (expanded clay) as we did, the reported results have
differed [1, 5].

Studies in attached-growth reactors, specially in flu-
idized-bed reactors [19–21], suggested that hydrodynamic
factors may have significant results in hydrogen production
since good mixing conditions can favor mass transfer among
phases in anaerobic digestion. Parameters such as upflow
velocity, effluent recycle rate, and porosity are among the
factors that could be studied in order to reach higher hydro-
gen production rates. However, there is still a lack about the
impact of hydrodynamics impacts in packed-bed reactors.

As a category of attached-growth reactors, APBR shows as
primary feature a good biomass retention. The use of immo-
bilized inoculum helps to create a stable environment for
hydrogen production. Enhancing the mass transfer between
biofilm and bulk, for instance, appears to have an important
role in anaerobic digestion. The adjustment of the hydro-
dynamic parameters turns in a key point in hydrogen pro-
duction in attached-growth reactors.Therefore, to contribute
to a better operational understanding of anaerobic packed-
bed reactors in hydrogen production, a study was conducted
to investigate the influence of HRT and upflow velocity on
hydrogen production in two reactors filled with expanded
clay and fed with synthetic wastewater containing glucose as
carbon source (approximately 3500mg L−1).

2. Materials and Methods

2.1. Anaerobic Packed-Bed Reactors. The study employed two
APBRs constructed from acrylic (5.3-cm diameter and 190-
cm height, each) and filled with expanded clay (diameter =
2.8–3.3mm and density = 1.5 g cm−3). Figure 1 shows a basic
outline of the process employed.

The inoculum was adapted to the reactors under batch
mode for 48 hours, and following the 48-hour period, the
reactors operated under continuous mode. The reactors
began operation at HRT of 8 h, which was subsequently
reduced to 1 h.TheHRTwas reducedwhen hydrogen produc-
tion and glucose conversion stabilized. The choice of upflow
velocities (𝑉up) was selected based on the minimum fluidiza-
tion velocity (𝑉mf, for expanded clay: 𝑉mf = 1.24 cm s−1). The
reactors were named based on the velocity at which they were
operated. R030 is the reactor with 𝑉up of 0.30 cm s−1 (24% of
𝑉mf), and R060 is the reactor with 𝑉up of 0.60 cm s−1 (48% of
𝑉mf). R030 and R60 operated continuously for 217 days.

2.2. Synthetic Wastewater and Inoculum. The APBRs were
fed with synthetic wastewater that contained glucose at a
concentration of 3500mg L−1. The nutrient concentrations
were as follows (in mg L−1): CO(NH

2
)
2
(125); NiSO

4
⋅6H
2
O

(1); FeSO
4
⋅7H
2
O (5); FeCl

3
⋅6H
2
O (0.5); CaCl

2
⋅6H
2
O (47.0);

CoCl
2
⋅2H
2
O (0.08); SeO (0.07); KH

2
PO
4
(85.0); K

2
HPO
4

(21.7); and Na
2
HPO
4
⋅2H
2
O (33.4) [22]. Hydrochloric acid

(30%) and sodium bicarbonate (0.84 g L−1) were also added
as buffer solutions to maintain the pH in the reactors at 4-
5. Reactors inoculation was performed only once during the
first 48 h with sludge from a treatment plant for swine waste.

Effluent

NaOH

Feed tank

Feed pump

Recirculation 

H
2

gas-meter

pump

Figure 1: Schematic description of anaerobic packed-bed reactor
(APBR).

The H
2
productivity of the sludge was enhanced by heat

treatment [23]. The reactors were inoculated at a rate of 3.5%
of sludge feed volume.

2.3. Chemical Analyses. The chemical oxygen demand (COD),
pH, and solids (total solids, TS; volatile suspended solids,
VSS; and total volatile solids, TVS) were measured in accor-
dancewith standardmethods [24].Theglucose concentration
was measured with an enzymatic GOD-PAP method [25].

Thebiogas hydrogen contentwas determined by gas chro-
matography (GC-2010, Shimadzu, Japan) using a thermal
conductivity detector (TCD) with argon as the carrier gas,
and the column was packed with Supelco Carboxen 1010 Plot
(30m× 0.53mm i.d.) [26]. A gasmeter (Type TG1; Ritter Inc.,
Germany) was used to measure the amount of hydrogen
generated.

The concentrations of volatile fatty acids (VFA) and alco-
hols were also measured using a gas chromatography system
(GC-2010, Shimadzu, Japan) that was equipped with FID and
COMBI-PAL headspace injection (AOC 5000 model) and a
HP-INNOWAX column (30m × 0.25mm i.d. × 0.25 𝜇m film
thickness) [26].

3. Results and Discussion

3.1. Effect of HRT and Upflow Velocity on H
2
Production.

Figure 2 shows glucose conversion as a function of the HRT
variation in the reactors. Glucose conversion was calculated
as [influent glucose concentration, effluent glucose concen-
tration] per influent glucose concentration. Each reactor
operated at a different upflow rate to facilitate the analysis of
the operating behavior at different HRTs.

As shown in Figure 2, throughout operation, R030, which
was under an upflowvelocity of 0.30 cm s−1, presented similar
conversion rates compared to R060, which operated at
0.60 cm s−1, when taking in account the deviations. HRT of
2 h was an exception; at this HRT, R030 was slightly more
efficient than R060. The maximum conversion rates were
achieved in both reactors atHRT8 h, and the conversion rates
dropped when the HRT decreased. Conversion rates ranged
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Figure 2: Effect of HRT on glucose conversion in R030 and R060.

from 30.4% to 80.0% in R030 and from 33.1% to 77.9% in
R060. The conversion rate decreased greatly at HRT 1 h. It is
possible that the substrate residence time in the reactor was
shorter than that required for organic matter degradation,
leading to a reduction in glucose conversion in expanded
bed reactors at HRT 1 h just like it was observed by De
Amorim et al. [27] in fluidized-bed reactor when glucose
concentration was elevated.The results obtained in our study
are in agreement with literature data for other studies in
APBR regarding HRT 1 h.

Figure 3 shows H
2
content in R030 and R060. Biogas

was composed of H
2
and CO

2
. Methane was not detected.

For all HRT applied, with the exception of HRT 6 h, R060
showed slightly higher H

2
concentrations in the biogas than

R030. The H
2
concentration was maximal at HRT of 8 h for

both R030 (56.8%) and R060 (61.8%). When HRT was 8 h
or higher, the H

2
concentration was reduced, appearing to

stabilize at subsequent HRT. The minimum values achieved
were 37.4% and 38.5% for R030 and R060, respectively.

The H
2
and CO

2
produced are released from the water

medium into the gas phase. At first, the beneficial effect of the
upflow velocity onmass transfer parameters is not conclusive.
The presence of H

2
in biogas generated in our work agrees

with studies available in the literature on APBR. Chang et al.
[1] obtainedH

2
content in biogas ranging from9.5% to 45.8%.

Lee et al. [2] showed that this content varied between 30%
and 40%, while Li et al. [8] reported the H

2
content in biogas

to be between 28.5% and 40.8%. Other studies have achieved
higher concentrations. Zhang et al. [3] obtained 74% H

2

content, and Leite et al. [5] reported values ranging from 75%
to 90%.

Figure 4 shows the hydrogen production rate (HPR) as a
function of HRT in R030 and R060. HPR was calculated as
liters of hydrogen produced per hour per reactional volume
of the reactor.

As shown in Figure 4, both reactors show an increase in
HPR due to a decrease in HRT from 8 h to 1 h. HPR remained
stable with only a slight variation between HRT 8 h and 4 h.
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Figure 3: Effect of HRT on H
2
content in R030 and R060.
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Figure 4: Effect of HRT on hydrogen production rate in R030 and
R060.

However, from HRT of 4 h to 1 h, HPR increased in both
reactors.

According to Chang et al. [1] and Lee et al. [2], the
presence of suspended cells between bed particles (voids)
favors hydrogen production because it allows for microbial
growth. However, the nature of the particle bed allows for
good retention of biomass in the form of biomass or as
extracellular polymeric substances. Still, empty space in the
reactor may be increased by increasing the upflow rate
applied to the particle bed [1, 2]. Furthermore, Kumar and
Das [28] investigated a pure culture of IIT-BT 08 Enterobacter
cloacae for hydrogen production by varying the recycling
rate and observed that an increase in the recycle rate led
to an increase in hydrogen production due to the reduction
of the resistance to mass transfer. Also studying the recycle
rate on hydrogen production, Ngoma et al. [19] verified in
fluidized-bed reactors with an external gas-disengager that
an increase in the recycle rate (1.3 to 3.5 Lmin−1) leads to
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an increase in the H
2
productivity (2.1 to 8.7 LH

2
h−1 L−1)

under 45∘C. Same effect was obtained under 70∘C (2.8 to
14.9 LH

2
h−1 L−1). According to the authors, vigorous mixing

process within the gas-disengager due to high rates of efflu-
ent recycling permits an efficient removal of undissolved or
nonsolibilized H

2
that may be present in the effluent.This gas

removal associated with the enhanced mass transfer induces
the hydrogen production. Also in fluidized-bed reactors, Dos
Reis and Silva [20] verified that it should have an optimum
upflow velocity range that could maximize the hydrogen
production. According to them, due to the good mixing
conditions inside the reactors resulted from a high veloc-
ity (1.24 cm s−1) they obtained a hydrogen production rate
of 2.21 LH

2
h−1 L−1. In another research, Obazu et al. [21],

when testing the relation between the reactor volume and the
recycle rate in fluidized-bed reactors, also verified that the
high degree of fluid turbulence is good for hydrogen release,
enhancing hydrogen production.

These findings should be consideredwhen employing dif-
ferent upflow velocities in face of the increase of the turbulent
conditions. Thus, because R060 was operated at a rate twice
as high as that of R030, it was capable of presenting better
hydrogen production results. However, quantitative results
show that the HPR ranged from 0.22 to 0.92 LH

2
h−1 L−1 in

R030 but only from 0.12 to 0.89 LH
2
h−1 L−1 in R060.

The divergence between the expected results and our
results indicates that the upflow rate range employed in our
study had no effect on hydrogen production. Maybe a higher
upflow velocity till the limit of the minimum fluidization
velocity would be more suitable for analyzing this parameter.
R030 and R060 presented lower HPR than those reported
by Chang et al. [1] (1.32 LH

2
h−1 L−1 at HRT 2 h), Lee et al.

[2] (7.4 LH
2
h−1 L−1), and Jo et al. [9] (0.3 LH

2
h−1 L−1) but

higher than those reported by Li et al. [8] (0.26 LH
2
h−1 L−1

at HRT 2 h).The literature indicates that a small applied HRT
results in a high HPR.

Figure 5 shows the hydrogen yield (HY) as a function
of HRT in R030 and R060. HY was calculated as moles of
hydrogen produced per mole of glucose converted.

Figure 5 shows that hydrogen yield values and the behav-
ior of HPR for the two reactors were similar. The yield values
for the reactors were similar whenHRT decreased.This result
indicates that the rates adopted for the APBR in question
did not enable us to clearly identify a positive influence
of increasing upflow velocities on hydrogen production. In
general, HY increased whenHRT decreased, with the highest
yield occurring at HRT 1 h for both reactors.

When examining the combined results of HPR and HY,
it appears that at HRT 1 h, R060 performed best with regard
to H
2
production. When comparing our results to other

studies, the HY values obtained in our work with R030
(1.23molH

2
mol−1 glucose to 2.16molH

2
mol−1 glucose)

and R060 (1.16molH
2
mol−1 glucose to 2.39molH

2
mol−1

glucose) are in agreement with HY values obtained in
APBR. Chang et al. [1] obtained yield values ranging from
0.08molH

2
mol−1 sucrose to 1.14molH

2
mol−1 sucrose; the

peak was observed at HRT 2 h. However, Lee et al. [2]
reported HY values between 2.9molH

2
mol−1 sucrose and
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Figure 5: Effect of HRT on hydrogen yield in R030 and R060.

3.9molH
2
mol−1 sucrose when HRT varied from 0.5 h to

4 h. Li et al. [8] obtained HY values from 0.78molH
2
mol−1

glucose to 1.22molH
2
mol−1 glucose with maximum and

minimum HY at HRT of 14 h and 2 h, respectively.
The hydrogen production results vary greatly due to dif-

ferent experimental conditions such as microorganism cul-
tures, substrates, and pH values. Table 1 summarizes the
results from several studies on APBR to show this diversity.

The acetic pathway illustrated by the following indicates
that four moles of hydrogen are produced for each mol of
glucose degraded:

C
6
H
12
O
6
+ 2H
2
O → 2CH

3
COOH + 2CO

2
+ 4H
2

(1)

The acetic pathway is deemed the most effective pathway
for hydrogen production. If this pathway is used as a ref-
erence, the highest HY value obtained so far was reported
by Lee et al. [2] at HRT of 0.5 h. They reported 49% of the
highest theoretical HY for sucrose (8molH

2
mol−1 sucrose).

However, this yield is lower than what was obtained by Leite
et al. [5] who reported 62% (2.39molH

2
mol−1 glucose) of

the maximum theoretical value for glucose (4molH
2
mol−1

glucose).
Table 1 also provides the range of upflow velocities

employed by the studies. The best yield was presented
by Lee et al. [2] when the upflow rates adopted ranged
between 0.001 cm s−1 and 0.01 cm s−1, with the best results
at 0.01 cm s−1. However, Li et al. [8] who also worked with
sucrose and a mixed culture at upflow velocities between
0.03 cm s−1 and 0.39 cm s−1 showed a lower yield than that
obtained by Lee et al. [2].

However, our study with glucose as the substrate and
employing higher upflow rates than Lee et al. [2] obtained
higherH

2
yields. Leite et al. [5], who also employed glucose as

the substrate and used expanded clay as the support material
for biomass adhesion, showed H

2
yields similar to ours, even

though we adopted a higher range of upflow rates.
The effect of upflow velocity applied to reactors for APBR

is not relevant when it comes to increasing or decreasing
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H
2
production. Other aspects, such as adopted substrate and

support material and/or chosen type of inoculum pretreat-
ment, appear to have a higher influence on H

2
production.

Furthermore, based on the literature reported in Table 1,
the highest hydrogen production values are achieved at the
shortest HRT. However, yield values do not show this trend
[8], although H

2
yield increased as applied HRT decreased in

our study.

3.2. Influence of HRT and Upflow Velocity on Production of
VFA and Alcohols. Table 2 shows the distribution of soluble
metabolite products (SMP) generated in R030 and R060 in
relation to theHRT.Themain SMPswere ethanol (EtOH) and
acetic acid (HAc). Butyric acid (HBu), propionic acid (HPr),
and methanol (MetOH) were also generated.

The production of metabolites did not vary significantly
with regards to the upflow velocity range used, resulting in
similar concentrations for R030 and R060. Thus, the use of
different upflow velocities does not necessarily lead to differ-
ent configurations in SMP distribution. Our results indicated
that EtOH production was favored over HBu production,
which is commonly associated with hydrogen production.
HAc production was also relevant throughout our study.

The HAc/HBu ratio is commonly used as an indicator of
bioprocess efficiency in hydrogen production. Although this
parameter increased as HRT was decreased in both R030 and
R060, it should not be used as the only parameter to indicate
H
2
production effectiveness. HAc production prevailed over

HBu production, which decreased when HRT changed. The
low presence of HBu compared to EtOH and HAc which
indicates the presence of a metabolic pathway to produce
hydrogen differs from that ofHAc andHBubecause therewas
no H
2
production decrease when HBu production declined.

HAc production remained constant when the HRT was
changed. However, EtOH production increased drastically
from 31% to 57% in R030 and from 29% to 50% in R060 when
the HRT was decreased from 6 h to 4 h.

This change in metabolites occurred when there was
a decrease in HBu production in the reactors, indicating
that the HBu pathway was favored over the EtOH pathway.
Because HAc production varied only slightly, it is suggested
that H

2
production occurred simultaneously with HAc pro-

duction. Ren et al. [29] presented a way of producing H
2
in

which onemol ofHAc, twomoles ofH
2
, and onemol of EtOH

were generated for eachmol of glucose degraded, as shown in
the following:

C
6
H
12
O
6
+H
2
O → C

2
H
5
OH + CH

3
COOH + 2H

2
+ 2CO

2

(2)

Based on the traditional pathway of EtOH production
from glucose, H

2
production was expected to decrease due

to increased production of solvents [29]. However, in both
reactors in our study, the H

2
production increased up to

HRT 1 h. It is unclear what may have caused this change
in metabolic pathway. Zhu et al. [30] worked with a batch
reactor and glucose to study the metabolic pathways as a
function of pH. They found that the presence of different
metabolic pathways depended on the pH range adopted and

that the production of organic acids increased at pH values
between 5.5 and 6.0.

However, EtOH production did not depend on the pH
range adopted. The production of metabolites was limited
at pH values lower than 4.5. Furthermore, Zhu et al. [30]
found EtOH and H

2
production at pH 5.5. At this pH, the

main metabolic pathways present in their study were mainly
conducive to HAc, EtOH, and H

2
production. As in our

study with APBR, there was simultaneous production of Hac,
EtOH, and H

2
. These results confirm that EtOH production

without decreasing H
2
production is possible as shown in (2)

proposed by Ren et al. [29].
Our results also indicate that the HAc/EtOH ratio shows

the variation in the metabolic pathway for the main products
obtained. Furthermore, these data also point to the produc-
tion of HAc and especially EtOH, which always prevailed
over the HAc production (HAc/EtOH < 1). The ethanolic
pathway predominated at HRTs ranging from 6 h to 4 h.
When the HRT was reduced to 2 h, the HAc production
became dominant again in both R030 and R060. The highest
production ofHAc andH

2
occurred atHRT 1 h. Furthermore,

this phase was also the only one in which HAc production
prevailed over EtOH production.

Table 3 shows the data for production of hydrogen,
organic acids, and alcohols in several studies with APBR.
These data refer to metabolites produced at maximum H

2

production. EtOH production did not prevail in any of these
studies, with the exception ofWu et al. [4], who obtained 60%
EtOH along with other SMPs.

The predominant metabolites generated were HAc and
HBu. Chang et al. [1] obtained low HBu production when
H
2
production peaked, and EtOH appeared to be one of the

major SMPs generated.This result, combined with the results
obtained for R030 andR060, shows that butyric and ethanolic
pathways compete with each other, while HAc production
and EtOH production occur simultaneously or use the same
metabolic pathway.

Table 3 shows the distribution of generated metabolites
in diverse studies in packed-bed reactors compared to the
present study.

The results of Chang et al. [1] indicate that an increase
in upflow rate leads to a decrease in ethanol production.
However, Lee et al. [2] suggest that an increase in upflow rate
has no significant impact on the distribution of metabolites,
which also appears to be true in the present study. Lee et al. [2]
reported the highest production of volatile acids. However, at
the HRT where production of volatile acids was the highest,
the ethanol production was the lowest. Furthermore, the
butyric pathway was favored when metabolite production
was relevant.

4. Conclusions

The adoption of two different upflow rates 0.30 cm s−1 and
0.60 cm s−1 inAPBR (R030 andR060, respectively) at varying
HRTs was observed to have a nonsignificant influence on
hydrogen production. Our results verified that a long HRT
increased the volumetric hydrogen production obtained,
with amaximum value of 0.92 LH

2
h−1 L−1 obtained in R030.
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Hydrogen yield was highest in R060, reaching 2.39molH
2
mol−1

glucose at HRT 1 h. The main metabolites generated were
ethanol and acetic acid, indicating that the ethanol-type path-
way prevailed throughout the experiment.
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Processes for ethanol and biogas (scenario 1) and biomethane (scenario 2) production from pinewood improved by N-
methylmorpholine-N-oxide (NMMO) pretreatment were developed and simulated by Aspen plus.These processes were compared
with two processes using steam explosion instead of NMMO pretreatment ethanol (scenario 3) and biomethane (scenario 4)
production, and the economies of all processes were evaluated by Aspen Process Economic Analyzer. Gasoline equivalent prices
of the products including 25% value added tax (VAT) and selling and distribution expenses for scenarios 1 to 4 were, respectively,
1.40, 1.20, 1.24, and 1.04 C/l, which are lower than gasoline price. The profitability indexes for scenarios 1 to 4 were 1.14, 0.93, 1.16,
and 0.96, respectively. Despite the lower manufacturing costs of biomethane, the profitability indexes of these processes were lower
than those of the bioethanol processes, because of higher capital requirements. The results showed that taxing rule is an effective
parameter on the economy of the biofuels.The gasoline equivalent prices of the biofuels were 15–37% lower than gasoline; however,
37% of the gasoline price contributes to energy and carbon dioxide tax which are not included in the prices of biofuels based on
the Swedish taxation rules.

1. Introduction

Ethanol and biomethane are two common biofuels which are
already available in the market in some countries. Ethanol is
mainly produced from sugar and starch based raw materials.
However, wide investigations are performed for replacement
of these food based raw materials with cheaper and more
abundant lignocellulosic materials [1]. Biogas is currently
produced in wastewater treatment plants or from various
organic wastes such as municipal solid waste, manure, and
industrial and agricultural wastes [2]. Biogas from wastes
is mainly used in the power plants, and the compressed
biomethane is commercially available beside the compressed
natural gas (CNG) as a vehicle fuel. Considering the predicted
expansion of methane usage in Sweden, there would be an
increasingmarket for biomethane to be used as a vehicle fuel.
Moreover, further developments in natural gas grid support
more injection of biomethane in the grid [3].

A pretreatment step prior to biofuel production from
lignocellulosic materials is essential for improvement of the
low yields [1, 5–9]. Pretreatment with N-methyl morpholine-
N-oxide (NMMO) is among the novel and efficient meth-
ods [5–7]. NMMO is a nontoxic cellulose solvent, does
not produce toxic wastes, and can be recycled over 98%
[6]. NMMO pretreatment modifies the structure of ligno-
cellulosic materials to obtain higher yields of enzymatic
hydrolysis and anaerobic digestion. During pretreatment,
NMMO dissolves cellulose which is inside of the cell wall
of wood. Afterwards, addition of water regenerates cellulose,
and less crystalline and amorphous cellulose precipitates on
the biomass surfaces. The hydrolysis of regenerated cellulose
is much more convenient than the intact cellulose inside the
cell wall. Furthermore, the pretreatment process increases the
biomass porosity and consequently accessibility of degrading
enzymes or bacteria to the inside of the biomass. Better
accessibility to the inside of biomass results in enhanced
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yields of enzymatic hydrolysis and anaerobic digestion [5].
One of the important features of NMMO pretreatment is
that physical removal of lignin and hemicellulose is not
necessary to obtain a high cellulose hydrolysis yield. The
modifications made by NMMO pretreatment are so efficient
that the subsequent enzymatic hydrolysis yield is significantly
higher than the yield aftermost of the other pretreatments, for
example, steam explosion.

Another promising pretreatment process is steam explo-
sion. Although it has a lower efficiency compared with
NMMO pretreatment, it is a simple method that is well
investigated in laboratory and pilot scales and is suggested for
industrial scale applications [1].

Biofuel production from lignocellulosic materials is a
developing technology and still challenging with technical
and economical bottlenecks. Technoeconomic analysis helps
to overcome these problems using process simulation tools
together with economic analysis [10]. Several technoeco-
nomic analyses were performed for bioethanol production
from lignocelluloses [10–12]. The economics of biogas pro-
duction from lignocellulosic materials were also studied [2, 3,
13]. However, no reference was detected for technoeconomic
comparison of NMMOand steam explosion pretreatment for
both bioethanol and biogas production from lignocellulosic
materials.

Significant improvements in the ethanol and biogas yields
fromNMMOtreated pinewoodwere observed [5]. In the cur-
rent study, based on the experimental results, the economics
of the processes for bioethanol and biogas productions with
NMMO pretreatment were compared with two processes
using continuous steam explosion pretreatment for similar
products. The processes were simulated and optimized using
Aspen plus, and the economics were evaluated with Aspen
Process Economic Analyzer (PEA). A sensitivity analysis was
also performed to determine the effective parameters.

2. Methods

Four scenarios for production of bioethanol and biogas using
steam explosion or NMMO pretreatment were developed.
The process for each scenario was simulated by Aspen plus,
and then the economy was studied by Aspen PEA. The
selected raw material was pinewood because of availability
of the experimental results [5]; however, other lignocellulosic
feedstocks can be used with some minor modifications.

2.1. Process Development. This study includes four main
scenarios. In the first two scenarios, NMMO pretreatment
is used for improvement of ethanol and biogas production
(scenario 1) and for only biogas production (scenario 2). The
other two scenarios are for the production of the similar
products but steam explosion pretreatment is used instead of
NMMO pretreatment (scenarios 3 and 4).

2.1.1. Scenario 1: NMMO Pretreatment for Improvement
of Ethanol and Biogas Production. The raw materials are
unloaded from trucks to storage area and conveyed for
size reduction. All of the scenarios include similar units

for the feedstock handling area. In scenario 1 (Figure 1),
raw materials are reduced in size and then pretreated with
NMMO for 3 hours at 120∘C (Figure 2). Then, the materials
are regenerated by addition of hot water, washed with water
to remove NMMO, and then sent to the biofuel production
process. An optimized evaporation unit is used for the
recovery and concentration of NMMO (Table 1) [12].

In scenario 1, the wood is washed with water after the
pretreatment and the water containing 70%NMMO is sent to
evaporation. The evaporation concentrates NMMO to 85%,
and it is reused in the pretreatment. A makeup stream for
NMMO is considered in the process to supply the amount
of NMMO which is not recovered during the washing of
the treated wood. Based on the calculations, the NMMO
recovery of 99.5% is required to have an economically feasible
process. Efficient multistage countercurrent equipment for
solid washing is considered to provide this recovery. During
the pretreatment, addition of antioxidant agents prevented
the oxidation and degradation of NMMO.

Ethanol production includes hydrolysis, nonisothermal
simultaneous saccharification and fermentation (NSSF), dis-
tillation, and dehydration. After pretreatment, the raw mate-
rials are hydrolyzed with Cellic CTec3 enzyme (Novozymes)
for 24 hours. It is claimed that this newly developed enzyme
has a higher efficiency compared with the previous types of
the Cellic enzymes [12, 14]. Because of improvements in the
enzyme efficiency, the enzyme is loaded at the rate of 1.8%
w/w of cellulose [12]. The hydrolysis temperature is set to
45∘C for better stability. Afterwards, the hydrolysate is cooled
down to 37∘C for SSF fermentation for 24 hours [12]. Four
main fermenters and four hydrolysis reactors are designed
with volumes of 800m3. For each of the hydrolysis and
fermentation reactors, seed fermenters with relative volume
ratio of 1 : 10 until volume of 80 l are used for inoculum
preparation. All fermenters and auxiliary equipment are
made up of stainless steel 304.

The distillation, dehydration, and wastewater treatment
(WWT) units are similar to the systems presented by Shafiei
et al. [12] with modifications for the new raw material and
lower capacity. The distillation unit system (Figure 3 and
Table 2) purifies ethanol to 95.5%. For further purification to
99.9%, a molecular sieve unit is used. The ethanol recovery
was assumed to be 96% in the distillation unit. Afterwards,
the wastewater from the striper column is filtered for solid
removal and then sent to an anaerobic digester of UASB type
for biogas production.This system removes 90% of the COD,
and the effluent is further purified using aerobic digestion
[12]. The biogas produced in this process is not sufficient
to have an economically feasible upgrading; therefore, it is
sold to a nearby combined heat and power (CHP) plant. An
amount of 6% biogas loss was assumed during the storage
[15].

2.1.2. Scenario 2: NMMO Pretreatment for Improvement of
Biogas Production. The block flow diagram (BFD) for sce-
nario 2 is presented in Figure 4. Similar to scenario 1, units
for feed handling andNMMOpretreatmentwere assumed for
this scenario. The treated materials are then conveyed to the
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Figure 2: PFD of NMMO pretreatment unit. The optimized mechanical vapor recompression (MVR) system was used for the evaporators
(scenarios 1 and 2).

solid-state biogas production unit presented by DRANCO
(Germany) [16] (Figure 5). Seven digesters with volume of
3200m3 made of acid resistant coated carbon steel are used
in the process. The digesters are vertical cone bottom vessels
and are fed using screw pumps. A portion of the outflow is
mixedwith the pretreatedwood andnutrients are sent back to
the top of digesters so the overall retention time of materials
is 20 days [13, 16]. The digested materials are dewatered to
30% solid content and sold as a byproduct for combustion.
Macrofilters and reverse osmosis system are used for water
purification, while 80% of the water is recycled to the process
[17]. The effluent water is treated using aerobic digestion
[12]. The produced biogas is upgraded to 97% with water
scrubbing technologywith regeneration and then pressurized
for further application as fuel. Methane losses are estimated
to be 1.5% in the upgrading process and 6%during the storage
[15].

2.1.3. Scenario 3: Steam Explosion Pretreatment for Improve-
ment of Ethanol and Biogas Production. TheBFD for scenario
3 is presented in Figure 6.The feedstock is handled in an area
similar to the previous scenarios. Afterwards, the feedstock
is conveyed to the pretreatment area where it is subjected
to continuous steam explosion pretreatment (Figure 7). The
process design was similar to the process presented by Shafiei
et al. [13] with some modifications for the new raw material
and lower capacity. Briefly, the system consists of three par-
allel pretreatment units, each of them has screw conveyors,
presteamer, flash vessel, pretreatment reactor, and expansion
tank. The treated materials are used for bioethanol produc-
tion in a process similar to scenario 1. Moreover, the dehydra-
tion and wastewater treatment units are similar to scenario 1
[12].The raw biogas is sold as a byproduct for heat and power
generation.
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Table 1: The process conditions for the equipment of NMMO pretreatment in Figure 2.

Equipment/
conditions Preheater 1 Preheater 2 Pretreatment Multistage

solid wash Evaporator 1 Flash
drum 1 Evaporator 2 Flash

drum 2 Compressor

Input 𝑇 (∘C) 20 90 120 120a, 45b 87.3 79.8 79.8 90 100
Output 𝑇 (∘C) 90 120 120 45a, 62b 79.8 79.8 90 90 170
Input 𝑃 (barg) 0 0 0.5 3 0 −0.78 −0.78 −0.97 0
Output 𝑃 (barg) 0 0.5 0.5 3 −0.78 −0.78 −0.97 −0.97 0.64
aThe temperature of main streams.
bTemperature of washing water.
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Figure 6: BFD of scenario 3: steam explosion pretreatment for production of ethanol and biogas.

2.1.4. Scenario 4: Steam Explosion Pretreatment for Improve-
ment of Biogas Production. In scenario 4 (Figure 8), the
feedstock handling and pretreatment area are similar to
scenario 3. However, the materials are sent for solid-state
biogas production in a process similar to scenario 2. The
water from the process is purified using macrofilters and
reverse osmosis system and partially recycled to the process.
Complete recycling is not possible due to accumulation
of some ions and chemicals in the process. The biogas is
upgraded and pressurized in a process similar to scenario 2
[17, 18].

2.2. Plant Location and Capacity. Sweden was selected for
the plant location because of its large biofuel vehicle fleet in
Europe [19]. In order to support the economy of the biofuel
production plant, it is necessary to locate it nearby a CHP
plant. In such a way, a part of capital costs for steam and
electricity production is reduced. Several CHP plants are
already built in Sweden for production of energy from wood,
municipal waste, and forest biomass. Most of the CHP plants
in the main cities of Sweden are large enough to support the
electricity and steam requirement of the biofuel plant. For
instance, each of the CHP plants in Stockholm area produces
800–1700GW heat and 200–750GW electricity [20]. Finally,

the availability of raw material and transportation costs
would affect the final decision for exact selection of the plant
location.

Wood is already used in Sweden for energy production.
For example, in Brista plant in Stockholm, 350,000 ton per
year of wood chips is used [20]. In this study, the plants
were designed for utilization of 100,000 ton/year pinewood
which have a half of the capacity of previous studies [12]. The
wooden raw material required for this plant is around 1% of
the total amount of 16 million m3 of sawn wood (spruce and
pine) produced in Sweden [21].

Biogas, the byproduct of scenarios 1 and 3, can be sold
to the CHP plant for combustion. Solid residue, another
byproduct of the processes, contains about 30% dry material.
Over 70% of the dry material of solid residue is lignin,
and other main materials are cellulose, hemicellulose, and
biomass. Solid residue may be further used in gasification,
pyrolysis, or combustion processes. However, presence of
water in the solid residue is one of the major challenges for
gasification and pyrolysis [22]. Thus, solid residue is sold to
the CHP plant for burning.

2.3. Process Simulation and Economic Evaluation. The main
equipment of the four processes was simulated by Aspen
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Table 2: The process conditions for equipment of ethanol distillation in Figure 3.

Equipment/conditions Beer column Scrubber column Rectifier column Molecular sieve unit
Top input 𝑇 (∘C) 50a, 40b 25 — —
Bottom input 𝑇 (∘C) 110 39 90 106
Top output 𝑇 (∘C) 60 39 106 103
Bottom output 𝑇 (∘C) 67.6 40 132 103
Top input 𝑃 (barg) 0.5a, 0.5b 1 — —
Bottom input 𝑃 (barg) 0.43 0 3 1.9
Top output 𝑃 (barg) −0.81 −0.1 1.9 0.8
Bottom output 𝑃 (barg) −0.61 0 2.2 0.8
Number of trays 30 10 35 Packed
aThe temperature of feed stream.
bThe temperature of stream from scrubber.

plus simulation software. Unique features of this software are
handling of materials in solid state and broad property data
bank, which are beneficial for the best design, simulation,
and optimization of the processes [23]. The software does
the rigorous calculations for the equipment using a detailed
model and determines the mass and energy in all streams of
the process. For the physical and thermodynamic properties
of the wood, a data bank prepared by NREL (National
Renewable Energy Laboratory, USA) [24] was introduced to
the software.

Based on the results from simulation, equipment sizing
and optimization were performed using Aspen plus and
AspenPEA.Afterwards, the costswere estimated for allmajor
equipment with Aspen PEA.The cost for some units was esti-
mated based on the literature: ethanol dehydration unit [25],
steam explosion equipment [25], and biogas upgrading and
pressurizing [26]. Basic assumptions for economic evaluation
are similar to the previous studies [13] with the following
modifications.

(i) The capacity is reduced to 100,000 ton of drymaterials
per year.

(ii) Chemical engineering cost index of 2014 was used for
the cost estimations.

(iii) The construction periods for scenarios 1 to 4 are 20,
36, 21, and 30 weeks per Aspen PEA suggestion.

The manufacturing costs of ethanol and biomethane were
calculated according to the method presented by Peters and
Timmerhaus [27]; however, the credit of the byproducts was
subtracted from the manufacturing cost.

2.4. Sensitivity Analysis. A sensitivity analysis was performed
to determine the most effective parameters (among the raw
materials and byproducts) in the economy of the process.
For the better comparison of four scenarios, the gasoline
equivalent prices of the products were calculated using the
lower heating values of the fuels which are 36.1MJ/Nm3
for biomethane, 21.2MJ/l for bioethanol, and 32.0MJ/l for
gasoline.

3. Results and Discussion

Based on the experimental results [5], two scenarios for pro-
duction of bioethanol and biogas usingNMMOpretreatment
were developed. The economy of these two scenarios was
compared with the economy of two similar scenarios with
steam explosion pretreatment.

3.1. Mass and Energy Balances. Four scenarios for the pro-
duction of bioethanol and biogas were simulated by Aspen
plus (Figures 2, 3, 5, and 7). Based on the simulation results,
the required raw materials and utilities as well as product
specifications are shown in Table 3. Because of the better
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Table 3: The amount of raw materials/products and utilities used/produced in each scenario.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Price (C/kg)
Raw materials (tpy)1

Pinewood (wet) 105,263 105,263 105,263 105,263 0.06
Nutrients 1100 200 1100 200 0.6
pH control 200 1220 200 1220 0.24/0.152

Enzymes 1,512 1,512 1.226
NMMO 1,536 1,536 4

Products (tpy)3

Methane (m3/y) 21,387,468 16,538,970 1.154

Biogas (m3/y) 5,952,956 5,217,778 0.755

Solid residue (lignin) 51,317 51,248 56,884 59,112 0.04
LP steam 26 61,912 61,920 0.003
Ethanol (m3/y) 30,015 22,132 0.857

CO2 21,921 18,480 0.05
Sludge fromWWT 250 3,879 232 3,612 0.04

Utilities (tpy)3

Process water 166,324 123,815 121,424 62,264 0.0001
LP steam6 30,500 30,500 0.004
HP steam8 32,324 3,154 89,171 60,000 0.008
Electricity (Mwh) 17,964 18,076 14,086 14,379 30

1tpy: ton per year
2Themain material for controlling pH in fermentation is NaOH solution (0.24 C/kg). In anaerobic digestion sodium carbonate (0.15 C/kg) is mainly added for
maintaining the buffering capacity.
3tpy: ton per year, unless stated.
4The biomethane is sold at price of 1.15 C/m3, which excludes VAT and selling and distribution costs.
5The biogas is sold at price of 0.75 C/m3, which excludes VAT and selling and distribution costs.
6LP steam: low pressure steam.
7The price unit is 0.85 C/lit of bioethanol (99.9%). The price excludes VAT and selling and distribution costs.
8HP steam: high pressure steam.
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Figure 8: BFD of scenario 4: steam explosion pretreatment for production of biomethane.

efficiency of theNMMOpretreatment, the amount of ethanol
and biogas in scenarios 1 and 2 was higher compared to
scenarios 3 and 4. Therefore, better hydrolysis and digestion
in scenarios 1 and 2 lead to production of less solid residues.
After steam explosion, the exhaust steam from the expansion
tanks can be returned to the CHP plant to be reused in
the process. This steam contains 0.15% volatile furans which
must be removed before being reused. Carbon dioxide is
produced in all of the processes.The purity of carbon dioxide
from bioethanol process is over 99%, and it can be sold
as a byproduct; however, in the biomethane scenarios, it
contributes to about 50% of the raw biogas and cannot be
sold.

3.2. Total Project Investment. Total project investments cal-
culated by Aspen PEA for scenarios 1 to 4 were 44.0, 69.7,
40.5, and 65.1 million C, respectively. The required capital
for NMMO pretreatment was significantly higher than that
for the steam explosion pretreatment (Table 4). Although
ethanol production required more operating units, that is,
hydrolysis, distillation, and dehydration, the facilities for
biogas production were more expensive than the equipment
required for ethanol production. The digesters were more
expensive since the anaerobic digestion requires longer reten-
tion time of the materials (20 days) compared with 48 hours
for the hydrolysis and fermentation in the ethanol production
(Table 4). Additionally, the capital for the biogas upgrading
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Figure 9: Breakdown of the operating costs for different scenarios.

and pressurizing was more expensive compared with the
equipment for distillation and dehydration of ethanol.

3.3. Cost Distributions. The breakdown of the operating
costs is depicted in Figure 9. The direct manufacturing costs
include the costs for raw materials; operating labor and
direct supervisory; utilities, maintenance, and repairs; and
operating charges. The fixed charges include 30% taxation
on the plant income as well as the plant overhead. General
expenses include the costs for research and development and
financing (10% return rate) and administrative costs. NMMO,
lignocellulosic feedstock, and the enzymes are themost costly
rawmaterials.The byproducts of bioethanol plants are biogas,
solid residue, and carbon dioxide, while solid residue is the
only byproduct of the biogas plants.

3.4. Manufacturing Costs and Gasoline Equivalent Prices. In
Sweden, taxes are applied on the plant income as well as
25% value added tax on the final price of the products.
Additionally, two other taxes are applied on the fossil fuels,
but not on the biofuels, which are taxes for energy and
carbon dioxide. The amounts of these taxes for gasoline were
correspondingly 2.97 and 2.38 SEK/l in 2013. Therefore, tax
contributes to 58% of gasoline price [4]. The portion of each
of the taxes on the final prices of the biofuels is presented
in Table 5. The average price of E85 (fuel ethanol) [28] was
1.14 C/l (9.85 SEK/l converted based on the average Euro
price in 2013 [29]). The manufacturing costs were calculated
with considering all the parameters presented in Figure 9,
including 30% tax on the plant income. The manufacturing
costs of ethanol for scenarios 1 and 3, excluding VAT and
selling and distribution costs, were calculated to be 0.64 or
0.54 C/l, respectively.The final price for bioethanol including
the costs for selling and distribution and the taxes for scenar-
ios 1 and 3 would be 0.93 C/l and 0.83 C/l, respectively. These

prices are still lower than the fuel ethanol as well as gasoline
(Table 5). The manufacturing costs of the biomethane (97%,
pressurized, including plant income tax, VAT, and selling and
distribution costs) for scenarios 2 and 4 were calculated to be
1.35 and 1.17 C/Nm3 methane, respectively.

The gasoline equivalent prices of the final products,
ready for selling at station, are presented in Table 5. The
gasoline equivalent prices of all scenarios are lower than
the average of gasoline price; however, the safe margin
for scenario 1 is lower than other processes. Scenario 4
presents the best product price while scenario 1 shows the
highest product price. Despite the better efficiency of the
NMMOpretreatment, higher capital and higher rawmaterial
expenses of this process have led to higher manufacturing
costs for ethanol (scenario 1 compared with scenario 3) and
biogas (scenario 2 compared with scenario 4). Another point
is that the processes for production of biogas were not as
profitable as the ethanol processes, since investment costs for
biomethane production are significantly higher than those of
the bioethanol process.

The gasoline equivalent expenses of E85 and biomethane
100 are 4% and 16% lower than gasoline, and the prices for the
four scenarios are 15–37% less than the fossil fuel. However,
only addition of energy and carbon dioxide taxes to the fossil
fuels helped the competition of biofuels in the fuel market.
Furthermore, there are other bonuses for biofuel vehicles,
such as discount on car insurance, free parking spaces, lower
annual registration taxes, and exemption from Stockholm
congestion tax. Note that the manufacturing cost must be
lower than the selling price to earn enough profit.

3.5. Sensitivity Analysis. The effects of price of the most
important raw materials on the production cost of ethanol
and methane are presented in Figure 10. While other raw
materials, for example, nutrients and utilities, did not signif-
icantly affect the operating expenses (data not shown), the
results of sensitivity analysis indicate that NMMO price had
the most significant effect on the manufacturing cost of the
products (Figures 10(b), 10(e), and 10(g)) (scenarios 1 and 2).
For example, 50% increase in the price of NMMO results
in 11% increase in the gasoline equivalent prices. The next
two effective parameters are the price of the lignocellulosic
feedstock (Figures 10(a), 10(d), and 10(f)) and the enzyme
price (Figures 10(c) and 10(h)). Increasing 50% in the wood
price has led to 8%, 8%, 13%, and 12% of the gasoline
equivalent prices of scenarios 1 to 4, respectively. About 50%
increase in the enzyme price for scenarios 1 and 3 has led
to 3% and 4% increase in the gasoline equivalent prices,
correspondingly. The processes for production of bioethanol
had the least safe margin if they are compared with the
average petrol price (1.65 C/l) in Sweden market (Figure 10).

The effects of byproduct prices on the manufacturing
cost of the main products are presented in Figure 11. The
data present the comparison of earning no profit from the
byproduct or 50% increase in the byproduct price with the
base cases. For scenarios 1 and 3, the credit from biogas and
solid residue significantly affected the manufacturing costs
(Figures 11(a) and 11(c)). For both scenarios 1 and 3, CO

2
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Figure 10: Effects of the price of wood, NMMO, and enzymes on the manufacturing cost of ethanol ((a), (b), and (c)), methane ((d), (e)),
and the gasoline equivalent prices ((f), (g), and (h)) for scenarios 1 (), 2 (e), 3 (◼), and 4 (X). The dashed line corresponds to average
gasoline price in the market. The empty shapes represent the base case values of manufacturing costs. The plant income tax is included in the
calculation of the values, but VAT and selling and distribution costs were not added. The gasoline equivalent prices are the prices of ready
products and include all expenses (c.f. Table 5).

had the least influence on the ethanol price. The price of
solid residue was more effective in the manufacturing cost
of methane in scenario 4 compared with scenario 2 (Figures
11(b) and 11(d)). The reason was lower efficiency of steam
explosion pretreatment compared to NMMO pretreatment
which results in lower digestion yield (scenario 4) and
production of more solid residues (Table 3).

3.6. Profitability of the Processes. Discounted cash flow analy-
sis for each scenario was performed using total capital invest-
ment and the annual operating costs. The costs include inter-
ests and time value of money. The payback period (payout
period) for each scenariowas calculated (Table 6) as themini-
mum length of time to recover the original capital investment.
The payback period of the biogas plants was more than that
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Figure 11: Effect of byproduct price on the manufacturing cost of ethanol and methane for scenarios 1 (a), 2 (b), 3 (c), and 4 (d). The values
are prices before addition of VAT and selling and distribution costs.

of the bioethanol plant because of the higher capitals require-
ments. Net rate of return (NRR) shows the profitability of the
processes andwas calculated by dividing the net present value
(NPV) by the present value (PV) of cumulative outflows.The
NRR for ethanol production processes was positive while
processes for biomethane production had negative NRR
(Table 6).

The relative profitability of the processes is presented by
profitability index (PI) (Table 6). PI shows the present value
of benefits relative to the present value of costs; thus, the PI of
a profitable project must be greater than one. The processes
for ethanol production (scenarios 1 and 3) were profitable (PI
> 1) and the processes for production of biomethane were not
profitable (PI < 1).

4. Conclusions

Both NMMO and steam explosion led to economically feasi-
ble processes for ethanol production (PI > 1); however, none
of the biomethane production processes were profitable (PI <
1). Therefore, production of biomethane as the only product
from wood may not be economically profitable. However,
biogas production from the waste streams of ethanol process
considerably helps the economy of the process and reduces
the negative environmental impacts. The processes using
steam explosion pretreatment were more economically prof-
itable compared to the processes with NMMO pretreatment.
Although the pretreatment type significantly affects the
yield of final product and consequently the economy of the
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Table 4: Total project investment and its breakdown for the scenarios.

Scenario 1 2 3 4
Pretreatment NMMO NMMO Steam explosion Steam explosion
Product Ethanol/biogas Biomethane Ethanol/biogas Biomethane
Investment cost (million C)

Feed handling 5.6 5.0 5.6 5.0
Pretreatment 10.2 10.0 6.4 6.4
Hydrolysis and fermentation 9.0 — 10.1 —
Distillation and dehydration 7.8 — 7.7 —
Biogas production — 21.9 — 21.7
Biogas upgrading/compression — 21.8 — 21.5
Water treatment 2.3 1.3 2.3 1.3
Utility 4.5 2.6 4.4 2.5
Storage 1.5 3.6 1.3 3.4
Working capital 3.1 3.5 2.7 3.3

Total project investment 44.0 69.7 40.5 65.1

Table 5: The manufacturing cost of biofuels and the tax portion of the final prices.

Cost (C/L) or (C/m3) Product cost 30% tax on plant income Energy tax Carbon
dioxide tax 25% VAT1 Final Price

Final price
(gasoline
equivalent)

Gasoline2 0.70 — 0.34 0.28 0.33 1.65 1.65
E853 0.82 — 0.05 0.04 0.23 1.14 1.59
Biomethane 1004 1.26 — — — 0.31 1.57 1.39
Manufacturing cost5

Bioethanol6 (scenario 1) 0.63 0.07 — — 0.237 0.93 1.40
Biomethane8 (scenario 2) 0.97 0.07 — — 0.319 1.35 1.20
Bioethanol6 (scenario 3) 0.50 0.10 — — 0.237 0.83 1.24
Biomethane8 (scenario 4) 0.77 0.09 — — 0.319 1.17 1.04

1VAT is calculated as 25% of the product prices of biomethane which were 10.9 SEK/m3 (1.26 C/Nm3) and ethanol which were 7.9 SEK/L (0.82 + 0.05 + 0.04 =
0.91 C/L). Therefore, VAT for biomethane = 1.26 ∗ 0.25 = 0.31 C/Nm3 and VAT for E85 = 0.91 ∗ 0.25 = 0.23 C/L.
2Average of gasoline (95% octane) in 2013 [4]. The gasoline includes 5% bioethanol.
3E85 is a blend of bioethanol and 15% gasoline. During winter time, the portion for gasoline increases to 25%.The portion of fossil fuel in E85 includes energy
and CO2 tax.
4Biomethane 100 contains 100% methane from biological sources and is sold in Sweden along with CNG.
5Manufacturing cost includes selling and distribution expenses which were 0.06 C/L for ethanol and 0.1 C/Nm3 for biomethane.
6The plant product is 99.9% bioethanol.
7It is assumed that the product will be sold to the market in the same price of E85. Thus, VAT was assumed to be similar to VAT for E85.
8The plant product is 97% biomethane.
9It is assumed that the product will be sold to the market in the same price of biomethane 100. Thus, VAT was assumed to be similar to VAT for biomethane
100.

Table 6: The profitability parameters of the processes.

Scenario 1 2 3 4
Pretreatment NMMO NMMO Steam explosion Steam explosion
Product Ethanol/biogas Biomethane Ethanol/biogas Biomethane
Payback period (year) 6.3 8.3 6.2 7.6
Net return rate (NRR) (%) 14.6 −6.3 16.7 −3.0
Profitability index (PI) 1.14 0.93 1.16 0.96
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NMMOprocess, higher capital as well as more expensive raw
materials reduced the overall profitability of the processes
with NMMO pretreatment. The technoeconomic study for
production of biomethane or ethanol shows that the average
gasoline equivalent price of biomethane was 16% lower
than that of ethanol and both were 18–39% lower than the
taxed gasoline. The energy and carbon dioxide taxes on the
gasoline significantly help this competition in favor of the
biofuels. Application of cheaper cellulose solvents improves
the economy of the process while maintaining high yields of
biofuels.
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Among the wide range of renewable energy sources, the ever-increasing demand for electricity storage represents an emerging
challenge. Utilizing carbon nanotubes (CNTs) for energy storage is closely being scrutinized due to the promising performance on
top of their extraordinary features. In thiswork, well-alignedmultilayer carbonnanotubeswere successfully synthesized on a porous
silicon (PSi) substrate in a fast process using renewable natural essential oil via chemical vapor deposition (CVD). Considering the
influx of vaporized multilayer vertical carbon nanotubes (MVCNTs) to the PSi, the diameter distribution increased as the flow
rate decreased in the reactor. Raman spectroscopy results indicated that the crystalline quality of the carbon nanotubes structure
exhibits no major variation despite changes in the flow rate. Fourier transform infrared (FT-IR) spectra confirmed the hexagonal
structure of the carbon nanotubes because of the presence of a peak corresponding to the carbon double bond. Field emission
scanning electron microscopy (FESEM) images showed multilayer nanotubes, each with different diameters with long and straight
multiwall tubes. Moreover, the temperature programmed desorption (TPD)method has been used to analyze the hydrogen storage
properties of MVCNTs, which indicates that hydrogen adsorption sites exist on the synthesized multilayer CNTs.

1. Introduction

Research and development of energy in the 21st century
focused on a wide range of renewable energy sources, due
to concerns over fossil fuel and its ever-aggravating impact
on global warming, environments, and the crisis of natural
resource depletion [1, 2]. Carbon nanotubes have gained
significant research interest for their potential applications,
such as generating electricity [3] and electricity storage [4],
that is, the administrable ability to capture, store, and deliver
generated power. The properties of CNTs depend on the
arrangement of their graphitic rings and the diameter of their
helical structure [5].

CVD is a common CNTs synthesis method based
on thermal decomposition of hydrocarbon vapors [6].

The properties of CNTs depend not only on the deposition
condition but the starting precursor as well [7]. For various
kinds of the deposition process, graphite target is commonly
used for the preparation of carbon-based materials [8].
Natural essential oils, a major source of renewable energy, are
regarded as promising to the world’s thirst for energy [9, 10].
Camphor oil is found in wood of the camphor laurel (Cin-
namomum camphora), which is a large evergreen tree found
in Asia, Dryobalanops aromatica, a giant of the Bornean
forests, and some other related trees in the laurel family,
notably Ocotea usambarensis. Camphor readily ignites and
burns without producing any residue. However, camphor
(C
10
H
16
O), which consists of both sp2 and sp3 carbons, is an

attractive new material for carbon-based preparation, since
graphite has only sp2 carbon [11].
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The petroleum-based precursors for synthesis of CNTs
have been investigated in detail, and the easy availability of
high-grade precursors has resulted in the production and
process optimization of different types, structure, dimension,
and orientations of CNTs. However, the naturally occur-
ring hydrocarbon precursors have generated some interest
because of the possibility of production of CNTs from the
bank of hydrocarbons that are being renewably produced
by nature in a carbon-neutral manner [12]. So, it becomes
important to search for new natural renewable precursors
that are easily available and are low in cost, such as essential
oils. Of course, it calls for studies that are related to yield and
quality of the CNTs being produced and the applications of
the resultant CNTs.

GrownMVCNTs arrays with different diameter distribu-
tion feeding gas velocity (sccm) have significant effects on
CNTs, especially on their diameter distribution [13]. To date,
the cause of diameter alterations in single CNTs structures
has yet to be clearly understood [14]. Heterostructured
multilayer CNTs are fabricated via conventional methods
separated by continuous steps, which may be repeated to
provide three or more layers of CNTs [15]. Various catalyst
formulations and reaction conditions have also been devel-
oped to enable the formation of multiple layers of CNTs
through the use of appropriate catalysts for different layers
[16]. Obtaining a comprehensive understanding of the CNTs
growth mechanism is necessary to achieve better control of
CNTs growth and design possible nanostructures [17].

Several researchers have reported different types of CNTs
based on variations in the parameters in multiple processes
[18]; however, to the best of our knowledge, the single
step developed in this study is a new method that allows
for the control of the diameter of CNTs on PSi. In the
present study, MVCNTs were successfully synthesized on a
PSi substrate in a one-step process using renewable natural
camphor oil via CVD. Moreover, the diameter of CNTs
produced through the optimized growth condition is limited
by controlling the diffusion of feedstock and also hydrogen
storage characteristic of the synthesized multilayer CNTs
being analyzed.

2. Experimental Procedure

The experimental setup is based on horizontal electronic fur-
naces used to cover the quartz tube during CNTs fabrication.
A mass flow controller was used to adjust the velocity of the
carrier gas by means of syringe pump into Psi, which was
fabricated via selective doping [19].

Camphor oil as a precursor was mixed with ferrocene
and then introduced to the inlet of the quartz tube fitted
by the first furnace to release the vaporized CNTs. The
reaction temperature was increased to 180∘C and maintained
for 30min to ensure that the precursor and catalysts were
completely pyrolyzed. Ferrocene decomposes to form the
iron catalyst necessary for the experiment, while camphor
acts as a carbon source (feedstock) of the substrate in the
second furnace.TheCVDexperiments commencedwhen the
deposition temperature of the second furnace reached the
optimal temperature (between 750 and 850∘C). The exhaust

argon gas in the quartz tube induced movement of the
amorphous vaporized carbon into the second furnace by
means of a mass flow controller, thereby allowing CNTs
growth on the surface of the proposed substrate [20]. To
identify the relation between the flow rate andCNTs diameter
on the substrate, three flow rates were employed at 1 bar.
Argon gas was injected into the inlet of the quartz tube at a
maximumvelocity of 600 sccm. After 10min, the velocity was
gradually decreased to 400 sccm as its median range of the
flow rate. Then, after 20min, the flow rate was decreased to
200 sccm until complete consumption of the carbon source.
After 1 h of reaction time, the reactor was cooled down slowly
to room temperature in Ar ambient space after the synthesis.

The CNTs were characterized by FESEM (ZEISS Supra
40VP) operated at 5 kV to evaluate the structure and diameter
of the samples. Raman spectra were obtained using micro-
Raman spectroscopy (Horiba Jobin Yvon-DU420A-OE-325),
with Ar+ ions at 514.5 nm to determine the adsorption,
desorption, and surface area of the samples. The surface
structure of the CNTs was confirmed by a VECTOR33 FT-
IR instrument.The chemisorption analyses of the synthesized
CNTs were done by TPDRO 1100.

During the TPD analysis, the sample, adequately pre-
treated, is submitted at an increasing temperature at a
constant rate and is swept by an inert gas such as helium.
The sample surface desorbs the gas that has been previously
chemisorbed, and a suitable detectormonitors the process. In
the TPD studies, the solid system is previously equilibrated
until saturation, with a probe gas in isothermal conditions at
a given partial pressure [21].

3. Results and Discussion

As shown in Figure 1, vertically-aligned CNTs with high
uniformity and nearly identical diameters were fabricated.
FESEM images confirm that well-aligned CNTs with three
different diameters were synthesized. As the flow rate
decreases, the CNTs gradually thicken [22]. The duration
of carrier gas feeding and its flow rate into the reaction
zone are key parameters controlling the CNTs diameter
[18]. The growth rates of the active ends of the CNTs vary
proportionally to the flow rate of argon gas until complete
consumption of the carbon source [23]. Alteration of the flow
velocity during deposition and limited gas-flow rate control
the growth conditions of the CNTs [24].

Considering the influx of vaporized CNTs to the PSi, the
diameter distribution increases as the flow rate decreased in
the reactor.The quantity of carbons covalently attached to the
active end of the tube increased with decreasing flow rates
[25]. Various diameters of CNTs are evident during structural
transition of the feedstock around the substrate. During the
first stage of the experiment, the average diameter of the tubes
is approximately 30 nm, and high uniformity is observed.
Reducing the flow rate during deposition process changes
the diameters of the tubes and produces a central layer with
uniformity that is identical to that in the first layer, with an
average diameter of 75 nm.Theminimum flow rate generates
the last layer of multilayer CNTs with the different geometry
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Figure 1: FESEM images of the heterostructured fast synthesized multilayer carbon nanotubes.
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Figure 2: FT-IR spectrum of the fast synthesized multilayer carbon
nanotubes.

as the previous layers and average diameter to up to 1 𝜇m; this
final layer is obtained by terminating the carbon source.

FESEM images show that variations in flow rate could
systematically change the diameter distribution of the CNTs.
We propose that at any given flow rate an optimal diameter
exists for the CNTs. Varying the carrier gas flow rate during
the growth process can be employed to control the growth of
CNTs [13].

Table 1: FT-IR spectroscopy absorption bands of multilayer carbon
nanotubes.

Frequency (cm−1) Possible assignment
3424 H-bonded OH groups
2928 C–H bending, stretching
1699 C=O stretching
1540 C=C stretching

Given that other parameters, such as carbon feeding rate,
temperature, and type of carrier gas, can be altered during
CNTs synthesis, our hypothesis also can be developed due
to alteration of the other parameters involved with growth
process such as multilayer growth of CNTs dependence on
temperature [26]. At low temperatures, only small nanoparti-
cles are activated; altering the temperature parallel to the flow
rate can change the growth efficiency and aspect ratio of the
CNTs [25].

The FT-IR spectrum (400 cm−1 to 4000 cm−1) of the
fabricated CNTs is shown in Figure 2, and the related peaks
are summarized in Table 1. The spectra were recorded using
pressed disks of the pure solid powders combined with
KBr. Only a small C–C stretch and a peak at 1532 cm−1
to 1560 cm−1 were observed, which indicates the presence
of a carbon double bond (C=C); this finding confirms the
hexagonal structure of the CNTs [27]. Figure 3 shows the
Raman spectra of the CNTs.
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Figure 3: Raman spectra of the fast synthesized multilayer carbon
nanotubes.

The Raman results have been compared with the growth
CNTs in a unique flow rate to ensure the effect of the
transitive gas flow on the growth process. Accordingly, two
main peaks are found at 1348 cm−1 and 1577 cm−1; these peaks
correspond to the𝐷 and𝐺 bands, respectively [28].The 𝐼

𝐷
/𝐼

𝐺

ratio suggests that the crystallinity of the synthesized CNTs
under varying flow rates is identical to those grown under a
fixed flow rate [29]. The 𝐼

𝐷
/𝐼

𝐺
ratio for both types of CNTs

is approximately 1.12. As such, the crystalline quality of the
CNTs shows no major variation despite changes in flow rate
[30].

The growth carbon nanotubes might be a suitable nanos-
tructure for hydrogen storage devices, since for multiwall
carbon nanotubes the hydrogen storage capacity is inde-
pendent of tube’s diameter [31]. Furthermore, there are also
repulsive forces present between the H and C atoms. This
energy tends to become larger as the diameter of tube
increases. The potential of nanostructured materials is not
only limited to energy storage and conversion devices but also
to nanotransistors [32], actuators [33], electron field emission
[34], and biological sensing devices [35].

The hydrogen adsorption properties of the fast synthe-
sized multilayer CNTs were explored in Figure 4. Accord-
ingly, the sample was degassed to 100∘C and exposed to
hydrogen at 760 Torr to obtain a TPD spectrum. For
comparison, a TDP spectrum of a single layer CNTs also
was degassed in the same condition, which was shown
in the inset in Figure 4. In both cases, the sample was
cooled to ∼190K, while the H

2
gas was evacuated [36].

These results indicate that unique hydrogen adsorption sites
exist on the fast synthesized multilayer CNTs and display
a hydrogen adsorption capacity at near ambient conditions
that is ∼2x greater than that of single layer CNTs. Therefore,
conclusively, it can be concluded that multilayer CNTs may
also be promising candidates for vehicular hydrogen storage
applications [37].
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Figure 4: Hydrogen TPD spectra of the fast synthesized multilayer
carbon nanotubes. Inset figure represents hydrogen TPD spectra of
single layer carbon nanotubes.

4. Conclusion

Well-aligned CNTs with three different diameters have been
synthesized by employing different flow rates. FESEM images
show that varying the flow rate could systematically change
the diameter distribution of the CNTs. Reducing the flow rate
during deposition process changes the diameter of the tubes,
thereby producing a central layer of CNTs with the same
uniformity as that in the first layer. The minimum flow rate
generates the last layer of the CNTs structure with the same
geometry as the previous layers and high average diameter.
FT-IR spectrum indicates the presence of carbon double
bonds (C=C), which confirms the integrity of the hexagonal
structure of the CNTs. The obtained Raman spectra indicate
that the crystallinity of the CNTs structure exhibits no major
variation despite changes in flow rate. According to the TPD
method for the hydrogen storage properties of MVCNTs, the
fast synthesizedmultilayer CNTs for the hydrogen adsorption
capacity at near ambient conditions are ∼2x greater than
the single-layer CNTs. These results demonstrate a new
geometric combination of CNTs based on heterostructured
multilayer nanotubes, which can be used in energy storage
devices because of their nanosize distribution of carbon
nanotubes, accessible surface area, and high stability.
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The potential of utilizing dried sweet sorghum stalks as raw material for anaerobic digestion has been evaluated. Two different
treatments were tested, a mild thermal and an enzymatic, alone or in combination. Thermal pretreatment was found to decrease
the methane yields, whereas one-step enzymatic treatment resulted in a significant increase of 15.1% comparing to the untreated
sweet sorghum. Subsequently, in order to increase the total methane production, the combined effect of enzyme load and I/S on
methane yields from sweet sorghum was evaluated by employing response surface methodology. The obtained model showed that
the maximum methane yield that could be achieved is 296mLCH

4
/g VS at I/S ratio of 0.35 with the addition of 11.12 FPU/g sweet

sorghum.

1. Introduction

Replacement of fossil fuels with renewable energy carriers
is now more urgent than ever in order to minimize the
negative impacts of human activities on the environment.
Biogas provides a renewable alternative to the traditional
fossil fuels and is produced from anaerobic digestion of
organic materials [1, 2]. Anaerobic digestion is a complex
biochemical process which takes place in the absence of
oxygen and involves several steps (hydrolysis, acidogenesis,
acetogenesis, and methanogenesis) where each of them is
catalyzed by different category of microorganisms and all
together form a unique systemwhere the products of one step
are the raw materials of the next [3–5]. Taking into account
the resource efficiency, biogas production is considered to
have a better ratio of output to input energy comparing
to ethanol production [6]. Special care should be taken in
order not to inhibit the methanogenesis process, as it is more
sensitive compared to the other steps [4].

The main components of the biogas are methane (CH
4
)

and carbon dioxide (CO
2
) and the ratio between them affects

the total energy of biogas which is estimated to vary between
18,630 and 26,081 kJ/m3 [7]. Biogas has different applications,
as it can be used for electricity and heat production or
as vehicle fuel [6]. Another important benefit of biogas
production is that the resulted digestate can be utilized as
biofertilizer as it presents increased nutrient availability and
favorite elemental composition [1, 4, 5].

Different kinds of organic materials have been utilized as
rawmaterial for anaerobic digestion, such as sewage, different
animalmanures, various food residues [8–10].There is a great
interest of exploiting solid biomass for biogas production
and more specifically lignocellulosic biomass which is a
highly abundant resource and available at low cost [11].
One important and crucial step during anaerobic digestion
of lignocellulosic material is the efficient hydrolysis of the
complex carbohydrates cellulose and hemicellulose [5, 7].
Improving the efficiency of this step is of great importance
in order to achieve high biogas production yields.

Biomass could be derived, for example, from agricultural,
such as different straws, or forest residues. An alternative
source of biomass could be energy crops like sweet sorghum.
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Cultivation of sweet sorghum presents several benefits as it
requires fewer inputs (like fertilizers) and due to the high
photosynthetic activity that presents high amounts of soluble
and insoluble carbohydrates are produced in a short period
[12–14]. Moreover it is tolerant to harsher climate conditions
(like drought and high soil salinity) and can exploit lands that
are not suitable for the cultivation of other crops [13, 15]. On
the other hand, presence of soluble sugars in stalks results in
low storage stability of sweet sorghum, which in turn makes
storage of stalks a challenge and all-around year availability of
them difficult.This problem can be solved by drying of stalks,
as has previously been demonstrated [16, 17].

The aim of this work was to evaluate the potential
use of dried sweet sorghum stalks as raw material for the
production of biogas using a thermophilic sludge. Utilization
of thermophilic conditions rather than mesophilic presents
some benefits such as more thermodynamically favorable
conditions, leading to higher methanogenic activity and
in turn faster digestion, and less contamination problems
from other microorganisms [11, 18]. Different treatments of
sweet sorghum stalks were also evaluated concerning the
improvement of methane production yields.

2. Materials and Methods

2.1. Feedstock and Inoculum. During this work the Keller
variety of sweet sorghum was utilized, which was cultivated
in Voiotia region of central Greece. Preparation of dried
sweet sorghum stalks was done as previously described [16].
The particle size after drying and milling was 0.75mm.
Volatile solids (VS) concentration of sweet sorghum stalks
was 93.44% w/w, whereas total solids (TS) content was
95.69% w/w. The composition of sweet sorghum stalks per
dry weight is as follows (% w/w): sucrose, 34.4; glucose, 8.2;
fructose, 8.1; cellulose, 19.6; hemicellulose, 15.2; acid insoluble
lignin, 3.2 [16].

Anaerobic sludge which was used as inoculum was
collected from the biogas plant in Boden, Sweden, where
biogas is produced by thermophilic codigestion of sewage
sludge and food wastes at 55∘C.The VS and TS content of the
inoculum were 1.17% w/w and 2.04% w/w, respectively.

2.2. Thermal and Enzymatic Treatment. During this work
two different treatments were applied to improve methane
yields, one thermal and one enzymatic, alone or in combi-
nation.Thermal treatment was performed using an autoclave
apparatus at 105∘C for 1 hour with sweet sorghum’s concen-
tration of 20% w/w.

During enzymatic treatment, a mixture of the com-
mercial enzyme solutions Celluclast 1.5 L and Novozym
188 (Novozymes A/S, Denmark) at 5 : 1 v/v ratio was used
at the same enzyme loading that was previously found
optimal for sweet sorghum saccharification during ethanol
production [16]. Two different process configurations were
evaluated during the enzymatic treatment, namely, one-step
and two-step processes. In one-step process, the enzymes
were directly added in the sludge, whereas in the two-step
process sweet sorghum was enzymatically presaccharified

prior to the addition to sludge. During the two-step process
the saccharification was performed at 50∘C for 8.6 hours at
20% w/w DM content. In order to avoid the hydrolysis of
sucrose by Novozym 188 endogenous invertase activity and
subsequent inhibition of cellulases, the enzymatic solution
was added in the startup of anaerobic digestion stage.

2.3. Analytical Methods. TS content was measured as weight
difference before and after drying the samples at 105∘C for 24
hours. The VS content was measured after drying the sample
at 550∘C for 2 hours and abstracted this weight difference
from the TS content.

Enzyme activity of the commercial enzyme solutions was
measured according to the method developed by Ghose [19]
and found to be 83 FPU/mL for the mixture.

2.4. Biochemical Methane Potential (BMP). BMP assays were
performed at the Automatic Methane Potential Test System
(AMPTS II) of Bioprocess Control AB (Lund, Sweden).
Incubation took place in 500mL glass bottles containing
400 g of total sample (inoculum and substrate). Slow mixing
of the sludge was conducted by motors on the top of each
flask at intervals of 10min mixing and 1min resting. Every
bottle was connected with a CO

2
-fixing unit, which consists

of 100mL glass flasks containing approximately 80mL of
3M NaOH and thymolphthalein as pH indicator. Finally, the
volume of the methane was measured at the gas flow meter
unit.

In every batch of experiments two different controls
were also included. One with only the inoculum in order
to calculate the methane production from the organic load
already present in the sludge and one with the inoculum
and the enzymes in order to calculate methane production
from the digestion of the enzymes. Finally, a positive control
experiment was also included to evaluate the quality of the
sludge, containing avicel cellulose. During the first batch of
experiments the inoculum to substrate ratio (I/S ratio) in
terms of VS was equal to 2, whereas in the second batch
it varied as described in Section 2.5. Each flask was supple-
mented with salt and trace element solution as described by
Antonopoulou and Lyberatos [12]. Prior to startup of the
digestion each flask was sparged with nitrogen for 90 sec.
Incubation of the flasks took place in a water bath at 55∘C
until no significant amounts of methane were produced. All
the experiments lasted a maximum of 21 days.

2.5. Experimental Design. An experimental design (response
surfacemethodology (RSM)) was employed during this work
in order to evaluate the combined effect of enzyme loading
and I/S ratio on themethane yield. RSMallows the estimation
of the interactions of the chosen factors and their effect in
one or more responses and can result in improvement of the
process factors. According to the specific experimental design
employed, different combinations of the chosen factors,
which vary at certain levels, are generated. The responses
of these combinations can be graphically represented and a
quadratic or cubic model can describe the behavior of the
responses. During this work a Box-Wilson circumscribed
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Figure 1: Effect of enzymatic treatment on methane yields. Enzy-
matic treatment was performed either in one step or in two steps.
The values presented are the average of duplicate experiments.

central composite (CCC) design was employed generating 11
experimental combinations (3 replicates of the central points)
which were done in duplicates (Table 1).The quadratic model
applied was the following:

Met = 𝛽
0
+ 𝛽

1
⋅ 𝑋

1
+ 𝛽

2
⋅ 𝑋

2

− 𝛽
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⋅ 𝑋
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1
− 𝛽

4
⋅ 𝑋

2

2
− 𝛽

5
⋅ 𝑋

1
⋅ 𝑋

2
,

(1)

where met represents the methane yield per gram of VS (mL
CH
4
/g VS), 𝑋

1
the enzyme loading (FPU/g sweet sorghum),

and 𝑋
2
the I/S ratio and with 𝛽

𝑖
the different coefficients.

Fitting of the model according to multiple linear regression
(MLR) and statistical analysis of the obtainedmodelwas done
using the software MODDE v.10 of Umetrics.

3. Results and Discussion

3.1. Evaluation of Different Treatments on Methane Poten-
tials. Sweet sorghum stalks contain both soluble (glucose,
fructose, and sucrose) and insoluble carbohydrates (cellulose
and hemicellulose) which could be utilized for methane
production. Despite the fact that themethane producing con-
sortia can hydrolyze insoluble carbohydrates, the methane
yields could be lower when the lignocellulosic materials are
utilized without any kind of treatment [6, 20, 21]. One way
to increase digestibility of insoluble carbohydrates is the
application of a physicochemical pretreatment process, such
as hydrothermal, dilute acid, and steam explosion. On the
other hand pretreatment of sugar crops like sweet sorghum,
which contain high amounts of soluble sugars, can result in
formation of inhibitors (such as furfural andHMF) leading to
a significant decrease of the available sugars. For this reason
the application of a physicochemical pretreatment at harsh
conditions (e.g., high temperature or treatment duration)
is not feasible. On the other hand, addition of hydrolytic
enzymes could facilitate the hydrolysis of both cellulose and
hemicellulose and in turn increase the methane yield.

During this work an enzymatic treatment was evaluated
by employing a mixture of Celluclast 1.5 L and Novozyme

188 at a ratio of 5 : 1 volumes, at a concentration equivalent
to 8.32 FPU/g sweet sorghum (as previously found opti-
mal for sweet sorghum saccharification by Matsakas and
Christakopoulos [16]). In order to evaluate the effect of
enzymatic treatment, two different process configurations
were evaluated, namely, a one-step and two-step process
which resemble the SSF (simultaneous saccharification and
fermentation) and SHF (separate saccharification and fer-
mentation) processes during bioethanol production from
lignocelluloses.

When no treatment was applied to sweet sorghum stalks
methane yield reached 238mL/g VS. In contrast, addition
of enzymes improved the overall methane production yields
(Figure 1). It is worth noticing that when a two-step process
configuration was applied the increase of methane yield was
only 1.7%, whereas during the one-step process the increase
was 15.1% reaching a methane production of 274mL/gVS
with the most probable reason being the presence of higher
initial sugar concentration in the startup of anaerobic diges-
tion stage during the two-step process, which could result in
production of higher amounts of volatile fatty acids (VFAs),
which in combination with lowering the pH below optimal
could have a negative impact onmethane production [22, 23].

Subsequently the effect of a mild thermal pretreatment
(105∘C for 1 h) on sweet sorghum digestibility was evaluated
without the addition of any acid or basic catalyst which
could result in severe degradation of soluble sugars. It was
previously reported that a thermal pretreatment under mild
conditions could enhance methane production from sweet
sorghum stalks [12]. Despite the fact that Antonopoulou and
Lyberatos [12] found a positive effect of thermal pretreatment
on sorghum digestibility, during this work the methane
production of pretreated sweet sorghum was 5.46% less
compared to the untreated one, resulting in a methane
production of 225mL/gVS. This could be attributed to
the minor degradation of soluble sugars and formation of
inhibitors. Addition of enzymes to the thermally pretreated
sweet sorghum increased the methane production but the
overall yield was less compared to the yield obtained by the
untreated sweet sorghum (Figure 2).The same negative effect
of the two-step process was also observed during utilization
of thermally pretreated sweet sorghum stalks.

3.2. Evaluation of the Combined Effect of Enzyme Loading
and I/S Ratio on Methane Production. From the previous
experiments it was concluded that a one-step enzymatic treat-
ment step increases the methane yields from sweet sorghum.
During anaerobic digestion the I/S ratio is considered to
play a very important role on the methane yields [2, 24].
If this ratio is low, there is high possibility of inhibition of
methane production due to the accumulation of VFAs [1],
which is a result of the imbalance between the acidogenic
and methanogenic stage [4]. On the other hand, lower I/S
ratio results in higher substrate concentrations which in turn
yields in higher total methane production per volume of
sludge, which is very important for the economic viability
of the process. Thus it is important to find the lowest I/S
ratio in which the methane yield per gram of volatile solids
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Table 1: Codded and actual values of the experimental design.

Treatment Coding values (𝑋
1
= enzyme load,𝑋

2
= I/S ratio) Actual values (𝑋

1
= enzyme load,𝑋

2
= I/S ratio)

𝑋

1
𝑋

2
𝑋

1
𝑋

2

1 −1 −1 3 0.7

2 1 −1 13 0.7

3 −1 1 3 3.3

4 1 1 13 3.3

5 −1.414 0 0.93 2

6 1.414 0 15.07 2

7 0 −1.414 8 0.16

8 0 1.414 8 3.83

9 0 0 8 2

10 0 0 8 2

11 0 0 8 2
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Figure 2: Effect of thermal treatment on methane yield with
or without the combination of enzymatic treatment. The values
presented are the average of duplicate experiments.

is not decreasing and at the same time the total production of
methane is high.

In order to evaluate the ability of the consortium to
act at low I/S ratio, initially microcrystalline cellulose was
employed at different I/S ratios (2, 0.67, and 0.33). As can
be seen in Figure 3 methane production per gram of VS is
increased with decreasing I/S to 0.67, while further decrease
to 0.33 resulted in slight decrease ofmethane potential, which
was still above the methane yields at I/S ratio 2. It can be
concluded that the used microbial consortium is capable of
digesting materials at low I/S ratios which results in higher
overall methane production, which in this case increases
from 2.1 L CH

2
/L to 10.2 L CH

2
/L when I/S ratio is decreased

from 2 to 0.33.
Subsequently the combined effect of enzyme load and

I/S ratio was evaluated by response surface methodology
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Figure 3: Effect of I/S ratio in methane yield and total methane
production from avicel cellulose. The values presented are the
average of duplicate experiments.

according to circumscribed central composite (CCC) design.
11 experimental combinations came from the experimental
design as represented in Table 1 which were done in duplicate
resulting in a total of 22 experiments. During the initial fitting
of the quadratic model to the obtained results it was found
that the 𝑅2 was 0.495, whereas the 𝑄2 was −0.067, values
that indicate that the model was not adequate enough to
describe the experimental values and predict values at new
experimental combinations. For this reason the values of the
experiments at the combination 8 FPU/g sweet sorghum and
0.16 g/g I/S ratio were excluded, as the methane production
was inhibited (Table 2). The obtained model is described by
the following equation:

Met = 278.708 + 0.716472 ⋅ 𝑋
1
− 16.9907 ⋅ 𝑋

2

+ 0.014611 ⋅ 𝑋

2

1
− 1.58786 ⋅ 𝑋

2

2
+ 0.594616 ⋅ 𝑋

1
⋅ 𝑋

2
.

(2)

𝑅

2 was improved to 0.886 and the 𝑄2 to 0.762 indicating
that the model is capable of fitting the experimental data
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Figure 4: Diagnostic tools for model evaluation. (a) Residual normal probability and (b) plot of observed values against predicted.

Table 2: Experimental obtained and predicted methane yields.

Treatment Met (methane yield, mLCH4/gVS) experimental Met (methane yield, mLCH4/gVS) predicted
A B

1 267.15 273.02 269.57
2 277.92 290.82 283.23
3 210.68 225.40 213.51
4 256.48 239.09 242.64
5 229.42 246.11 240.16
6 274.20 260.08 270.41
7 47.11 49.86 —
8 201.86 216.86 215.03
9 242.05 256.17 254.56
10 257.15 249.21 254.56
11 259.60 263.16 254.56

and can efficiently predict new data. Two more factors that
describe the efficiency of a model are the model validity and
the reproducibility. For the model obtained during this work,
both of them were high and found to be 0.735 and 0.849,
respectively. Finally, two diagnostics tools were employed
to verify the adequacy of the model to fit experimental
data, namely, the normal probability plot of residuals and
the relationship between predicted and experimental data
(Figure 4). Normal probability plot of residuals is made by
plotting the observed residuals against the expected values
[24] and is used to evaluate the normality of the residuals
as well as to detect outliers, whereas plot of experimental
obtained data versus predicted ones indicates the efficiency of
the model to describe the obtained experimental results. The
model obtained during this work is sufficiently describing
the experimental result as the values of the data are fairly
close to the linear line. This can also be observed at Table 2
where the experimental and predicted values for the duplicate
experiments are given.

Figure 5 shows the resulting response surface and contour
of the model. It can be observed that low I/S ratio in
combination with higher enzyme loadings lead in increased
methane yields, where the yields are more affected by the
I/S ratio than the enzyme load. As has previously been
discussed it is important to find the lowest I/S ratio where
the methane yield remains high, in order to increase the total
methane production. During this work the highest methane
yield (284.37mLCH

4
/gVS) was achieved at a low I/S ratio,

equal to 0.7, with the addition of 13 FPU/g resulting in a total
production of 4.7 LCH

4
/L.

4. Conclusions

The ability of utilization of dried sweet sorghum stalks as raw
material for anaerobic digestion was demonstrated. One-step
enzymatic treatment of stalks resulted in an increase of the
methane production yield compared to thermal treatment
which resulted in slight decrease. Finally, the combined effect
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Figure 5: Response surface (a) and contour plot (b) of the methane yield at different combinations of enzyme load and I/S ratio.

of enzyme load and I/S ratio was evaluated resulting in higher
yields and total methane production.
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Copyright © 2014 Yi-Tang Chang et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Synthetic sewage containing high concentrations of pharmaceuticals and personal care products (PPCPs, mg/L level) was treated
using an anoxic/aerobic (A/O) reactor coupled with a microbial fuel cell (MFC) at hydraulic retention time (HRT) of 8 h. A novel
design of solid plain graphite plates (SPGRPs) was used for the high surface area biodegradation of the PPCP-containing sewage
and for the generation of electricity. The average CODCr and total nitrogen removal efficiencies achieved were 97.20% and 83.75%,
respectively. High removal efficiencies of pharmaceuticals, including acetaminophen, ibuprofen, and sulfamethoxazole, were also
obtained and ranged from 98.21% to 99.89%. A maximum power density of 532.61mW/cm2 and a maximum coulombic efficiency
of 25.20% were measured for the SPGRP MFC at the anode. Distinct differences in the bacterial community were presented at
various locations including the mixed liquor suspended solids and biofilms.The bacterial groups involved in PPCP biodegradation
were identified asDechloromonas spp., Sphingomonas sp., and Pseudomonas aeruginosa. This design, which couples an A/O reactor
with a novel design of SPGRP MFC, allows the simultaneous removal of PPCPs and successful electricity production.

1. Introduction

Pharmaceuticals and personal care products (PPCPs) are
being paid more public attention as emerging organic con-
taminants (EOCs) in ecosystems. In Taiwan, the existence of
pharmaceuticals pollution can be attributed to incomplete
municipal sewage collection systems and inappropriate
recycling and treatment programs for waste medical mate-
rials. Pharmaceutical sewage can be treated by municipal
wastewater treatment plants (WWTPs), but the effluent
obtained by such plants introduces residues into the hydro-
logical cycle [1]. Natural surface water systems, such as rivers,
reservoirs, and oceans, are widely distributed in Taiwan and
are, thus, prone to contamination. Similarly, urban ground-
water reservoirs are likely to be contaminated by pharma-
ceuticals from sewage. The concentration of such pharma-
ceuticals has been found to range from ng/L to 𝜇g/L and can
even reach mg/L levels in sanitary landfill leachates. Typical
examples of the pharmaceutical drugs found in such sewage

in Taiwan include analgesics, antibiotics, and nonsteroidal
anti-inflammatory drugs (NSAID); examples are acetam-
inophen (ACE), sulfamethoxazole (SMX), and ibuprofen
(IBU); such compounds are often detected at relatively high
concentrations (𝜇g/L) in the influent of municipal WWTPs
[2].

Anoxic-aerobic coupled systems (A/O systems) have
been applied to the treatment of a wide range of munici-
pal wastewaters and industrial wastewaters of low-to-high
strength concentrations. The advantages of A/O systems
include a high overall treatment efficiency with respect to
BOD and nutrients, a reduced need for sludge disposal, a
lower consumption of chemicals, and a greater potential for
resource recovery [3].The combination of aerobic and anoxic
degradation pathways in the A/O system has been reported
as aiding the overall degradation efficiency of PPCPs. The
removal efficiencies for PPCPs in municipal wastewater vary
on a case-by-case basis due to differences in the biological
processes and the target PPCPs. For example, biofiltration of
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wastewater through biological activated carbon has shown
good potential for the efficient removal of PPCPs (>90%), but
sand biofilters have a poor efficiency [4]. Sulfonamides have
been shown to be removed in the range from 18.5% to 37.2%
using an anoxic/anaerobic/aerobic (A2O) system, but higher
removal efficiencies from 53.3% to 73.3%were obtained using
an oxidation ditch [5]. Thus, it is necessary to clarify the
contribution to sewage treatment efficiency of each different
reactor in an A/O system.

Energy is required to keep the regular operations at an
A/O system fully powered, for example, to provide oxygen
(O
2
) to the aerobic reactor. Recently, microbial fuel cells

(MFCs) have been found to be able to provide an innovative
renewable energy source that is both green and clean, as well
as having a low carbon footprint [6, 7]. The potential for
electrical generation of MFCs is being developed and this
approach as a source of green energy has the potential
to reduce various operational costs (electricity) including
aeration and recirculation/process pumping. However, when
applied, the two-chamber MFC A/O system is limited
in terms of the amount of electrode design. Alternative
approaches that can be implemented include improving the
electrode design and/or modifying the system by using var-
ious chemical catalysts. For example, modifying the cathode
by adding a noble metal such as Pt or a nonnoble metal such
as Fe3+ or Mn4+, which can then act as a chemical mediator,
is able to significantly increase the PD of MFCs [8, 9].
Such advances in electricity production either need specific
carbon-based materials or have to include noble metals at
extremely high cost [10], both of which retard the practical
development of such systems for MFCs that are coupled with
the biological treatment of wastewater. In addition, some of
the above mediators are known to be toxic to the growth of
bacteria, which are central to biodegradation.

Graphite electrodes in aMFC system are good in terms of
power production compared to various metals, such as iron,
aluminum, and stainless steel [11]. Biofilms on the graphite
electrodes are known to contribute to power production in
the MFC system. Different types of graphite cathode/anode
electrodes, including graphite plates, sheets, felts, rods, and
papers, have been developed to increase electricity output
[12]. In fact, the bacterial biofilm formed on the graphite
material is also able to biodegrade sewage, even EOCs. The
development of high specific surface area graphite cath-
ode/anode electrodes should result in great benefits in aMFC
A/O system in terms of generating electricity and sewage
removal. Moreover, the bacterial community structures and
their functions are complex in a MFC A/O system. Till now,
there has been little information available on the influence
of PPCP-containing sewage on the various dynamic bacterial
communities present in A/O systems and on electricity
generation during biological treatment by an A/O system.

The objective of this study is to design and implement
a MFC system that is combined with an A/O reactor and
to use this system to process PPCP-containing sewage for
the first time. MFC solid plain graphitic plates (SPGRPs)
were designed to generate bacterial electricity and to remove
PPCPs in a highly effective manner. The removal efficiencies,
including COD, N, and P, when treating the sewage, were

measured using an integrated MFC A/O system. At the same
time, PPCP biodegradation was assessed. The spatial bacte-
rial communities and their major functions were carefully
evaluated using biomolecularmethods, namely, PCR-DGGE-
cloning. The biodiversity of the bacterial communities at
various locations, such as mixed liquor suspended solids
(MLSS) and biofilms, was compared across the MFC A/O
system. This study provides an alternative approach to the
biological treatment of municipal/industrial wastewater that
contains PPCPs; specifically, it involves the coupling of a two-
chamber MFC to an A/O reactor. The specific functions of
the various members of the bacterial population present in
the reactors were clarified in terms of a series of biochemical
reactions within the MFC A/O system.

2. Material and Methods

2.1. Chemicals. Three target pharmaceutical drugs among
potential PPCPs were selected for this study, ACE, SMX,
and IBU. These drugs are commonly found in WWTP
municipal wastewater in Taiwan. ACE was purchased from
Fluka at purity of >98%. SMX and IBU were obtained from
Sigma-Aldrich at purity of >99% and Sigma at purity of
>99.9%, respectively. The organic solvents used in this study
were all HPLC grade with purity higher than 99.9%. All
other chemicals were reagent grade with purity above 99%.
The Milli-Q water was double-distilled and deionized by a
Millipore water purification system.

2.2. The MFC A/O System. Figure 1 shows the pilot-scale
coupled MFC A/O system used in this study. The sewage
influent consisted of a mixture of condensed artificial
PPCP-containing sewage and tap water in a stabilized tank
(25,000mL) that was controlled to a temperature between
8∘C and 12∘C. The anoxic reactor (3,940mL) was designed
as the inner tank and its temperature was controlled to
be within the range from 26∘C to 29∘C, while the aerobic
reactor (11,565mL) was designed as the outer tank.TheMFC
system consisted of the inner tank (cathode chamber) and
outer tank (the anode chamber) separated by two proton
exchange membranes (PEM, Nafion N117, DuPont Nafion
PFSA membrane). The total area of PEM in the MFC
A/O system was 68.40 cm2 and had the ability to transport
hydrogen as protons from the anode (anoxic tank) to the
cathode (aerobic tank). SPGRPs (96mm × 36mm × 5mm)
with high specific surface areas (20,267.22mm2 for each
SPGRP) were used for two different purposes in this study,
with one set being in the cathode chamber and another set
being in the anode chamber. The SPGRPs were fixed by
two PTFE-covered stainless steel bars. Copper wires were
used to connect all the SPGRPs within the MFC system. The
anoxic reactor included eleven SPGRPs that were designed to
allow the development of bacterial biofilms on the cathode
(called the cathode catalysts or the biocathode) that would
increase electricity generation by the MFC. In contrast, the
anode chamber consisted of ten SPGRPs that were designed
to allow the formation of biofilms that would aid the removal
of artificial PPCPs from the sewage.
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(I) Sludge recycle route

(E) Aerobic reactor (cathode chamber)

(a) Peristaltic pump
(b) pH meter
(c) ORP meter
(d) DO meter
(e) Heating rod
(f) Proton exchange membrane (PEM)

(g) Graphite carbon plates (GCP)
(h) Resistance (1kΩ)
(i) Magnetic stirrer
(j) Overhead stirrer
(k) Air diffusers

Figure 1: Schematic diagram of the A/O reactor and the MFC coupled system.

Table 1: Components of the artificial PPCP-containing sewage (per
liter) used in this study.

Component Weight (mg)
SMX 2
ACE 30
IBU 20
Whole milk
(KLIM, Nestlé) 119

Saccharide 30
Urea 11.76
KH2PO4 6.3
NH4Cl 5.6
FeCl3 0.14
Acetic acid (99.7%) 52.64 𝜇L
NaOH (10N) Drops were used to adjust the pH to 7.4

2.3. Inoculation and Experimental Operation of the MFC
A/O System. The original source of the active sludge used
to inoculate the pilot-scale coupled MFC A/O system came
from a secondary sedimentation tank at the Neihu WWTP,
Taipei, Taiwan, which is used to treat PPCP-contained
sewage. To avoid the influence of the complex content found
in real sewage during PPCP biodegradation, artificial sewage
containing the target PPCPs was used in this study. Table 1
presents the components present in the artificial PPCP-
containing sewage used in this study. The COD/N/P ratio
of influent artificial sewage is about 257.16 : 13 : 1.96, which
is quite close to the best composition (C/N/P = 100 : 5 : 1)

for municipal wastewater when carrying out biological treat-
ment at a WWTP. Activated sludge in the settlement tank
(154,000mL) was set up to be 100% recycled into the anoxic
reactor because increasing the sludge retention time will
reduce the operation costs. Water parameters, including pH,
ORP, and DO, were obtained by real-time monitoring of all
tanks. Table 2 lists the operating parameters of the MFC
A/O system. In order to confirm the ability of the system to
remove PPCPs and to be able to observe the shifts in bacterial
community present in the MFC A/O system, the influent
concentrations of ACE, SMX, and IBU were designated to be
30, 2, and 20mg/L, respectively, which are about 1,000-fold
higher concentrations than those present in sewage effluent
from Taiwan.The continuous flow rate of the sewage influent
was controlled to be 32.33mL/min during this experiment.
The hydraulic retention time (HRT) was set up to be 8 h,
which consisted of 2.04 h in the anoxic reactor and 5.96 h in
the aerobic reactor. Two experimental phases were carried
out as part of this study. Phase I was designed to have the
A/O system coupledwithMFC system in steady operation for
the biological treatment of artificial sewage without PPCPs
and this lasted 95 days. Phase II involved treatment of PPCP-
containing sewage and took place immediately after Phase I;
this phase lasted for 28 days. The treatment of the PPCPs,
the water parameters (CODCr, N, and P), and the bacterial
community present were examined regularly.

2.4. Electricity Measurements and Calculations. Power den-
sity (PD) and coulombic efficiency (𝐸

𝐶
) were selected to

be evaluated as measures of the electricity generation by
the MFC system [13]. Voltage (𝑉) was regularly measured
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Table 2: Operating parameters for the MFC A/O reactor with a HRT of 8 h (mean ± SD)2.

Water parameters (unit) Anoxic reactor (anode chamber) Aerobic reactor (cathode chamber)
pH 8.07 ± 0.33 7.48 ± 0.31

Temperature (∘C) 26.75 ± 1.23 29.58 ± 1.62

ORP (mV) −393.51 ± 61.9 121.97 ± 42.61

DO (mgL−1) ND1
4.22 ± 0.45

MLSS (mg L−1) ND1
1956.07 ± 566.51

SVI (mL g−1) ND1
218.82 ± 78.15

F/M ND1
0.19 ± 0.1

F/V g BOD (m3
⋅day)−1 ND1

0.26 ± 0.14

1NA: not available.
2Average concentrations in the MFC A/O system during Phase I and Phase II (125 days).

using a multimeter (LTlutron DM-9090, Taiwan) via a data
acquisition system and this was converted to PD. PD is the
power (𝑃: the definition is the time rate of energy transfer) per
cross-sectional area (projected) of the anode (𝐴) according to
following equations:

𝐼 (mA) = 𝑉
𝑅

,

𝑃 (mW) = 𝐼 × 𝑉,

PD (mW/m2) = 𝑃
𝐴

,

(1)

where 𝑃 is the power, 𝐼 is the current (mA), and 𝑅 is the
resistance.

The 𝐸
𝐶
is calculated based on the ratio of total electrons

recovered as 𝐼 to maximum possible electrons recoverable
if all substrate removal produces current; this is calculated
using the following equation:

𝐸

𝐶
=

𝐶

𝑃

𝐶max
× 100%, (2)

where 𝐶
𝑃
is the total coulombs calculated by integrating

the current over time. 𝐶max is the theoretical amount of
coulombs that can be produced from the artificial wastewater,
calculated using the following equations:

𝐶

𝑃
= 𝐼 ×HRT,

𝐶max = 𝐹𝑓𝑆COD𝑉anode,
(3)

where HRT is hydraulic retention time in the MFC A/O
system (s); 𝐹 is Faraday’s constant (96,485 C/mol of elec-
trons); 𝑓 is the number of moles of electrons produced per
mole of sewage (1/8mol of electrons/g COD); 𝑆COD is the
difference in COD between the influent and effluent in the
anode chamber (anoxic reactor);𝑉anode is the effective volume
of anode volume.

2.5. Water Parameters Analysis. Samples of artificial PPCP-
containing sewage were initially passed through a 1.20 𝜇m
glass-fiber membrane and then refiltered through a 0.45 𝜇m
nylon membrane. Samples for water parameter analysis were
acquired from the same reactor and at the same time as the
microbial samples.Water parameters, including temperature,

pH, SS, VSS, and CODCr, were analyzed and this was done
by following the procedures from the Standard Methods for
the Examination ofWater andWastewater [14]. Total nitrogen
(T-N) and total phosphate (T-P) were measured using test
kits, namely, Merck spectroquant Nova 60. NH

4

+–N, NO
2

−–
N, NO

3

−–N, and PO
4

3−–P weremeasured by ion chromatog-
raphy (IC, Metrohm 883 Basic IC, USA). Real-time pH/ORP
and DO were monitored using a pH/ORP meter (LTlutron
pH/ORP-208 meter, Taiwan) and a DOmeter (EZDO, PDO-
408, Taiwan), respectively.

2.6. PPCPs Analysis. Filtered sewage samples are dried into
a powder on a freeze vacuum evaporator (Labconco, USA)
at −50∘C. Extracted samples were concentrated by hexane
and diluted using acetonitrile (ACN) to adjust the concen-
tration correctly. The stock solution of PPCPs for the HPLC
standards was prepared by serial dilution in ACN and stored
in dark-brown glass containers at 4∘C to prevent photolysis
of the PPCPs. Samples and standards were injected into the
HPLC system to determine the concentration of PPCPs. The
HPLC system was equipped with a UV detector (YL-9100,
Young-Lin, Korea) and C18 column (250 × 4.6 mm, Thermo
Scientific, USA). The operating conditions of HPLC were as
follows: 15 𝜇L injection sample and 1.2mL/min mobile phase
composed grade ACN and 0.02M phosphoric acid (PA) in
the gradient program. The recovery range for the PPCPs in
samples was from 75% to 95% and the losses were probably
due to limitations of the analytical methods. The detection
limit of this approach (MDL) to the analysis of the target
PPCPs was 5 𝜇g/L. Triplicate analyses of the PPCPs were
carried out on each sample.

2.7. Bacterial Community

2.7.1. DGGE. The genomic DNA ofmicroorganisms involved
in the A/O system was extracted from MLSS, SPGRP
biofilms, and PEM biofilms in the MFC A/O system using a
soil genomicDNApurification kit (GeneMark, Taiwan). Bac-
terial 16S rDNA genes were selectively amplified from the
purified DNA products by PCR. The V6–V8 region of 16S
rDNAwas selected using the forward primer 968F-GC clamp
and the reverse primer 1392R [15]. The DNA product was
separated by DGGE profiling using DCode Universal Muta-
tion Detection System (Bio-Rad Laboratories, Inc., Hercules,
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California, USA) and 40% to 65% gradient gel at 60∘C and
110V for 16 h.The acrylamide percentage used for the DGGE
electrophoresis gel was 8% and the denaturing agents were
formamide and urea. Richness indices (RIs), which are
related to the band numbers on theDGGE profiles, were used
to represent the variation in biodiversity of the MFC A/O
system.This allows the assessment of the changes in richness
of the bacterial populations.

2.7.2. Cloning. The genomic DNA of microorganisms
involved in the A/O system was extracted from MLSS, GRP
biofilms, and PEM biofilms in the MFC A/O system using
a soil genomic DNA purification kit (Gene Mark, Taiwan).
Bacterial 16S rDNA genes were selectively amplified from the
purified DNA products by PCR. Clone libraries were then
constructed after amplifying the full length (including the
V1–V8 region) of the 16S rRNA using the forward primer
E9F and the reverse primer U1510R [16]. The amplicons were
purified using an EasyPure PCR/Gel Extraction kit (Bioman,
Taiwan).The clean product was then cloned using the pGEM-
T Easy Vector Systems kit (Promega, Madison, Wisconsin,
USA) and transformed into competent Escherichia coliDH5a
cells as described by the manufacturer. The transformed E.
coli was incubated on LB agar plates at 37∘C overnight and
the next day the blue-white screening method was applied
to select all white colonies from each population. Plasmids
DNA from each colony was then extracted using an EasyPure
Plasmid DNAminiprep kit (Bioman, Taiwan). Plasmids with
the correct DNA insert were identified by the PCR amplifi-
cation using the primers M13-F (5-GTT-TTC-CCA-GTC-
ACG-AC-3) and M13-R (5-ACA-GGA-AAC-AGC-TAT-
GA-3). The DNA sequencing of the various 16S rRNA
inserts was carried out by the Genomics Company, Taiwan.
All sequences were comparedwith referencemicroorganisms
from the GenBank database using BLAST. The closest 16S
rDNA sequences to the 16S rRNA sequences obtained from
the bacteria making up the biodegradation bacterial pop-
ulations were retrieved and all the sequences were then
aligned using Clustal X software. A phylogenetic tree was
constructed by the neighbor-joiningmethod usingMolecular
Evolutionary Genetics Analysis, version 5 (MEGA 5.1 Beta 3)
software. Bootstrap values of >1,500 (from 5,000 replicates)
are indicated as at the nodes in the phylogenic analysis.

3. Results

3.1. Treatment of PPCP-Contained Sewage. Figure 2 outlines
the variation in water parameters of the MFC A/O system
during Phases I and II (totally 125 days). There is no signifi-
cant difference in sewage removal when Phase I and Phase II
are compared (ANOVA), which indicate that the perfor-
mance of biological treatment is not affected by the pres-
ence of PPCPs. The total removal efficiency of the CODCr
averaged 97.20%.The contributions of the anoxic reactor and
aerobic reactor to CODCr removal were 44.80% and 50.61%,
respectively. The total removal of T-N averaged 83.75% for
the complete A/O system. In contrast, the total removal of
T-P averaged only 39.24%, but this was because the sludge
settlement in secondary settlement tank was not disposed
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Figure 2: Variation in water parameters in the MFC A/O reactor:
(a) CODCr; (b) T-N; (c) T-P. Phase I = 95 days; Phase II = 28 days.

of on a regular basis. The present MFC A/O system showed
a better biological treatment performance compared to a
previous study where the removal efficiency for CODCr, T-N,
and T-P during the biological treatment of sewage containing
20 PPCPs by a WWTP at 8 h HRT was found to be 75.0%,
42%, and 66.0%, respectively [17].

Table 3 shows the average concentrations of specific
nutrients that were present in the high strength PPCP-con-
taining sewage of the MFC A/O system over Phases I and II.
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Table 3: Changes in the sewage nutrients across the MFC A/O system (mean ± SD)1.

Water parameters (mg/L) Influent Anoxic reactor (anode) Aerobic reactor (cathode) Effluent
NH4
+-N 1.767 ± 0.894 9.021 ± 3.623 0.087 ± 0.078 0.036 ± 0.049

NO2
−-N 0.375 ± 0.152 0.258 ± 0.043 0.408 ± 0.211 0.344 ± 0.088

NO3
−-N 1.555 ± 0.501 0.260 ± 0.076 0.335 ± 0.124 1.033 ± 0.670

PO4
3−-P 1.318 ± 0.293 1.777 ± 0.497 0.501 ± 0.201 1.090 ± 0.422

1Average concentrations in the MFC A/O system during Phase I and Phase II (125 days).

The SPGRP biofilms within the MFC provided simultane-
ous nitrification and denitrification in the study. Basically,
biofilms on the SPGRP bring about denitrification in the
anoxic reactor, while the SPGRP biofilms allow parallel
nitrification and aerobic oxidation in the aerobic reactor.The
membrane of the PEM contains sulfonic acid groups, which
are able to bind the ammonia present during the aerobic
nitrification. The concentration of NH

4

+–N in effluent was
reduced from 1.767 ± 0.894mg/L to 0.036 ± 0.009mg/L in
effluent by nitrification/denitrification through the complete
A/O reactor process. The total removal efficiency for NH

4

+–
N was 97.96%. A significantly increased concentration of
NH
4

+–N was found in the anoxic reactor of 9.02 ± 3.62mg/L
because of the mixing of sewage influent and 100% recy-
cled settlement sludge. The concentrations of nitrite and
nitrate were found to be decreased in the anoxic reactor.
A removal efficiency of 83.28% for nitrate was measured
with a biological reduction from 1.555 ± 0.501mg/L to 0.260
± 0.076mg/L. Nitrification was found to occur in aerobic
reactor, where the concentration of nitrate was increased
from 0.260mg/L to 1.033mg/L. Since the A/O process is not
designed as a T-P removal system, the low removal efficiency
observed is not unexpected. The concentration of PO

4

3−–
P was slightly decreased from 1.31 ± 0.29mg/L to 1.090 ±
0.422mg/L. Moreover, the concentration of T-P averaged
1.8675 ± 0.4412mg/L in anoxic reactor, which is greater than
that of the aerobic reactor at 1.0738 ± 0.500mg/L. This can
be ascribed to intracellular polyphosphate (poly-P) being
taken up into the biomass present in the aerobic reactor
and then being released in the anoxic reactor. However, the
target PPCPs in the present system might have had an effect
on nutrient removal in the A/O MFC system. For example,
50–500mg/L of IBU and ACE have been shown to inhibit
nitritation/denitritation and phosphorus uptake/release rates
in a sequence of batch reactors [18].

3.2. Occurrence and Removal of PPCPs. Figure 3 shows the
variation of PPCP concentration throughout the MFC A/O
system. High concentration PPCPs (mg/L level) in the arti-
ficial sewage were removed at an efficiency greater than 98%
in this MFC A/O system. The PPCP removal performances
were compared and this gave the following result (ANOVA,
𝑃 < 0.05): ACE (99.89%) > IBU (99.01%) > SMX (98.21%).
A similar trend in terms of removal efficiencies of 99.8-99.9%
for ACE, 99.1–99.5% for IBU, and 73.8–80.8% for SMX was
found using a conventional activated sludge WWTP system
linked to two pilot-scale membrane bioreactor treatment
(MBR) systems [19]. In general, antibiotics such as SMX are

more resistant to biodegradation inmostWWTPs than other
pharmaceuticals. It has been reported that 10–400mg/L SMX
is able to inhibitmicrobial activity in activated sludge bymore
than 20% [20]. In one study, an average removal efficiency of
65% for SMXwas achieved byMBR under anoxic and aerobic
conditions [21].

PPCPs at a ppb level could still be detected by HPLC
in the effluent of the conventional A/O process. The ACE,
SMX, and IBU effluent concentrations were 23.9 ± 2.34 𝜇g/L,
23.7 ± 1.1 𝜇g/L, and 179.9 ± 17.7 𝜇g/L, respectively, and these
levels still might pose an ecological risk in terms of the
aquatic environment. Since groundwater constitutes themain
source of public drinking water supplies in many countries,
people who drink PPCPs-contaminated water may suffer an
adverse effect on their growth and reproduction. Specific
pharmaceuticals at low concentrations (ng/L) have become
an important issue, particularly because of their toxicity
towards living organisms. For example, about 50% to 90%
of the original SMX dose and its metabolites are released
into the environment and these then bioaccumulate via biotic
factor and abiotic factors in the food chain [22]. SMX induces
antibiotic resistance in bacteria and hazard quotients in
WWTP effluent have revealed that these chemicals may pose
an ecotoxicological risk to algae [23]. The occurrence of ACE
has been reported in the aquatic environment and there is
an important need to address the potential toxic effects of
ACE on nontarget environmentally exposed organisms [24].
Exposure to low concentrations (10–100 ng/L) of IBU has
been found to result in a significant decrease in the activity
of Gammarus pulex [25].

3.3. Electricity Production by the MFC A/O System. Figure 4
demonstrates electricity generation by the MFC A/O system.
Initially, polarization curves were obtained by measuring
the power generation at various external resistances (from
510KΩ to 1Ω) and are shown in Figure 4(a). We selected
1 KΩ to measure I and A during this study. The existence of
PPCPs in sewage does not seem to have affected the electric
generation (ANOVA). Figure 4(b) presents the average PD,
which was found to be 285.15mW/m2; furthermore, themax-
imum PD value achieved during Phase II was 532.61mW/m2.
The 𝐸

𝐶
values ranged widely from 2.77% to 25.20% over the

125 days of the study and averaged 12.62% overall. Direct
electron transfer from microbial cells to electrodes occurs at
very low efficiency and a higher PD by a SPGRP MFC. It
modifies the material used as the cathode catalyst in order
to increase the efficiency of the oxidation-reduction reaction.
In this study, the novel design used here allows the formation
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Table 4: The richness index (RI) on the 109th day of Phase II obtained from the DGGE profiles allows assessments of the variation in
biodiversity across the various areas of the novel MFC A/O system.

Same bands1/different bands2 (difference ratio3) Anoxic reactor (anode)
MLSS SPGRP biofilm PEM biofilm

Aerobic reactor (cathode)
MLSS 3/18 (85.71%) 7/16 (69.56%) 7/13 (65.00%)

SPGRP biofilm 7/15 (68.18%) 3/19 (86.36%) 4/16 (80.00%)
PEM biofilm 5/13 (72.22%) 3/20 (86.96%) 3/18 (85.71%)

1Same bands are defined as the same location on the DGGE profile in Figure 3.
2Different bands are defined as the total number of different bands obtained when comparing each of two samples.
3The difference ratio is defined as the ratio of the number of different bands to all bands present.

of biofilms on the SPGRP, which plays an important role in
the generation of electricity. Biofilms were observed to cover
a high specific surface area on the SPGRPs forming both the
cathode and the anode. Some aerobic bacteria might possibly
be acting as cathode catalysts.The performance of aMFC has
been found to increase as the biofilm develops on the cathode
[26] and a high PD has been found when there is a biofilm
covering the anode. This might be because the production
of various biointermediates may favor electricity generation.
Bacteria are able to use their respiratory chain as part of the
oxidative metabolism that occurs at the anode. Nitrite might
be converted to nitrate when the cathodic electrode acts as
the electron donor due to denitrification in the MFC.

The PD value is higher than that in previous studies using
two-chambered MFCs that have had chemical mediators
added. For example, an anaerobic-aerobic sequential reactor
was reported to generate 387mW/m2 PD and 5.2% 𝐶

𝐸
with

86.4% removal efficiency when high strength dye wastewater
was used that comprised 1,000mg L−1 glucose and 200mg/L
Congo red (chemical mediator); this was at a longer HRT of
14.8 h [27]. A MFC shows 91% removal efficiency of high-
loading domestic wastewater with the volatile fatty acid/
hydrogen production which contained concentrated par-
ticular artificial food waste. The overall aim of converting
chemical energy into electrical energywas achievedwith a𝐶

𝐸

of 46% generating 65.33mA/m2 at a specific cell potential of
148mV [28]. However, other factors can affect the generation
of electricity in the MFC A/O system. The characteristics
of the wastewater can affect the electrical generation per-
formance of MFCs. The slow biodegradations of the PPCPs
present in the sewage used in this study might result in more
efficient electricity production. Another possible reason is
that the mass transfer of protons remains a major constraint
affecting the 𝐶

𝐸
of a MFC. The low 𝐶

𝐸
values are due to

the fact that hydrogen proton exchange through the PEM is
retarded by bacterial fouling of the A/O system. It is possible
that the high internal electric resistance of the novel design
for a MFC system described here might decrease electricity
generation performance. Nevertheless, the dual chamber
MFC A/O system still is competitive if we are considering
the biological treatment efficiency of PPCP sewage and the
generation of electricity at the same time.

3.4.The Presence of Specific Bacterial Communities in theMFC
A/O System. Figure 5 displays the biodiversity of bacterial
community in the MFC A/O systems by comparing their
DGGE profiles. Table 4 compares the RI values for the DGGE
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Figure 5: DGGE profiles analysis of the MFC A/O reactor in the
MFC A/O system on the 109th day. Lines A, B, and C present the
profiles of the MLSS, SPGRP biofilm, and PEM biofilm from the
aerobic tank; lines D, E, and F present the profiles of the MLSS,
SPGRP biofilm, and PEM biofilm from the anoxic reactor.

bands detected across the different bacterial populations.
Distinct differences were found in the bacterial species
present at the three sampling locations within the MFC A/O
system. The highest difference in band number ratios was
86.96% and this occurred between the SPGRP biofilms in the
anoxic reactor and the PEM biofilms in the aerobic reactor.
Even the lowest difference in band number ratios was as high
as 65.00%, which was between the PEM biofilms in anoxic
reactor and MLSS in aerobic reactor. These findings indicate
the various different bacterial communities are likely to play
distinctly different roles in the two chambers. For example,
redox shuttling within the MFC anoxic chamber appears
mainly to be presentwithin the SPGRP andPEMbiofilms and
does not seem to occur within the MLSS biofilm.

Figure 6 provides detailed information on the various
bacterial communities in the MFC A/O system at the class-
level species using the 16S rDNA clone library.The dominant
bacteria in the aerobic reactor were Proteobacteria, includ-
ing 𝛽-Proteobacteria (53.50%), 𝛿-Proteobacteria (14.65%),
𝛾-Proteobacteria (8.92%), and 𝛼-Proteobacteria (8.92%). In
addition, in terms of the three sampling locations within
the reactor, the dominant species at the phylum-level are
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Figure 6: Bacterial community analysis of the MFC A/O reactor. The ratio of identified bacterial species to all bacteria cloned on the 114th
day (class level): (a) anoxic reactor; (b) aerobic reactor.

different. The percentage of 𝛽-Proteobacteria was 81.13%
within the GRP biofilms, compared to 55.0% within the
MLSS and 29.69% within the PEM biofilms. The relative
abundance of 𝛽-Proteobacteria is probably due to the fact
that several groups of aerobic or facultative bacteria are well
equipped to carry out aromatic degradation. In contrast,
higher percentages of 𝛼-Proteobacteria, 𝛾-Proteobacteria, 𝛿-
Proteobacteria, and Sphingobacteriawere found to be present
in the MLSS and PEM biofilms, but these groups were found
to be much less abundant in the GRP biofilm. Furthermore,
the anoxic reactor within the A/O system was found to
have a specific dominant bacterial community that included
Clostridia-Firmicutes (24.85%), 𝜀-Proteobacteria (23.03%),
𝛽-Proteobacteria (15.76%), Bacteroidetes (10.16%), and 𝛿-
Proteobacteria (7.88%).Many of these phyla can act as anode-
respiring bacteria, which are defined as a bacterial population
with a respiration process that can use an anode as their

electron acceptor [13]. The percentage of 𝜀-Proteobacteria in
the MLSS was 27.27% and in the PEM biofilms was 25.0%,
which should be compared with that in the GRP biofilms,
which was 15.68%. Clostridia and 𝛽-Proteobacteria were
dominant in this reactor with ranges from 20.83% to 27.45%
and from 12.12% to 19.61% for the three different samples,
respectively. Bacterial diversity has been found to vary at the
anode of the MFCs when various different substrates are fed.
For example, a two-chambered MFC using chocolate indus-
try wastewater as the substrate had the following phyla at the
anode: 𝛼-Proteobacteria (9.1%), 𝛽-Proteobacteria (50.6%), 𝛾-
Proteobacteria (0.8%), and Firmicutes (4.9%) [29].

4. Discussion

4.1. Comparison of PPCP Removal in the Anoxic and Anaer-
obic Reactors. The contribution to PPCP treatment of the
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Table 5: Bacteria identified by nucleic acid sequencing of 16S gene clones and by the searching of the GenBank database; these bacteria are
associated with the generation of electricity by the MFC A/O system.

Accession number (closest match) Sequence similarity Species
KC502887 96% Uncultured Geobacter sp.
FR774807 98% Uncultured Clostridiales bacterium
FJ269104 96% Iron-reducing bacterium
DQ234216 99% Uncultured Sulfurospirillum bacterium
JF809001 100% Uncultured Leptothrix sp.
JQ278984 99% Uncultured Rhodospirillales bacterium
KC517355 87% Pelosinus sp.
JQ086873 97% Uncultured Treponema sp.
CU926806 97% Uncultured Lentisphaerae sp.
KC871534 99% Pseudomonas sp.
AF170354 99% Dechloromonas sp.
HE662651 98% Cupriavidus basilensis

aerobic reactor and of the anoxic reactor was found to be
different in this MFC A/O system. The removal efficiency in
the anoxic reactor averaged 62.51% for ACE, 51.88% for IBU,
and 51.13% for SMX, but there was lower removal efficiency
for ACE, IBU, and SMX in the aerobic reactor at 37.86%,
47.14, and 46.84%, respectively. Their biointermediates in the
anoxic reactor consist of at least three known compounds
(data not shown). Aerobic biodegradation has generally been
demonstrated to give a better removal efficiency of CODCr,
which includes most of PPCPs. For example, 50𝜇g/L of ACE
and IBU were biotransformed by greater than 80% after 10
days under aerobic batch biodegradation [30]. The removal
efficiency of IBU reached 95 ± 4% in an aerobic nitrification
reactor but was only 37 ± 26% in an anoxic denitrification
reactor. Very low removal of SMX by biodegradation, 22±
5% was found in an aerobic reactor in one study [31]. In
the present MFC A/O system, the anoxic reactor can remove
more of the target PPCPs because of the obvious growth of
facultative bacteria within the MLSS and SPGRP biofilms.
These bacterial populations were able to bring about removal
rates for the PPCPs as follows: ACE (62.51%) > IBU (51.88%),
both under anoxic condition. In one previous study, there
was IBU biodegradation at 28%, with the concentration being
78mg/L, which contrasted with the result for ACE at 11%,
with the concentration being 66.12mg/L, during anaerobic
degradation at 37∘C for 56 days [32].

4.2. Bacterial Species Involved in the Generation of Electricity
by the MFC A/O System. Using a complex substrate like
domestic wastewater that contains high strength PPCPs
can help establish a diverse and electrochemically active
microbial community using the MFC system. Some species
in bacteria population that are able to produce electricity in
a MFC were found to be abundant. Extracellular electron
transfer was defined as electrons retrieved from themicrobial
oxidation of the organic substrates, namely, PPCP-containing
sewage, in this study; these are then transferred to the anode.
Table 5 shows the specific bacterial species identified as being
most closely related to the various MFC bacteria that have
been identified inMFC systems. Anodophilic consortia, such

as Geobacteraceae (identified asGeobacter spp. in this study),
Clostridiaceae (identified as Clostridium spp. in this study,
10.24% clones), and various Proteobacteria species, have been
shown to be able to generate a current in an anode chamber
and are known to be able to transfer electrons to an electrode.
For example, iron-reducing bacteria such as Shewanella and
Geobacter spp. have been described as electrochemically
active bacteria in MFC systems [33–35]. A Leptothrix sp.
has been reported to be a type of Mn-oxidizing bacteria
that bioaccumulates Mn oxides that can be used as cathodic
reactants.The potential of a MFC that includes the reduction
of Mn oxides deposited by Leptothrix spp. can be increased
to about 300mV and is able to deliver a current density up
to two orders of magnitude higher than that reached using
the reduction ofO

2
[36]. Rhodospirillales bacteriumhas been

shown to be dominant in a cathodic MLSS rather than a
biofilm; one possible reason for this is the fact that this is
a light utilizing bacterial group capable of obtaining better
illumination in suspension than as a biofilm [33]. Pelosinus
spp. are capable of fermenting lactate and coupling the oxida-
tion of this compound to Fe3+; and such metal reduction in a
microbial fuel cell can produce amaximumPDof 4.1mW/m2
[34]. A Treponema sp. has been found to be present in a two-
chambered PEM MFC that utilized active sludge enriched
with chocolate industry wastewater [29]. A Lentisphaerae sp.
has been found previously to be associatedwith the anode of a
MFC system [37]. A Pseudomonas sp., a facultative anaerobic
bacterium, is able to produce pyocyanin as a mediator and
then uses these quorum signaling compounds to produce
power [35]. A Dechloromonas sp. was identified as the most
dominant species of anode bacteria in a butyrate-fed two-
chamber MFC system [38]. Cupriavidus basilensis has been
shown to be involved in current production in a microbial
fuel cell that used either acetate or phenol as a carbon source;
in this case after 72 h in the MFC, 86% of the initial phenol
concentration had been removed [39].

4.3. Bacterial Species Involved in the Biodegradation of PPCPs
and Aromatic Compounds by the MFC A/O System. Table 6
outlines the specific bacterial species that are equipped
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Table 6: Bacteria identified by nucleic acid sequencing of 16S gene clones and by the searching of the GenBank database; these are associated
with the biodegradation of PPCP and aromatic compounds in the MFC A/O system.

Accession no (Closest match) Sequences similarity Species
KC871534 99% Pseudomonas sp.
AJ620198 99% Sphingomonas sp.
AF170354 99% Dechloromonas sp.
KC871534 96% Uncultured Geobacter sp.
AB636293 97% Uncultured Hydrogenophaga sp.
HE662651 98% Cupriavidus sp.
HQ184339 98% Uncultured Zoogloea sp.
JQ795417 96% Uncultured Acidobacteria bacterium
KC310815 99% Staphylococcus sp.
JQ723636 96% Uncultured Sphingobacteriales bacterium
JN540151 95% Uncultured Prolixibacter sp.
JF808996 99% Uncultured Burkholderiaies bacterium

with the ability to biodegrade aromatic compounds such as
PPCPs, and these include bacteria associated with anaerobic
biotransformation and aerobic ring cleavage, both of which
were identified in the present study. Three species are known
to have a direct relationship with PPCP biodegradation.
Dechloromonas spp., which are 𝛽-Proteobacteria, have been
detected in an A/O-MBR process that demonstrated good
removal efficiency (88.5–99.5%) of antibiotics, including
500𝜇g/L SMX, at various different HRTs [40]. Pseudomonas
spp. have been reported to biodegrade many pharmaceutical
pollutants. For example, a high concentration of 2,000mg/L
ACE was able to be completely biodegraded as sole carbon
source by a Pseudomonas aeruginosa isolated from the SBR
treatment plant that processed ACE-contaminated wastewa-
ter [41]. Pseudomonas aeruginosa is also able to biodegrade
1.3% of 6mg/L SMX when this antibiotic is used as sole
carbon source or 5.6% of 6mg/L SMX when 0.5 g/L glucose
is present as an additive [42]. In addition, a Sphingomonas
sp. strain Ibu-2, which was found in a wastewater treatment
plant, was shown to be able to biodegrade 500mg/L IBU
as sole carbon and energy source over 80 hrs [43]. Bacterial
communities seem to have adapted to IBU biodegradation
best under anoxic conditions. In such circumstances the bio-
logical degradation rate constant for IBUwith timewas found
to increase from 16% at the beginning to 75% after 350 days.

The chemical structure of the biological metabolic prod-
ucts derived from PPCPs consists largely of benzene-ring
compounds. Anaerobic benzene biodegradation by Geobac-
ter sp. has been shown to occur in a petroleum-contaminated
aquifer [44]. A Hydrogenophaga sp., which is a member of
a heterogeneous aerobic benzene-degrading bacterial group,
was found during the biological treatment in BTEX ground-
water [45]. An overall 95% biodegradation of the lignin-
related aromatic compound ferulic acid has been reported
to occur with a Cupriavidus sp. when ferulic acid is used as
a sole carbon and energy source [46]. A Zoogloea sp. has
been shown to be able to biodegrade 98.6% of lubricating
oil over 12 days with a HRT of 6 h. and an inflow rate of
33 L/h [47]. An Acidobacteria bacterium was found to be
the dominant bacterial group during PAH bioremediation

(3–5 aromatic rings) in soil and was also shown to be able
to degrade benzene contaminated groundwater [48, 49]. A
Staphylococcus sp., when immobilized on vermiculite, was
used to remove hydrocarbons; this system used a fluidized
bed bioreactor and synthetic water polluted with benzene,
toluene, or naphthalene as sole sources of carbon and energy
[50]. A Sphingobacteriales bacterium has been identified as
part of an ethylbenzene-degrading sulfate-reducing consor-
tium [51]. A Prolixibacter sp. has been identified by microbial
enrichment to be able to biodegrade chlorinated pesticides
that are present in contaminated sites of different geograph-
ical habitats of India [52]. A Burkholderiales bacterium has
been identified as being able to degrade methyl tert-butyl
ether (MTBE), a benzene, toluene, ethylbenzene, and xylene
(BTEX) mixture, and tert-butyl alcohol (TBA) [53].

5. Conclusions

The pilot-scale MFC A/O sewage treatment was easily
equippedwith SPGRPs in order to treatmunicipalwastewater
and to generate electricity in parallel with the biodegradation.
The biological treatment of the PPCP-contained sewage
demonstrated good performance over the time course of the
experiment. A high removal efficiency of the target PPCPs
was obtained after biofilms had formed on large specific
surface areas available within the MFC A/O system. The
ability to generate electricity using the SPGRP MFC is better
than previous dual-chamber graphite MFC systems. A total
of twenty bacterial species were identified as forming part of
the MLSS and SPGRP biofilms and these identifications were
used to clarify the possible functions of these microorgan-
isms.These functions included both electrical generation and
PPCP biodegradation. Practically, a scale-up of this SPGRP
MFC A/O system for the treatment of real PPCP-contained
sewage is needed and this should be applied to a commercial
operation in the future. This will allow the design, operation,
and maintenance of the system to be optimized. Importantly,
such a system should be more efficient in terms of power use
than conventional systems, without a significant increase in
construction costs.
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Organosolv pretreatment was used to improve solid-state anaerobic digestion (SSAD) for methane production from three different
lignocellulosic substrates (hardwood elm, softwood pine, and agricultural waste rice straw). Pretreatments were conducted at
150 and 180∘C for 30 and 60min using 75% ethanol solution as an organic solvent with addition of sulfuric acid as a catalyst.
The statistical analyses showed that pretreatment temperature was the significant factor affecting methane production. Optimum
temperature was 180∘C for elmwood while it was 150∘C for both pinewood and rice straw. Maximum methane production was
152.7, 93.7, and 71.4 liter per kg carbohydrates (CH), which showed up to 32, 73, and 84% enhancement for rice straw, elmwood, and
pinewood, respectively, compared to those from the untreated substrates. An inverse relationship between the total methane yield
and the lignin content of the substrates was observed. Kinetic analysis of the methane production showed that the process followed
a first-order model for all untreated and pretreated lignocelluloses.

1. Introduction

Worldwide concerns about the limitations of fossil resources,
rising crude oil prices, and greenhouse gas (GHG) emissions
have led researchers to seek alternative clean and renewable
energy sources, for example, biofuels [1]. Lignocellulosic
materials are abundant and renewable feedstocks that have
recently been considered for the production of biofuels [2–6].
Compared to liquid biofuels, biogas has been shown to have
far better performance with respect to both agricultural land
area efficiency and life cycle assessments [7].

Biogas, produced during anaerobic digestion (AD) pro-
cesses, can be used as a versatile source of energy to produce
heat and electricity, either separate or combined, and to pro-
pel vehicles.Theproduction of biogas offers other advantages,
such as controlling organic waste, reducing greenhouse gas
emissions, and producing another economically viable fertil-
izer [8, 9]. AD processes are classified into liquid anaerobic

digestion (LAD) and solid-state anaerobic digestion (SSAD),
based on the solid content [10]. LAD operates at a total solid
(TS) content of less than 15%, while SSAD is generally called
for a TS content of higher than 15% [11]. Smaller specific
reactor volume, fewer moving parts, lower energy input
for heating, easier handling of the end product, and lower
parasitic energy loss are themain advantages of SSAD in com-
parison with LAD [11–13]. SSAD is specially required with
lignocellulosic feedstocks, such as agricultural residues with
low moisture content [11, 14]. However, the anaerobic diges-
tion of lignocelluloses is limited by the rate of hydrolysis due
to their recalcitrant structure [15]. Therefore, an additional
pretreatment process is essential to improve their digestibility
[15, 16].

Although different factors, for example, the crystallinity
of cellulose and the accessible surface area, may play impor-
tant roles in the bioconversion of lignocelluloses, the presence
of lignin is apparently the most important factor affecting
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biodegradability [17–20]. The lignin-carbohydrate matrix
limits the digestibility of lignocelluloses since lignin is a
hydrophobic polymer that forms a cross-linked network
among the carbohydrates. This network is highly resistant
to enzymatic and microbial degradations [6, 21]. Hence, the
biogas production from lignocelluloses can be improved by
a delignification process. Removal of lignin by ethanol is
among the most efficient pretreatment techniques in improv-
ing bioconversion of lignocelluloses [22, 23]. Furthermore,
since lignin is a value added by-product, an additional
unique benefit of organosolv pretreatment is unaltered lignin
separation [23].Therefore, using ethanol as an organosolv for
pretreatment prior to the AD process has been reported to
improve the economy of the process by increasing methane
yield and recovery of lignin [24]. To our knowledge, there
is no publication in the literature on utilizing organosolv
pretreatment prior to SSAD of lignocelluloses.

The main objective of this study was to improve the
performance of solid-state anaerobic digestion of three dif-
ferent types of lignocelluloses, that is, elmwood, pinewood,
and rice straw, by applying organosolv pretreatments using
ethanol under varying conditions.The effects of the pretreat-
ment parameters, that is, temperature and duration time,
on the methane yield were determined by solid-state batch
anaerobic digestion assays. In addition, the kinetics of the
degradation process was investigated for both untreated and
pretreated substrates.

2. Material and Methods

2.1. Feedstocks and Inoculum. Elm, a hardwood, pine, a soft-
wood, and rice straw, an agricultural waste, were used as
substrates for biogas production. Elmwood and pinewood
were obtained from the forest of Isfahan University of Tech-
nology (Isfahan, Iran), and rice straw (Sazandegi cultivar,
Isfahan, Iran) was sourced from a field in Lenjan Province,
Iran. Both elmwood and pinewood were debarked, cut into
smaller pieces, and milled to obtain chips of less than 2 cm.
Thewood chips and the rice strawwere partly ball-milled and
screened to achieve powder with particle sizes between 295
and 833 𝜇m (20–80mesh).The screened substrates were then
stored in airtight plastic bags at room temperature until use.

Effluent of a 7000m3mesophilic anaerobic digester (Isfa-
han Municipal Sewage Treatment, Isfahan, Iran) was used
as inoculum for the batch digestion assays. Due to its low
TS content, the inoculum was centrifuged at 4500 rpm for
30min to obtain the desirable TS content for the SSAD. The
supernatant was discharged, and the remaining sludge was
mixed to obtain a homogenous inoculum for SSAD. The
inoculum was kept at 37∘C for one week for stabilization.

2.2. Organosolv Pretreatment. Ethanol as an organic solvent
together with sulfuric acid as catalyst was used for the pre-
treatments. A predetermined amount of each feedstock was
mixed with 75% (v/v) aqueous ethanol solution supple-
mented with 1% w/w (based on dry mass) sulfuric acid to
obtain a solid-to-liquid ratio of 1 : 8 (based on dry mass). The
pretreatments were carried out in a 500mL high-pressure
stainless steel batch reactor [25]. After loading the substrate

and the acidic ethanolmixture, the reactorwas heated at a rate
of 3∘C/min to the desired temperature, that is, 150 or 180∘C,
and this temperature was held for 30 or 60min. Then, the
reactor was cooled in an ice bath. Afterwards, the pretreated
materials were removed, washed three times with 100mL
aqueous ethanol (75% v/v, 60∘C), and left overnight to air
dry [24, 26]. The pretreated materials were stored in airtight
plastic bags at room temperature until use.

2.3. Solid-State Anaerobic Digestion (SSAD) and Modeling.
The untreated and pretreated elmwood, pinewood, and rice
straw (1 g dry mass) were mixed with a predetermined
amount of inoculum and deionized water to achieve a
feed-to-inoculum ratio (F/I) (based on volatile solids (VS)
content) of 3 and initial TS content of 21%. Sealable 118mL
glass reactors were used for the anaerobic digestion assays.
Anaerobic conditions were provided by purging the reactors
with nitrogen gas for about 2min, and the reactors were
then incubated in a convection oven atmesophilic conditions
(39 ± 1∘C) for 55 days [27]. Inoculum (without adding
any substrate) was evaluated as a blank to determine the
inoculum’s methane production. All digestion assays were
run in duplicate. Gas samples were taken and analyzed for
produced biogas volume and composition in every 3 days
during the first 9 days of the experimental period and then
in every 5 or 6 days until 55 days.

The kinetics of the anaerobic digestion process was also
evaluated using a first-order kinetic model (1).The first-order
kinetic model was linearized as shown in (2) [28]:
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where 𝑡 (day) is time and𝑀
𝑢
and𝑀

𝑡
(L⋅kg−1CH) aremethane

yields obtained in 55 days and 𝑡 days, respectively, and 𝑘 is the
specific rate constant.

2.4. Analytical Methods. Total solid (TS) and volatile solid
(VS) contents of the feedstocks and inoculumwere measured
by drying the samples at 105∘C followed by heating the dried
residues at 575∘C to a constant weight [17].The untreated and
pretreated samples were analyzed for lignin and hemicellu-
lose contents according to the methods presented by Sluiter
et al. [29] and Yang et al. [30], respectively. The cellulose
content was calculated as the remaining TS, based on an
extractive-free basis, assuming that ash, hemicellulose, lignin,
and cellulose are the only components of the entire biomass.

Methane and carbon dioxide produced during the anaer-
obic digestions were analyzed by a gas chromatograph (Sp-
3420A, TCD detector, Beijing Beifen Ruili Analytical Instru-
ment Co., China) equipped with a packed column (3m
length and 3mm internal diameter, stainless steel, Porapak Q
column, Chrompack, Germany).The carrier gas was nitrogen
at a flow rate of 45mL/min. The column, injector, and detec-
tor temperatures were 40, 100, and 150∘C, respectively. A
pressure-tight syringe (VICI, Precision Sampling, Inc., USA)
with a volume of 250𝜇L was used for gas sampling and
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Table 1: Composition analyses of the inoculum as well as the untreated versus pretreated feedstocks.

Samples Pretreatment TS content (%) VS content (%) Total lignin∗ (%) Hemicellulose (%) Cellulose (%)

Inoculum — 5.7 2.7 ND ND ND
Centrifuged 11.7 5.3 ND ND ND

Elmwood

Untreated 95.5 94.5 26.2 26.3 46.4
150∘C, 0.5 h 95.5 94.1 25.1 23.4 50.0
150∘C, 1 h 95.5 93.8 23.4 21.5 53.3
180∘C, 0.5 h 96.3 94.4 20.4 21.9 55.7
180∘C, 1 h 94.9 93.6 19.1 21.3 58.1

Pinewood

Untreated 95.1 95.2 26.8 28.0 44.5
150∘C, 0.5 h 95.3 94.6 27.8 20.2 51.3
150∘C, 1 h 95.9 95.1 26.5 21.3 51.4
180∘C, 0.5 h 96.5 95.5 22.1 18.5 58.4
180∘C, 1 h 96.9 95.8 21.1 16.9 60.8

Rice straw

Untreated 95.4 83.9 17.1 50.1 21.5
150∘C, 0.5 h 95.6 83.8 12.2 45.6 29.9
150∘C, 1 h 95.7 83.6 13.4 45.3 28.7
180∘C, 0.5 h 95.9 86.2 11.4 42.3 36.2
180∘C, 1 h 96.0 84.7 10.6 42.2 35.3

ND = not determined.
∗Sum of acid soluble lignin (ASL) and acid insoluble lignin (AIL) contents.

injection, enabling taking of gas samples at the bioreactors’
actual pressure. Excess gas was released through a needle
after each gas sampling to avoid overpressure built-up in the
bottles.

All biogas yields were presented at standard conditions.

2.5. Statistical Analysis. Analysis of variance (ANOVA) using
Minitab software v. 15 was performed to compare confidence
intervals and significance between treatments. The factors
were considered significant when the probability (𝑃 value)
was less than 0.05.

3. Results and Discussion

3.1. Characterization of Inoculum. The inoculum obtained
from the industrial biogas plant contained 5.7 and 2.7% TS
andVS, respectively (Table 1). In order to achieve aTS content
of 21% in SSAD, the inoculum was centrifuged [31] to reach
TS and VS contents of 11.7% and 5.3%, respectively (Table 1).

3.2.TheEffect of Different PretreatmentConditions on the Com-
position of Substrates. Elmwood, pinewood, and rice straw
were subjected to organosolv pretreatment using ethanol
prior to anaerobic digestion in order to improve the yield
of biogas production.The untreated and pretreated materials
were characterized, according to their TS, VS, lignin, cellu-
lose, and hemicellulose contents, and results are summarized
in Table 1.

Total lignin contents of untreated elmwood and pine-
wood were 26.2 and 26.8%, respectively, which was much
higher than that of untreated rice straw (17.1%).

The various components of the materials were differ-
ently affected by the pretreatments. Depending on the pre-
treatment conditions, the lignin contents were reduced by

4–27% for elmwood, by 1–21% for pinewood, and by 21–37%
for rice straw. Increasing the severity of the pretreatment
generally resulted in higher lignin removal. A relatively
high portion of straw’s lignin (37.7%) was removed through
pretreatment at 180∘C for 60min, resulting in a pretreated
straw with carbohydrate content of over 77% of TS. On the
other hand, the organosolv pretreatment of elmwood and
pinewood, at 180∘C for 60min, resulted in 27% and 21%
lignin removal, respectively, with correspondingCH contents
of 72.7% and 72.5% of TS, respectively. In addition to
delignification, parts of hemicelluloses were also removed
due to the pretreatments. Higher hemicellulose removal was
obtained in pretreated pinewoods (28–40%), compared to
that in elmwood (11–19%) or straw (9–16%).

3.3. Biogas Production. Organosolv pretreatments in four
different conditions were performed on the three different
lignocellulosic materials, and the methane yields of the pre-
treated and untreated materials were then measured through
batch SSAD assays. The accumulated methane productions
obtained during 55 days of digestion from the untreated and
pretreated materials are shown in Figure 1.

Methane production yields from all of the substrates were
generally improved by the pretreatments in all conditions.
The highest methane yield of 152.7 L⋅kg−1CH was obtained
from rice straw pretreated at 150∘C for 1 h (Table 2). How-
ever increasing the pretreatment temperature resulted in a
reduced methane yield. This could be due to the inhibitory
products which can be formed at high temperature during
the pretreatment. In contrast, the highest yield of methane
production from pretreated elmwood (93.7 L⋅kg−1CH) was
obtained after pretreatment at 180∘C for 1 h; hence, the
methane production from elmwood was improved by
increasing the severity of the pretreatment. However, the



4 BioMed Research International

Table 2: The accumulated methane yields obtained after 55 days of anaerobic digestion from untreated and pretreated lignocellulosic
substrates together with the specific rate constants and the regression coefficients calculated from the first-order kinetic model fitting.

Sample Pretreated conditions CH4 (L⋅kg
−1CH) 𝑘 (day−1) 𝑟

2

Elmwood

Untreated 54.2 ± 3.5 0.054 0.975
150∘C, 0.5 h 55.4 ± 9.7 0.063 0.934
150∘C, 1 h 63.6 ± 12.3 0.066 0.914
180∘C, 0.5 h 78.7 ± 0.4 0.062 0.961
180∘C, 1 h 93.7 ± 0.9 0.097 0.937

Pinewood

Untreated 38.7 ± 4.1 0.066 0.973
150∘C, 0.5 h 71.4 ± 3.7 0.094 0.981
150∘C, 1 h 63.3 ± 9.3 0.073 0.933
180∘C, 0.5 h 61.1 ± 4.4 0.080 0.979
180∘C, 1 h 56.0 ± 8.5 0.065 0.962

Rice straw

Untreated 115.9 ± 12.8 0.081 0.943
150∘C, 0.5 h 143.3 ± 7.1 0.084 0.946
150∘C, 1 h 152.7 ± 20.2 0.088 0.918
180∘C, 0.5 h 93.8 ± 19.9 0.078 0.991
180∘C, 1 h 113.4 ± 1.6 0.068 0.984
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Figure 1: Accumulatedmethane production fromSSADof untreated and pretreated (a) elmwood, (b) pinewood, and (c) rice straw in different
pretreatment conditions. The symbols represent the untreated substrates (X), the substrates pretreated at 150∘C for 0.5 h (), at 150∘C for 1 h
(×), at 180∘C for 0.5 h (+), and at 180∘C for 1 h (◼).

pretreatment of pinewood at 150∘C for 0.5 h (the lowest
severity) resulted in a methane yield of 71.4 L⋅kg−1CH, which
showed 84% improvement compared to the methane yield
from untreated pinewood. Although pretreating pinewood
had a remarkable effect on the yield of methane production

(i.e., improvements of 45–84%), the statistical analyses using
methane yield as response variable showed that neither
temperature nor time, with 𝑃 values of 0.28 and 0.91, respec-
tively, had a significant effect on methane yield in the case
of pinewood. In contrast, pretreatment temperature had
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a significant effect on the methane production from elm-
wood and rice straw; while being similar to that of pinewood,
it was concluded that the effect of pretreatment time on
methane production from elmwood, pinewood, and rice
straw was not significant (𝑃 values of 0.14, 0.91, and 0.27,
resp.).

Among the untreated samples, the highest methane yield,
115.9 L⋅kg−1CH, was obtained from rice straw, which had the
lowest lignin content among the substrates utilized in this
study. The digestion of untreated elmwood and pinewood
resulted inmethane yields of 54.2 and 38.7 L⋅kg−1CH, respec-
tively. The presence of pores in the structure of hard-
woods which facilitate microorganisms’ accessibility might
be responsible for the higher yield obtained from elmwood
in comparison to that from pinewood [32].

3.4. Methane Production Modeling. The fitting of kinetics
data on the first-order model for all of the substrates is
shown in Table 2, as well as the accumulated methane yields
obtained after 55 days of SSAD. The regression coefficients
demonstrated that methane production followed the first-
order kinetic model (𝑟2 > 0.91). At the optimum pretreat-
ment conditions for each substrate, that is, 180∘C and 1 h,
150∘C and 0.5 h, and 150∘C and 1 h for elmwood, pinewood,
and rice straw, the corresponding 𝑘 value was at its maximum
level, respectively, representing the highest degradation rate
for each investigated substrate.

3.5. Relationship between Total Lignin Content and Methane
Yield from Lignocellulosic Materials. The effect of lignin con-
tent on final methane yield was investigated by comparing
methane yield as a function of the materials’ lignin content
(Figure 2). In line with a previous study [28], an overall
inverse relationship between the lignin content of different
substrates and the achieved methane yields was observed.
However, the low linear regression coefficient of 0.7 con-
firmed that the content of lignin is not the sole key fac-
tor affecting methane yield. The contents of cellulose and
hemicellulose, the crystallinity of cellulose, and the accessible
surface area may also play important roles affecting methane
yields [17–20]. Therefore, further investigations are required
to find the specific reason for the observed improvements.

4. Conclusions

Organosolv pretreatment prior to SSAD was an efficient
process for improvement of methane production from dif-
ferent types of lignocellulosic materials; however, its effec-
tiveness greatly depended on the type of lignocelluloses. The
pretreatment process was more effective on softwood than
on hardwood or agricultural waste. Moreover, hardwood
needed more severe conditions to be able to achieve max-
imum improvement during the subsequent batch digestion
assays. Lignin content was among the most important factors
negatively affecting the methane production from all of the
investigated lignocellulosic substrates.
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The idea that storage can enhance manure quality as substrate for anaerobic digestion (AD) to recover more methane is evaluated
by studying storage time and temperature effects on manure composition. Volatile fatty acids (VFA) and total dissolved organics
(CODs) were measured in full scale pig manure storage for a year and in multiple flasks at fixed temperatures, mainly relevant for
colder climates.TheCODs generation, influenced by the source of the pigmanure,was highest initially (0.3 g CODL−1d−1) gradually
dropping for 3months towards a level of COD loss bymethane production at 15∘C.Methane emissionwas low (<0.01 g CODL−1d−1)
after a brief initial peak. Significant CODs generation was obtained during the warmer season (T > 10∘C) in the full scale storage
and almost no generation at lower temperatures (4–6∘C). CODs consisted mainly of VFA, especially acetate. All VFAs were present
at almost constant ratios.The naturally separated manure middle layer without sediment and coarser particles is suitable for sludge
bed AD and improved further during an optimal storage time of 1–3 month(s). This implies that high rate AD can be integrated
with regular manure slurry handling systems to obtain efficient biogas generation.

1. Introduction

Anaerobic digestion of manure can reduce greenhouse gas
emissions (GHGE) and odors, produce renewable energy in
the form of biogas, and enhance manure fertilizer quality
[1]. The largest potential source of methane by AD of wet
organic waste is manure, for example, ∼40% in Norway;
however, only a small fraction of this is realized [2]. The
main reason for this is the low energy density of manure,
implying low production rates in continuous flow stirred
tank reactors (CSTR) currently used for manure AD. Such
solutions are not economically sustainable inNorway because
the costs of construction and operation of such plants are
larger than the value of the methane produced [2]. Some
large scale farms have their own CSTR AD solutions that are
economically sustainable, for example, in Denmark [3], but
agriculture in Norway is dominated by smaller farms where
such systems are not profitable [2]. It is assumed that small
farms constitute a large fraction of global agriculture also, so
that the “Norwegian case” investigated here has international
relevance. Manure transport to central AD treatment is used

to some extent, especially in Germany, but the sustainability
of such solutions is questioned mainly due to transport cost
of manure with low biogas potential and greenhouse gas
emissions [4]. New process solutions for AD treatment of
manure must therefore be developed to realize the enormous
total energy potential of this source.

High rate AD (HRAD) reactors may solve this problem
by treating more waste in smaller and presumably much
cheaper digesters. AD manure treatment that is well inte-
grated with existing farm infrastructure for liquid (slurry)
based manure handling is therefore suggested and evaluated
here as a strategy for cost-effective biogas generation. Liquid
based manure handling systems are common for cattle
and pig farms [5] where all excreta are collected in liquid
form with some dilution from wash water. Manure from
farms using liquid/slurry based handling systems has, for
example, 61% of the total theoretical Norwegian manure
energy potential of 2480GWh/a [6]. Manure storage tanks
with 8 months minimum hydraulic retention time (HRT)
capacity are included in existing farm infrastructure in cold
climate countries (e.g., Norway, to comply with government
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(AD feed) 

Sediment  

Figure 1: Pig manure sample collected near the bottom of a pig
manure storage tank, showing the distinct interface between the
sediment and the middle layer.

regulations to avoid pollution and use as fertilizer during the
short growth season only). Such storage facilities may serve
as the first step in an AD treatment line and/or be used for
AD effluent storage in combination with HRAD. Existing
pig slurry storage has uncontrolled methane release [7] so
treating such slurries by harvesting and using methane has
the additional environmental benefit of reducingGHGE from
slurry storages.

It has been observed that manure particles disintegrate
and hydrolyze during storage [8], thereby improving its
quality as AD feed. Examining in greater detail the manure
changes during storage is carried out here to evaluate
how well manure storage can serve as a first step in an
AD treatment line. It has also been observed that manure
separates into a floating layer (straw, wood chips, etc.), a
bottom sediment layer, and a middle layer with much less
suspended solids than the floating and bottom layers. Pig
manure separates spontaneously into such distinct layers as
seen in Figure 1, implying that potentially suitable high rate
AD feed can be taken out from the middle layer at no extra
cost.Themiddle layermaynot be best forAD in general, but it
is best for sludge bed basedHRAD since such reactors require
a feed with relatively low particle content and/or low viscosity
to avoid losing the culture by flushing out the sludge bed [9].

Several degradation processes, such as those included
in the anaerobic digestion model ADM1 [10], can occur
during manure storage that can influence the quality of the
manure as feed for AD and emissions during storage. The
hypothesis tested here is that there is an optimal storage
time that depends on the storage temperature. This is based
on the assumption that biogas yield will increase if the
manure is stored before AD since this will allow particle
disintegration and largemolecules to hydrolyze into dissolved
monosaccharides, amino acids, long chain fatty acids, and
VFA that can be converted to methane when used as feed for
AD. It is also expected that such easily degradable organic
molecules will be degraded all the way to methane in the
storage if allowed too long storage.

The aim of the study is to identify an optimal time range
for manure storage prior to AD as a function of temperature.
The main focus is on Nordic (psychrophilic) conditions
including summer temperatures. The evaluation is based on
measurements of dissolved organics and methane yield.

2. Materials and Methods

The properties of manure from a pig production farm in
southern Norway, Porsgrunn (59.2∘N, 9.7∘E) were examined
during storage. The farm has three production stages/areas:
“Sows,” “Growers,” and “Farrow andWieners.” All animals are
fed protein concentrate (14.6% crude protein) added to some
grass/straw.The pig production unit uses wood shavings and
straw as bedding material. Manure was examined both at
controlled temperature conditions and in a storage basin at
the farm during one year.

2.1. Sample Collection and Testing Scheme. Manure from the
production stage Farrow and Wieners was collected from
the manure channel in the barn and stored under controlled
conditions at 11∘C, 15∘C, and 20–23∘C for 3 months to
monitor the content of easily degradable organics in the
liquid manure. 100mL infusion glass bottles with rubber
stopper and metal ring were used. One bottle stored at each
temperature was terminated regularly to analyze the liquid
content. One bottle was used as parallel for each temperature
case, with a total of 17 bottles. Syringe needles were placed
through the stoppers of these 17 bottles to release produced
biogas.

Manure from all 3 production stages was collected, sieved
through a 2mm sieve, and stored in 54 (100mL) infusion
glass bottles with rubber stopper and metal ring under
controlled conditions at 15∘C formaximum4months to study
the effect of the pig production stage onmanure development.
Three parallel bottles from each pig production stage were
terminated regularly to analyze the liquid content. Syringe
needles were placed through the stoppers of these 54 bottles
to release produced biogas. Sieved manure samples from the
3 production stages were also studied in 1000mL infusion
glass bottles for biogas production monitoring since not
enough biogas for volume and composition measurements
was produced in the smaller bottles. Syringe needles were
placed through the stoppers of these 9 bottles and syringes
were connected to the needles to collect biogas samples, to
measure volume and composition of the produced biogas.

To evaluate the amount of methane potentially released
from the long time storage, the methane potential (𝐵

0
) of the

sieved manure was measured via volume displacement using
3 parallels of 100mL medical syringes with 2mL gradations
while stored at 35∘C. 30mL manure (with no inoculum) was
placed in each syringe and the biogas production was read
regularly, directly as the syringe piston displacement. When
enough gas was produced the syringes were emptied and the
gas composition measured.

2.2. Manure Handling and Examination at the Farm. Manure
handling at the farm involves first manually pushing manure
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Figure 2: Acetate, CODVFA, pH, and CODS during storage for Farrow and Wieners manure: 11∘C (◊), 15∘C (◻), and 20–23∘C ().

into channels in the floor twice a day, before it is pumped
to a 300m3 farm building basement storage basin; ∼1/3 of
the manure comes from each of Farrows and Wieners, Sows,
and Growers. The basin manure also contains ∼5% of wash
water from regular barn washing routines.The content in the
basin storage is stirred regularly in order to pump half of the
basin volume content each time further to a 1600m3 outdoor
storage. This gives an average 50 d HRT in the basement
storage basin.

Samples were siphoned from the liquid middle layer
(Figure 1) during the whole year of 2012. 10–80 liters were col-
lected each time. Temperature was measured in the collected
sample immediately after removal from the storage.

2.3. Analysis. Total COD (CODT), soluble COD (CODS),
total solids (TS), volatile solids (VS), pH, alkalinity, NH

4

+-
N, VFAs (acetate, propionate, butyrate, isobutyrate, valerate,
and isovalerate), and gas composition were analyzed.

COD, TS, VS, and alkalinity were measured according
to US standard 5220D, 2540D, and 2320B, respectively [11].
For CODs determination the sampleswere first centrifuged at
10000 rpm for 30 minutes and then filtered (0.45 𝜇m). NH

4

+-
N concentration was analyzed on filtered samples (0.2 𝜇m)
by ion chromatography using a DX-500 ion chromatographic
analyzer equipped with a conductivity detector, a SCS1
cation-exchange column (4 × 250mm) in combination with
a Dionex IonPac PCG1 (4 × 50mm) guard column; 4mM
methane-sulfonic acid was used as the mobile phase. The
oven temperature was kept constant at 35∘C. VFA were
measured by gas chromatography (Hewlett Packard 6890)
with a flame ionization detector and a capillary column
(FFAP 30m, inner diameter 0.250mm, and film 0.5 𝜇m).The
ovenwas programmed to go from 100∘C, hold for oneminute,
to 200∘C at a rate of 15∘Cmin−1 and then to 230∘C at a rate of
100∘Cmin−1.The carrier gas usedwas helium at 23mLmin−1.
The injector and detector temperatures were set to 200∘C and
250∘C, respectively. Gas composition (CO

2
and CH

4
) was

quantified by gas chromatography (Hewlett Packard 5890A)
equipped with a thermal conductivity detector and two

columns connected in parallel: Column 1, CP-Molsieve 5A
(10m × 0.32mm), and Column 2, CP-PoraBOND Q (50m ×
0.53mm). The gas carrier was argon at 3.5 bar pressure. The
oven temperature was kept constant at 40∘C.

3. Results and Discussion

3.1. Farrow and Wieners Manure Storage Test at 3 Temper-
atures. Only a slight increase in acetate (maximum 30%
increase) and total VFA (maximum 20% increase) were
observed during storage of Farrow and Wieners manure
at 11∘C, 15∘C, and 20–23∘C (Figure 2). No difference in
VFA production was observed between 11∘C and 15∘C, but
higher acetate and total VFA concentrations were obtained
at 20–23∘C. The pH went quickly from 6.5 to 6.2-6.3 at all
three temperatures. The pH changes can be explained by
both produced VFA and CO

2
[12]. There appears to be a

small temperature effect on CODS with a slight increase at
the highest temperature, but all changes are in the range
of the standard deviation and therefore not considered as
significant. Storage time and temperature of themanure from
Farrow andWieners have therefore little effect on the quality
of, for example, AD feed. The low pH implies that there is
little risk of methanogenesis and loss of NH

3
during storage

of this manure fraction. It may therefore be stored and used
for biogas production on demand.

3.2. Comparison between the Pig Production Stages at 15∘C

3.2.1. Liquid Properties. Pronounced differences between the
manures from the different pig production stages in the way
their compositions changed with time were observed when
they were all stored at 15∘C (Figure 3).The least changes were
observed during storage of the manure from the Farrow and
Wieners, even though it had the highest initial concentrations
of both CODS and CODVFA and also the lowest initial pH.
Manure fromGrowers had the highest levels of acetate, CODS
(after 30–40 days of storage), and CODVFA (after 78 days of
storage). Manure from Sows had the lowest concentration of



4 BioMed Research International

0

2000

4000

6000

8000

10000

12000

0 20 40 60 80 100

Time (d)

Ac
et

at
e (

m
g L

−
1

)

(a)

0 20 40 60 80 100
Time (d)

5

6

7

8

9

pH

(b)

0 20 40 60 80 100

Time (d)

0

5000

10000

15000

20000

25000

CO
D

VF
A

(m
g L

−
1

)

(c)

0 20 40 60 80 100
Time (d)

0

5

10

15

20

25

30

 C
O

D
S

(g
 L−
1

)

(d)

Figure 3: Acetate, CODVFA, pH, and CODS during storage at 15
∘C: Sows (◻), Growers (), and Farrow andWieners (◊), average–dotted line.

soluble organics both as CODS and CODVFA and also the
highest pH. Manure from Sows is therefore expected to give
less methane yield than manure from the other stages when
used as substrate for AD.

The CODVFA had start values of 3.2, 7.3, and 12.7 g L−1
and maximum values of 12.1, 20.2, and 21.5 g L−1, at days 106,
106, and 47 for Sows, Growers, and Farrow and Wieners,
respectively. Similar increase in VFA has been observed by
others [13]. Acetate, propionate, and butyrate constituted
most of the CODVFA content (Figure 4).

The pH started at 8.5, 7.8, and 6.5 for Sows, Growers,
and Farrow and Wieners, respectively, dropping quickly to
7.1, 7.1, and 6.4 and staying rather constant for the whole
test of 106 days (Figure 3). The soluble organics content
(CODS) increased mainly during the first month (Figures 3
and 5), from 8.6, 15.3, and 18.7 g L−1 for Sows, Growers, and
Farrow and Wieners, respectively, to 13.9 (61% increase),
21.6 (41% increase), and 21.0 (12% increase) after 33 days,
with a maximum of 116, 25, and 23 g L−1 at 78, 78, and 47
days, respectively. This implies that one month pig manure
storage prior toAD is favorable, assuming that CODS roughly
equals the ADmethane production potential. Changes in TS,
VS, NH

4
-N, and alkalinity concentrations during storage are

Table 1: Average concentrations and standard deviations during
storage at 15∘C.

Sows Growers Farrow and Wieners
TS (g L−1) 51.9 ± 2.5 78.7 ± 4.1 70.0 ± 3.2

VS (g L−1) 34.7 ± 2.1 54.7 ± 3.4 55.5 ± 2.7

NH4-N (g L−1) 2.6 ± 0.2 3.1 ± 0.3 1.9 ± 0.5

Alkalinity (g L−1) 15.9 ± 0.6 20.3 ± 1.4 9.8 ± 0.6

small and within the range of standard deviations for these
parameters (Table 1).

3.2.2. Methane Loss. A disadvantage of long term manure
storage is the potential for methane loss. Methanogenesis
is however a slow process which can be inhibited by pH
below 6.5 [14] and high free ammonia concentrations [15] and
slowed down by reduced temperatures [8]. Methane produc-
tion was detected throughout the 15∘C laboratory storage test
but the rate was close to zero (<0.01 g CODL−1d−1) except
during the first week of storage (Figure 5). The methane loss
is compared to the CODS production rate in Figure 5. The
CODS production was higher than but dropping towards the
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Figure 4: VFA composition during storage at 15∘C in manure from Sows, Growers, and Farrow and Wieners.
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methane loss. Real long storage time should be avoided to
limit GHGE. The methane loss compared to the methane
potential after 33 days is 1.7, 1.0, and 0.7% for Sows, Growers,

and Farrow and Wieners, increasing to 2.4, 1.5, and 1.0%,
respectively, after 78 days.

3.3. Full Scale Storage. The average monthly air temperatures
varied between −5∘C and +16∘C and in the full scale manure
storage basin between +4∘C in December and +16∘C in July
(Figure 6) which is similar to outdoor storage temperatures
reported from Sweden, Denmark, and Canada [16–18]. Con-
centrations of dissolved organics varied throughout the year
in phase with temperature changes (Figure 6). Both total VFA
and the acetic acid levels were nearly two times higher in
the summer compared to the winter. This caused seasonal
pH changes from 6.7 in summer to 7.4 in winter. The total
content of soluble organics, CODs, did not change as much
as the VFA, with values of 11–16 g L−1 during the coldest
period and 14–19 g L−1 during spring, summer, and autumn
(Figure 6). This suggests that disintegration and hydrolysis
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Figure 6: Acetate, CODVFA, pH, and CODS in pig manure during basin storage at the farm. Average monthly air temperature (∗) and
temperature in the basin (◼).

are less temperature dependent than acidogenesis during
manure storage.

3.4. Implications. The study was mainly motivated by the
idea that high rate AD reactors may give efficient manure
treatment if it is well integrated with existing farm infrastruc-
ture for slurry based manure handling systems. The results
confirm that such solutions are feasible: pig manure separates
by gravity into layers where the main, middle layer is a
substrate suitable for high rateAD.This substratewith 50 days
average HRT in the full scale case investigated contains easily
degradable organics, mainly VFA, at concentrations suitable
for high rate AD.

The dissolved organics content in the full scale case
(Figure 6) is approximately the same as the average concen-
trations in the laboratory experiments (Figure 3), implying
that these small scale tests yield values realistic for full
scale applications and more insight than obtainable in field

studies. The laboratory tests suggest that the highest CODs
concentration is obtained after 3 months storage with some
variations among the different production stages, but where
most of the CODs generation is achieved after 1 month.
After 3 month storage the CODs generation by hydrolysis
has decreased almost to the level of CODs loss by methano-
genesis (Figure 5). This implies that the basement storage
investigated has a manure retention time (50 d average) ideal
for further AD to maximize methane production. During
winter, however, little hydrolysis occurs at 4–6∘C so that
AD feed from this basin will have similar soluble organics
concentrations as that of fresh manure towards the end of
the winter. The methane production potential of the stored
manure is thereby lowest when the farm heat demand is the
highest. This is a disadvantage if the generated methane is
used for heating purposes, but it may be compensated for by
increasing the hydraulic loading rate of the AD.

This investigation is based on the observation that pig
manure naturally separates into three layers with a middle
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layer with much less suspended solids than the floating and
bottom layers (Figure 1) and the assumption that this middle
layer is suitable as high rate AD feed. An extensive study
to evaluate how suitable this manure middle layer is as feed
for sludge bed AD is in progress. The results are not yet
published but it is observed that biogas yield is closely related
to both the CODs and VFA contents of the feed, implying
that thesemeasurements can be used to evaluate themethane
potential of such manures. It is also observed that stable
methane production (∼5 LCH

4
L−1 d−1) is obtained at 1 d

HRT in lab scale UASB reactors with suchmanure as the only
feed. The proposed concept of combining existing manure
storage facilities with high rate AD has, therefore, potential
to become a cost-effective individual farm solution for biogas
generation.

Only the middle manure layer is used as AD feed in the
concept evaluated here, implying that some of the total biogas
potential is not directly utilized. Further investigations will
be carried out to quantify and limit this loss. The following
observations can be relevant for howmuchmethane potential
is not recovered by the HRAD approach evaluated here. (1)
The top and bottom layers constitute less than 30% of total
manure volume. (2) These two layers are kept in the storage
for a long time (up to one year) during which disintegration
and hydrolysis can transform particles in these layers to
CODs that will diffuse into the middle layer and can thereby
become part of the utilized AD substrate.

The strongest methane emission from manure occurs
during the first hours after it is released from the animals, an
effect that can probably not be prevented since it occurs in
the barn. Some but very limited and quite constant methane
release is observed after the first days of storage (Figure 5),
implying that long term storage without or prior to AD for
methane recovery will cause some GHGE. This emission
must be included when determining optimal storage time
prior to AD with respect to “carbon footprint” of such
solutions. Optimal storage will, therefore, be less than 3
months during the warmer seasons. This can be achieved
in the full scale case investigated by lowering manure HRT
simply by changed manure handling routines, maintaining
lower liquid level in the storage basin.

4. Conclusion

The amounts of easily degradable organics in pig manure
depend on the source of the manure (production stage)
and the storage time and temperature. Lab scale results
correspond well with measurements from full scale storage
of manure from the same barn. Temperature effects on
generation of dissolved organics and methane during long
term storage from lab tests are therefore useful to understand
the processes occurring in farm storage basins.

Slight and quite constant methane emissions were
detected through months of storage. The strongest methane
emission occurred the first days and is therefore hard to avoid
since that is when the manure is in transit from the animals
to the storage.

Temperature significantly influencedmanure quality dur-
ing storage. Dissolved organics are generated by disintegra-
tion and hydrolysis of particles during storage in the warmest
season (manure temperatures 10–15∘C) but not at winter
temperatures (4–6∘C). The manure from the Farrow and
Wieners stage, studied in more detail for temperature effects,
gained no significant CODs increases.

Most of the dissolved organics are VFA, mainly acetate,
and the ratios between the various VFAs remained quite
constant for all conditions tested.

The production of dissolved organics showed some vari-
ations among manure from the different production stages.
The increase of CODs at 15∘C were 61%, 41%, and 12% for
the three production stages Sows, Growers, and Farrow and
Wieners, respectively, after one month.

Dissolved organics generation is highest initially and
gradually drops to a low level during the first month at 15∘C.
The dissolved organics leveled off after three months storage
(at 15∘C), when the CODs production had dropped almost to
the level of the methane production. The full scale basement
storage has an average HRT of 50 d so most of the CODs
generation potential can therefore be obtained using this
storage as pretreatment for AD.

Pig manure separates by gravity into layers where the
main, middle layer is a substrate suitable for high rate AD.
It is therefore concluded that ordinary basement manure
storage basins can be used tomake feedwith easily degradable
organics, mainly VFA, at concentrations suitable for high rate
AD. Efficient manure treatment for methane generation by
high rate AD integrated with existing farm infrastructure
for slurry based manure handling appears to be a promising
option that warrants further investigation.
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N-Methyl morpholine-N-oxide (NMMO) is an environmentally friendly and commercially applied cellulose solvent that is
suggested for pretreatment of lignocelluloses to improve biofuel productions. However, the underlying mechanisms of the
improvements have been poorly understood yet. In an attempt to investigate the mechanisms, pinewood powder and chips were
pretreated with 85% (w/w) NMMO at 120∘C for 1–15 h.The pretreatment improved ethanol production yield from 7.2% (g/g) for the
untreatedwood powder to 68.1–86.1% (g/g) and from 1.7% (g/g) for the untreatedwood chips to 12.6–51.2% (g/g) of theoretical yield.
Similarly, the biogas yields of untreated wood chips and powder were improved from 21 and 66 (mL/g volatile solids) by 3.5–6.8-
and 2.6–3.4-folds, respectively. SEMmicrographs indicated major increase in the wood porosity by the pretreatment, which would
confirm increase in the water swelling capacity as well as enzyme adsorption.The analysis of X-ray diffraction showed considerable
reduction in the cellulose crystallinity by the pretreatment, while FTIR spectroscopy results indicated reduction of lignin on the
wood surface by the pretreatment.

1. Introduction

Lignocelluloses are promising raw materials for production
of second generation of ethanol. These relatively cheap and
abundant materials may solve the food versus fuel conflict
which is a result of production of biofuels from sugar and
starch based materials [1, 2]. The process for production
of the first generation of bioethanol involves hydrolysis,
fermentation, distillation, and dehydration.However, amajor
challenge of using lignocelluloses is their recalcitrance to
saccharification and poor hydrolysis yields. Thus, prior to
enzymatic hydrolysis, a pretreatment step is necessary to
open up this structure and improve the product yields as
well as the process of economy [1, 3, 4]. Similarly, the
bottleneck of biogas production process from lignocelluloses
is the first step of anaerobic digestion, that is, the rate-
limiting hydrolysis step. An efficient pretreatment step can
eliminate this bottleneck [1, 3, 4]. In native cell wall of

woody biomass, cellulose chains are packed into micro-
and macrofibers. Hemicelluloses and lignins are present in
the matrix surrounded celluloses and form covalent and
noncovalent bindings to cellulose and each other. The whole
reinforced composite of the cell wall acts as the main barriers
to the production of monomer sugars. Another barrier is the
high concentration (50–90%) of lignin in the spaces between
cells, that is, cell lamella. Lignin is highly hydrophobic
and also inhibits activity of cellulases. Pretreatment can
effectively overcome these obstacles by rearranging cellulose,
hemicellulose, and lignin to a less recalcitrant structure.
Pretreatment can also increase the micro- and macroac-
cessibility of the hydrolyzing enzymes to the biomass [5].
Among all pretreatment methods, treatment with cellulose
solvents such as ionic liquids (ILs) [4, 6, 7], phosphoric
acid [8], NaOH/urea [9], and N-methylmorpholine-N-oxide
(NMMO) [6, 10, 11] is well known for their high efficiencies.
N-Methylmorpholine N-oxide (NMMO) is an industrial
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cellulose solvent for fiber making, and pretreatment with
this green chemical produces no toxic wastes. This solvent
can be almost completely recycled and reused several times
[11]. NMMO monohydrate dissolves cellulose via formation
of strong hydrogen bonds. These bonds are then broken
after addition of the antisolvent, for example, water. As
a consequence of the pretreatment, inter- and intrachain
hydrogen bonds of cellulose are altered.Thus, the regenerated
cellulose is more susceptible to saccharification.

It was previously shown that NMMO pretreatment
improved the yields of ethanol from spruce and oak up to
89 and 85.4%, respectively [11]. Furthermore, ethanol pro-
duction from rice straw [6] and sugarcane bagasse [17] with
NMMO pretreatment were studied. This pretreatment was
also considered for biogas production from rice straw, triti-
cale straw, and spruce wood [18] as well as birch wood [10].
However, to our knowledge, no previous work on ethanol and
biogas production of the NMMO treated pinewood powder
and chips has been presented in the literature.

In this study,NMMOpretreatment for ethanol and biogas
production enhancement from pinewood powder and chips
were investigated. Further experiments were conducted to
understand the underlying mechanism of the improvements.
Effects of the pretreatment on the wood properties were stud-
ied by SEM imaging, cellulose enzyme accessibility, andwater
swelling capacity.Moreover, the changes in the crystallinity of
the substrate were tracked using X-ray diffraction as well as
FTIR spectroscopy.

2. Materials and Methods

2.1. Raw Materials and Their Analysis. Pinewood, Pinus
eldarica, from the forest of Isfahan University of Technology
campus (Isfahan, Iran), was used for the biofuel production.
After debarking and cutting, a fraction of the wood was
milled and screened to achieve a wood powder with particles
of less than 1mm. A fraction was also used as wood chips
with approximate dimensions of 0.5 by 0.5 by 0.1 centimeters.
The wood was analyzed for carbohydrate and lignin contents
according to the standard procedure described by Sluiter et
al. [19].

2.2. Pretreatment. A commercial grade of NMMO solution
(50%, BASF, Germany) was concentrated to 85% (w/w)
solution by vacuum evaporation. An amount of 15 grams
of the wood was pretreated by 185 grams of the NMMO
solution according to the method described by Shafiei et al.
[11]. Briefly, NMMO solution was added to preheated beakers
containing wood and mixed by glass rods. The beakers were
kept in an oil bath for 1, 3, and 15 hours at 120∘C. Afterwards,
150mL boiling distilled water was added to each of the
pretreatment suspensions. The materials were then washed
and recovered by vacuum filtration. Freeze-drying was used
for dryweightmeasurement of the pretreatedwoods at−48∘C
for 48 h. Similar to the untreated wood, the carbohydrate and
lignin contents of the pretreated materials were measured.
The pretreated materials were kept in sealable bags at 4∘C
until use.

2.3. Enzymatic Hydrolysis. The treated and untreated
woods were subjected to enzymatic hydrolysis using 15 FPU
cellulase (Celluclast 1.5 L, Novozyme, Denmark) and 30 IU
𝛽-glucosidase (Novozyme 188, Novozyme, Denmark)
per gram of substrate. The hydrolysis was performed at
45∘C for 96 h using 5% (w/w) wood (based on the dry
weight) in 50mM sodium citrate buffer (pH 4.8) and
0.4 g/L sodium azide [4]. Sodium azide was added as a
metabolite inhibitor in the hydrolysis. Since sodium azide
inhibits fermentation, a parallel set of enzymatic hydrolysis
without addition of sodium azide was conducted to be
used in the fermentation. This hydrolysis was carried out
without sample taking to minimize contaminations. The
activities of cellulase and 𝛽-glucosidase were measured
to 70 FPU/mL and 220 IU/mL, respectively, based on
the methods described by Adney and Baker [20] and
Ximenes et al. [21]. The yield of enzymatic hydrolysis
was calculated as (g) produced glucose by hydrolysis/(g)
glucan in the biomass/1.111 ∗ 100. The recovery of solid
after pretreatment was not considered in the calculations.
The glucan content for each wood sample (native or
pretreated at different condition) prior to enzymatic
hydrolysis was considered for calculation of the yield of the
sample.

2.4. Ethanol Fermentation. The liquid fraction, the
hydrolysate, was separated by centrifugation under aseptic
conditions and supplemented with essential nutrients for
the cells. Then, fermentations were performed in 50mL
centrifuge tubes at 32∘C for 24 h using high cell density of a
flocculating strain of Saccharomyces cerevisiae (CCUG 53310,
Culture Collection of University of Gothenburg, Sweden).
The method used for strain maintenance and inoculum
preparation was described by Shafiei et al. [4, 11]. The yield is
calculated based on the grams of ethanol produced per grams
of ethanol which can theoretically be produced from glucan
in each of the wood samples prior to enzymatic hydrolysis.
Thus, ethanol yield equals to (g) ethanol in fermentation
broth/(g) glucan in the sample/1.111/0.51 ∗ 100.

2.5. Biogas Production. Anaerobic digestion was performed
in batch digesters using mesophilic bacteria from a 7000m3
biogas digester of Isfahan Municipal Wastewater Treatment
(Isfahan, Iran).The inoculum contains bacterial consortia for
biogas productionwhich operates at 37∘C. Serumglass bottles
were filled with 20mL of inoculum, 0.25 g of the treated or
untreated wood, and 5mL of deionized water and closed with
butyl rubber seals and aluminum caps [9]. The digestion was
conducted at 37∘C for 45 days. Gas mixture containing 80%
nitrogen and 20% carbon dioxide was used for initial flushing
the bottle’s headspace to obtain anaerobic conditions. Water
and inoculumwere used as a control in order to determine the
biogas production of the inoculum. Gas samples were taken
from the headspace of the bottles and analyzed for methane
and carbon dioxide content by gas chromatography.
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2.6. Structural Analysis

2.6.1. Scanning Electron Microscopy (SEM). The microscopic
structure of the treated and untreated wood powder was
determined by SEM.The dried samples were coatedwith gold
(BAL-TEC SCD 005) and analyzed using SEM microscope
(Zeiss, Germany) at 7.5 kV.

2.6.2. Water Swelling Capacity and Enzyme Adsorption.
Water swelling capacity, the amount of water adsorbed by the
wood, was measured for the untreated and pretreated woods.
An amount of 0.1 gram of the samples was put in small bags
of nonwoven materials and immersed in water for one hour.
Then, the swelling capacity was measured as (𝑤

2
−𝑤

1
)/𝑤

1
, in

which𝑤
1
is the weight of the dry materials and𝑤

2
is the final

weight of the swollen materials [22].
The cellulase adsorption was evaluated in 15mL cen-

trifuge tubes containing 1% (w/w) wood sample and 400mg
cellulase per gram of glucan, based on the method developed
by Kumar andWyman [23].The tubes were shaken at 60 rpm
for 2 hours. Then, the tubes were centrifuged for 15 minutes
at 4000 rpm. The supernatants were analyzed for protein
content based on the Biuret method [24].

2.6.3. X-Ray Diffraction. The crystallinity of cellulose in the
treated and untreatedwood powderwas analyzed usingX-ray
powder diffraction pattern of the samples.The diffractometer
(Philips, X’pert, Netherlands) operated at 40 kV and 30mA,
and the spectra were collected in the range of 2𝜃 = 10–30∘
with step size of 0.05∘ and step of 1 s. The crystallinity was
calculated according to the method of Segal et al. [25], using
CrI = ((𝐼

002
− 𝐼am)/𝐼am) ∗ 100, in which 𝐼

002
is the intensity

of the peak corresponding to crystalline portion of biomass
(cellulose) at position of 2𝜃 = 22.5∘ and 𝐼am corresponds to
amorphous portion (i.e., hemicellulose, lignin, and cellulose)
at position of 2𝜃 = 18∘ (Figure 5) [26].

2.6.4. FTIR Spectroscopy. The chemical bonds and the crys-
tallinity of the treated and untreated pinewood powder were
investigated using a FTIR spectrometer (Bruker) equipped
with a universal ATR (Attenuated Total Reflection) accessory
and Deuterated triglycine sulfate (DTGS) detector (Bruker
Tensor 27 FT-IR). The spectra were collected over using
average of 60 scans and resolution of 4 cm−1 and at the range
of 600–4000 cm−1. Rubberband correction method was used
for correction of the spectra baseline [27], and the absorbance
valueswere normalized to 0 and 1 based on the intensity of the
maximum peak. Total crystallinity index (TCI = 𝑎

1377
/𝑎

2922
)

and lateral order index (LOI = 𝑎
1421
/𝑎

893
) as well as the

lignin to cellulose ratio (𝑎
1510
/𝑎

900
) were determined using

the absorption ratios [12, 28].

2.7. Analytical Methods. The composition of metabolites of
the hydrolysis and fermentation experiments were measured
by HPLC equipped with a RI detector (Jasco International
Co., Tokyo, Japan). Sugars were analyzed using an ion-
exchange Aminex HPX-87P column (Bio-Rad, Richmond,
CA, USA), while ethanol, glycerol, and other metabolites

were analyzed using Aminex HPX-87H column (Bio-Rad,
Richmond, CA, USA) according to the method described by
Shafiei et al. [11]. The methane and carbon dioxide contents
of the biogas were measured using a gas chromatograph (Sp-
3420A, Propack Q column, TCD detector, Beijing, Beifen
Ruili Analytical instrument Co). Helium at flow rate of
25mL/min was used as a carrier of gas. The column, injector,
and detector temperature were controlled at 50, 90, and
140∘C, respectively.

Except for the triplicate biogas production experiments,
all other experiments were performed in duplicates, and the
results are presented as averages of the obtained data.

3. Results and Discussion

Pinewood powder and chips were treated with NMMO at
120∘C. The treated and untreated materials were then enzy-
matically hydrolyzed for 96 h. Afterwards, the hydrolysates
were fermented with a flocculating strain Saccharomyces cere-
visiae for 24 h. Furthermore, the materials were anaerobically
digested for biogas production.

3.1. Effect of Pretreatment on the Wood Composition. The
compositions of untreated and pretreatedwood are presented
in Table 1. Glucan content was slightly increased (2–5%) after
the pretreatments (Table 1). It can be explained by the loss
of the hemicellulosic carbohydrates, that is, xylan (0.8–1.2%)
and mannan (1.8–3.2%), by the pretreatment. The hemi-
celluloses decreased to a higher extent as the pretreatment
time increased (Table 1). Overall, the results indicated minor
changes in the composition of the treated materials, which is
in line with previous studies [4, 6, 11].

3.2. Enzymatic Hydrolysis and Ethanol Production. The
effects of pretreatment on the enzymatic hydrolysis yield
of pinewood powder and chips are depicted in Figure 1.
Significant improvement in the glucose production yields
were achieved by the pretreatment (Figure 1). The theoretical
glucose yield of untreated wood powder was improved
from 11.5% to 74.8–98.9%. The untreated wood chips had
a theoretical glucose yield of 4.8% that was improved to
17.7–56.5% by the pretreatment at 120∘C for 1–15 h. More
enhancements in the saccharification yields were observed
with longer pretreatment times, and the maximum yield was
achieved by 15 h treatment. However, prolongation of the
hydrolysis from 72 to 96 h did not affect the hydrolysis yields.

The high yields of enzymatic hydrolysis are obtained
regardless of minor changes in the wood composition after
the pretreatment. These data suggest that the improvements
in the hydrolysis yields were not due to lignin or hemicellu-
lose removal, but other mechanisms were responsible for the
enhancements. The pretreatment was more effective on the
wood powder than the wood chips. Pretreatment of the chips
for 15 h improved the hydrolysis yield by 11.8-folds, while the
improvement for the powder was only 8.6-folds.

Significant improvement in the ethanol yield was
observed by the pretreatments (Figure 2). While the
theoretical ethanol yields from untreated wood chips and
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Table 1: Lignin and carbohydrate contents of untreated and NMMO treated pinewood1.

Pretreatment time Glucan (%) Mannan (%) Xylan (%) Galactan (%) Arabinan (%) ASL2 (%) AINSL3 (%)
Untreated 41.6 ± 0.5 11.9 ± 0.5 6.1 ± 0.2 1.7 ± 0.2 0.72 ± 0.04 0.6 ± 0.02 26.0 ± 0.4

1 h treated wood 43.1 ± 0.6 10.1 ± 0.3 5.3 ± 0.1 1.7 ± 0.3 0.72 ± 0.04 0.8 ± 0.04 27.0 ± 0.5

3 h treated wood 44.0 ± 0.5 9.6 ± 0.6 5.4 ± 0.2 1.6 ± 0.2 0.74 ± 0.05 0.9 ± 0.02 27.1 ± 0.3

15 h treated wood 46.4 ± 0.8 8.7 ± 0.4 4.9 ± 0.1 1.5 ± 0.2 0.61 ± 0.07 1.5 ± 0.1 27.8 ± 0.6

1All data are presented on dry weight basis (treated or untreated). All the given values are means of three determinations ± standard error.
2Acid soluble lignin.
3Acid insoluble lignin.
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Figure 1: Effects of different pretreatment time and wood size on the hydrolysis yield (the yield of enzymatic hydrolysis was calculated as (g)
glucose after hydrolysis/(g) glucan in the untreated or pretreated sample/1.111 ∗ 100) of pinewood powder (a) and chips (b). The symbols
correspond to 1 h (e), 3 h (X), and 15 h (◼) pretreatment, and () corresponds to for the untreated wood.
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Figure 3: Effects of different pretreatment time and wood size on the methane yield of pinewood powder (a) and chips (b). The symbols
correspond to 1 h (e), 3 h (X), and 15 h (◼) treatment, and () corresponds to untreated wood. VS stands for volatile solids.

powder were 1.7% and 7.2%, respectively, the pretreatment
improved the yields to respective values of 12.6–51.2% and
68.1–86.1%. More improvements in the ethanol yields were
achieved by increasing the pretreatment duration. These
improvements were more significant for the wood chips. The
ethanol yield of 1 h treated chips and powder was 12.6% and
68.1%, respectively; however, 15 h treatment improved these
values by 4.1- and 1.3-folds. Similar improvements in the
ethanol and saccharification yield of wood chips and powder
were observed in the previous studies [4, 11]. The best yields
are comparable with the maximum theoretical ethanol yield
of 84–90% obtained by fermentation of pure glucose by
similar strain of S. cerevisiae [11].

3.3. Biogas Production from Pretreated Pinewood. The pre-
treatment considerably improved the methane yield of the
treated wood powder and chips (Figure 3). The amount
of methane produced from the untreated wood chips and
powder were 21 and 66mL/g volatile solid (VS). However,
the methane produced from 1, 3, and 15 h treated wood chips
increased by 3.5-, 5.4-, and 6.8-folds, respectively. Moreover,
the methane yield of 1, 3, and 15 h treated wood powder
increased by 2.6-, 3-, and 3.4-folds, respectively. Increase in
the pretreatment duration positively enhanced the methane
yields for both wood chips and powder.

3.4. Structural Analysis

3.4.1. Scanning Electron Microscopy (SEM). The structural
modifications of pinewood powder after pretreatment with
NMMO were investigated using SEM, and some of the
captured images are presented in Figure 4.Theuntreated pine
powder fibers had a highly compact structure, which was
altered to a more accessible structure after the pretreatment.
As the pretreatment time increases, more changes in the
accessibility to the fibers were observed.The porousmaterials
on the fiber surface of the pretreated wood were previously
observed in the treated cellulosic materials. The condensed

materials were cellulose microfibrils in the wood chemical or
mechanical pulp [29, 30]. For the AFEX treated corn stem,
lignin aromatics and hemicellulose oligomers with high and
low molecular weight as well as decomposition products of
AFEX pretreatment were observed on the outer cell walls
[31]. In current study, the ability of NMMO as a cellulose
dissolution agent suggests that the porous materials on the
fiber surface might be the dissolved cellulose formed by
condensation (Figures 4(c2), 4(d1), and 4(d2)). The increase
in the ratio of cellulose/lignin on the surface of pretreated
wood (Section 3.4.4) confirms the condensation of cellulose
on the wood surface after the pretreatment. The cellulose
which is condensed after the regeneration has an amorphous
form and there is no protecting layer of cell wall matrix
around it. Thus, the hydrolysis of the regenerated cellulose is
much more convenient compared to the crystalline cellulose
inside the cell wall.

While the fiber bundle of wood is intact in the untreated
wood (Figures 4(a1) and 4(a2)), the pretreatment obviously
opened up the bundle and the cell wall. Therefore, the cell
walls and pits (holes on the cell wall for exchange ofmaterials)
are visible in Figures 4(b1) and 4(b2). Furthermore, the
pores with 2-micrometer diameter are clearly seen in the 3 h
and 15 h treated wood powder, while they are missing on
the surface of the untreated wood (Figures 4(d1) and 4(d2)
versus 4(a1) and 4(a2)). Thus, increase in the porosity as
well as increased access to inside of fibers and cells after
the pretreatment could be one of the main reasons for the
enhanced yields of enzymatic hydrolysis.

Increase in the cellulose accessible surface plays an
important role in the improvement of the anaerobic digestion
yields. In anaerobic digestion, the size of cellulose-degrading
bacteria is in the order of micrometers, and most of these
bacteria should be attached to the cellulose surface and
produce cellulosome enzymes which are placed on the cell
surface [1]. Thus, the increased number of pores and the
damaged structure of cell walls help the hydrolyzing bacteria
to act more efficiently on the pretreated wood.
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Figure 4: Scanning electron micrographs of the untreated (a) and NMMO treated pinewood powder for 1 h (b), 3 h (c), and 15 h (d). The
magnifications were ×5000 (series 2) and ×1000 (series 1) except for (d1) which is ×2000. The arrows show the fiber bundle (green), opened
cell wall (red), pores to the inside of biomass (orange), and condensation of cellulose (yellow). The cell wall pits are shown by red circles.



BioMed Research International 7

0

200

400

600

In
te

ns
ity

Iam
I
002

10 15 20 25 30
2𝜃

(a)

0

200

400

600

In
te

ns
ity

10 15 20 25 30
2𝜃

(b)

0

200

400

600

In
te

ns
ity

10 15 20 25 30
2𝜃

(c)

0

200

400

600

In
te

ns
ity

10 15 20 25 30
2𝜃

(d)

Figure 5: X-ray powder diffraction spectra of untreated (a) and NMMO treated pinewood powder for 1 h (b), 3 h (c), and 15 h (d). The
trendline of six-point average is presented as the solid line in the spectra, and the base line is drawn from end to end of the spectra.
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Figure 6: The FTIR spectra of untreated (1) and NMMO treated pinewood powder for 1 h (2), 3 h (3), and 15 h (4).

3.4.2. Water Swelling Capacity and Enzyme Adsorption.
Water swelling capacity of the treated wood powder and
chips was measured, and the results are shown in Table 2.
Water swelling capacity of the untreated wood chips and
woodpowderwere 1 and 7.2 (gwater/g cellulose), respectively.
The pretreatment of the wood chips and powder for 1–15 h
increased the swelling capacity to 95–273% and 38–53%,

respectively. Moreover, increase in the pretreatment duration
resulted in increase of the swelling capacity.

The adsorption of cellulase enzyme on the wood was
also measured and presented as relative values (g pro-
tein adsorbed/g protein adsorbed by untreated pine chips)
(Table 2). Similar towater swelling capacity, increasing trends
were observed after the pretreatment with NMMO. This
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Table 2: Water swelling capacity and relative enzyme adsorption of the NMMO pretreated and untreated pinewood.

Pretreatment Wood size Water swelling capacity
(g water/g wood)1 Relative enzyme adsorption2

Untreated Powder 7.2 4.0
Pretreated for 1 h Powder 10.0 4.9
Pretreated for 3 h Powder 10.7 5.2
Pretreated for 15 h Powder 11.0 6.7
Untreated chips 1.0 1.0
Pretreated for 1 h chips 2.0 1.5
Pretreated for 3 h chips 3.7 2.7
Pretreated for 15 h chips 3.8 4.3
1The standard deviation of all samples was less than 6.3%.
2The standard deviation of all samples was less than 7.2%.

Table 3: The crystallinity of untreated and NMMO treated pinewood powder using FTIR and X-ray spectroscopy.

Untreated 1 h treated 3 h treated 15 h treated
FTIR

LOI (𝑎
1421
/𝑎

898
) 1.06 1.13 1.05 1.00

TCI (𝑎
1375
/𝑎

2918
) 1.10 1.08 1.16 1.21

Lignin/cellulose (𝑎
1508

/𝑎
898
) 0.94 0.99 0.83 0.55

X-ray diffraction 0.80 0.71 0.59 0.49

indicates that water swelling capacity and enzyme adsorption
are directly related; the sample with higher water adsorp-
tion can bind to more enzyme molecules. However, the
enzyme adsorption of the wood chips was less than that
of wood powder. Furthermore, increasing the pretreatment
time increased the adsorption of enzyme on both pine chips
and powder.These results are in accordance with the yields of
enzymatic hydrolysis of the treated materials, suggesting that
more cellulase adsorption results in the higher hydrolysis and
fermentation yields [22]. Considering the SEM micrographs
(Figure 4), the increases in the water swelling capacity and
enzyme adsorption capacity of the pretreated wood can be
related to the increase in the wood porosity and enzyme
accessibility.

3.4.3. X-Ray Diffraction. The changes in the crystallinity of
the untreated and NMMO treated wood are presented in
Table 3. Measurement of crystallinity by X-ray diffraction
indicates reduction in the crystallinity of wood after pre-
treatment. The crystallinity reduces to a higher extent as
the pretreatment time increases (Figure 5). Table 3 shows
the comparison of these results with the values from FTIR
spectroscopy. TCI (FTIR) represents the crystallinity of
celluloses I and II, while LOI (FTIR) refers exclusively to
cellulose I [28]. The crystallinity values obtained from X-ray
confirm the reduction of crystallinity after the pretreatment;
however, the changes in the TCI and LOI are not significant.
This comparison suggests that the calculation of crystallinity
of the wood by FTIR spectroscopy might not result in values
consistent with the X-ray spectroscopy. The crystallinity
measured by FTIR refers to the crystallinity of cellulose.
Thus, the presence of hemicellulose and lignin interferes in

the measurements. On the other hand, crystallinity, obtained
from X-ray diffraction, is the crystallinity of the whole
biomass and not cellulose alone [32]. Therefore, it can be
concluded that the crystallinity of the whole biomass is
reduced by pretreatment.

3.4.4. FTIR Spectroscopy. The FTIR spectra of the untreated
and NMMO treated wood powder are shown in Figure 6.
FTIR spectroscopy is widely used for structural analysis of
cellulose and lignocellulosic materials. The absorption bands
and their assigned chemical functional groups are presented
in Table 4. Based on the literature data, the absorption bands
at 1600, 1508, and 1263 are assigned to the functional groups of
lignin [6]. The reduction in the peak intensities at 1508 cm−1
(from 0.12 to 0.07) and 1263 cm−1 (from 0.2 to 0.12) (Table 4)
as a consequence of pretreatment indicates reduction of the
lignin, especially the guaiacyl type, on the surface of the
treated samples. It also confirms that exposure of the wood to
NMMO for a longer time results in more reduction of lignin
from the wood surface.

The bands at 1732 and 1230 shows the reduction of lignin
and hemicellulose on the wood surface by the pretreatment,
while no specific and individual band for hemicellulose
reduction is observed.

Cellulose type I is the typical crystalline form of cellulose
in the native plant cell wall, while the regenerated celluloses
are in the form of cellulose type II and amorphous cellulose
[12]. The intensity of the spectra for crystalline cellulose
type I at 3352, 1452, 1431, 1162, 1111, and 893 cm−1 did not
significantly change. The peak for the untreated wood at
3350 cm−1 is shifted to 3370 cm−1 by the pretreatment. The
peak for cellulose II at 1470 is missing in all samples probably
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Table 4: Characteristic frequencies and band intensities from the FTIR spectra of the treated and untreated pinewood powder.

Frequency
(cm−1) Functional group/band assignment Untreated

powder 1 h treated 3 h treated 15 h
treated Reference

3352
(3447)
(no band)

–OH stretching intramolecular hydrogen bonds
Cellulose I (3352), cellulose II (3447)
Xylan

0.26
(0.18)

0.26
(0.22)

0.25
(0.22)

0.26
(0.24)

[12]
[12]
[13]

1732 C–O stretching of acetyl or carboxylic acid
Hemicellulose and lignin (1730)

0.07 0.04 0.03 0.00
[6]

1600 C=C Lignin 0.07 0.07 0.06 0.05 [6, 14]
1508 C–C stretching of the aromatic ring, lignin (1510) 0.12 0.12 0.10 0.07 [6]

1452

–OH in plane bending
Cellulose I (1455), cellulose II (1470)
Asymmetric bending in C–H3 (1465) lignin
–C–H deformation Xylan (1461)

0.11 0.11 0.11 0.11
[12]
[6]
[13]

1421

C–H2 symmetric bending
Cellulose II (1419), cellulose I (1431)
Weak C–O stretching (1420), aromatic
C=C stretch (1433)
Lignin (1423), Xylan (1420) [13]

0.14 0.14 0.13 0.13
[15]
[13]
[13]
[13]

1263 Vibration of guaiacyl rings (1270) 0.20 0.18 0.16 0.12 [14]
1230 C–O stretching in lignin and hemicel. (1235) 0.15 0.12 0.10 0.07 [16]

1101 Ring asymmetric stretching
Cellulose I (1111) Cellulose II (1007)

0.46 0.44 0.44 0.49 [12]

898

Asym., out of phase ring stretching
Cellulose I (893)
Cellulose II, Amorphous Cellulose (895)
Xylan (899)

0.13 0.12 0.12 0.12
[15]
[15]
[13]

due to the presence of lignin and hemicellulose. Unexpect-
edly, the peak at 1420 cm−1 that is assigned to cellulose II
was decreased. At this wave number, the functional groups
assigned to lignin and hemicellulose seemed to be more
effective than those of cellulose II; hence, the reduction in
the peak intensity could be because of reduction in the lignin
and hemicellulose content of the wood, rather than cellulose
II. Another band assigned to cellulose I is at 1111 cm−1 which
was clearly disappeared in the NMMO treated samples.

Considering all changes in the FTIR spectra of the
wood after NMMO pretreatment, it could be concluded that
NMMO altered the distribution of biomass matrix compo-
nents, for example, condensation of amorphous cellulose on
the NMMO treated wood surface and thus reduction in the
surface lignin. Furthermore, the regeneration of cellulose I
to cellulose II and amorphous cellulose was also possible.
However, the wood has a very complex structure, and
study of the effects of NMMO pretreatment on pure lignin,
cellulose, and hemicellulose by FTIR may help the better
understanding of the structural changes by the treatment.

4. Conclusions

Pinewood had a highly recalcitrant structure and the conver-
sion of native pinewood to ethanol and biogas was inefficient.
NMMO pretreatment could efficiently improve the yields of
ethanol up to 86% of the theoretical yield and the biogas
yield up to 222 (mL/g VS) from pinewood. No cellulose
loss and minimal compositional changes were among the

features of the pretreatment with NMMO. One of the main
findings of the current work was that physical removal of
lignin and hemicellulose is not necessary to obtain a high
cellulose hydrolysis yield. Structural analyses suggested that
the improvements were related to increase in the microstruc-
ture porosity, reduction in the surface lignin, and decrease
in the crystallinity of cellulose. The cellulose solvent NMMO
could be a potential reagent for effective pretreatment of
lignocellulosic materials in the commercial scale, although
the process economy should be considered.
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Taherzadeh, “Enhanced biogas production from rice straw,
triticale straw and softwood spruce by NMMO pretreatment,”
Biomass and Bioenergy, vol. 36, pp. 116–120, 2012.

[19] A. Sluiter, B. Hames, and R. Ruiz, “Determination of structural
carbohydrates and lignin in biomass,” Laboratory Analytical
Procedure NREL/TP-510-42618, 2008.

[20] B. Adney and J. Baker, “Measurement of Cellulase Activities,”
2008, http://www.nrel.gov/biomass/pdfs/42628.pdf.

[21] E. A. Ximenes, C. R. Felix, and C. J. Ulhoa, “Production of
cellulases by Aspergillus fumigatus and characterization of one
𝛽-glucosidase,” Current Microbiology, vol. 32, no. 3, pp. 119–123,
1996.

[22] A. Goshadrou, K. Karimi, and M. Lefsrud, “Characterization
of ionic liquid pretreated aspen wood using semi-quantitative
methods for ethanol production,” Carbohydrate Polymers, vol.
96, no. 2, pp. 440–449, 2013.

[23] R. Kumar and C. E. Wyman, “Cellulase adsorption and rela-
tionship to features of corn stover solids produced by leading
pretreatments,” Biotechnology and Bioengineering, vol. 103, no.
2, pp. 252–267, 2009.

[24] C. Verduyn, E. Postma, W. A. Scheffers, and J. P. van Dijken,
“Physiology of Saccharomyces cerevisiae in anaerobic glucose-
limited chemostat cultures,” Journal of General Microbiology,
vol. 136, no. 3, pp. 395–403, 1990.

[25] L. Segal, J. J. Creely, and A. E. Martin Jr., “An empirical method
for estimating the degree of crystallinity of native cellulose using
the X-ray diffractometer,” Textile Research Journal, vol. 29, pp.
786–794, 1959.

[26] R. Kumar, G. Mago, V. Balan, and C. E. Wyman, “Physical
and chemical characterizations of corn stover and poplar solids
resulting from leading pretreatment technologies,” Bioresource
Technology, vol. 100, no. 17, pp. 3948–3962, 2009.

[27] S. Singh, B. A. Simmons, and K. P. Vogel, “Visualization
of biomass solubilization and cellulose regeneration during
ionic liquid pretreatment of switchgrass,” Biotechnology and
Bioengineering, vol. 104, no. 1, pp. 68–75, 2009.

[28] X. Colom, F. Carrillo, F. Nogués, and P. Garriga, “Structural
analysis of photodegraded wood by means of FTIR spec-
troscopy,” Polymer Degradation and Stability, vol. 80, no. 3, pp.
543–549, 2003.

[29] G.Chinga-Carrasco, “Cellulose fibres, nanofibrils andmicrofib-
rils: the morphological sequence of MFC components from a
plant physiology and fibre technology point of view,” Nanoscale
Research Letters, vol. 6, article 417, 2011.

[30] “Mechanical pulp,” http://www.slu.se/sv/institutioner/skogens-
produkter/centra/wurc/history-of-wurc/organization/research/
mechanical-pulp/.

[31] S. P. S. Chundawat, B. S. Donohoe, L. da Costa Sousa et al.,
“Multi-scale visualization and characterization of lignocellu-
losic plant cell wall deconstruction during thermochemical
pretreatment,” Energy and Environmental Science, vol. 4, no. 3,
pp. 973–984, 2011.

[32] F. Xu, Y. Shi, and D. Wang, “X-ray scattering studies of
lignocellulosic biomass: a review,” Carbohydrate Polymers, vol.
94, no. 2, pp. 904–917, 2013.



Research Article
Biotemplated Synthesis of Anatase Titanium Dioxide
Nanoparticles via Lignocellulosic Waste Material

Donya Ramimoghadam, Samira Bagheri, and Sharifah Bee Abd Hamid

Nanotechnology & Catalysis Research Centre (NANOCAT), University of Malaya, IPS Building, 50603 Kuala Lumpur, Malaysia

Correspondence should be addressed to Samira Bagheri; samira bagheri@um.edu.my

Received 29 April 2014; Revised 23 May 2014; Accepted 5 June 2014; Published 15 July 2014

Academic Editor: Meisam Tabatabaei

Copyright © 2014 Donya Ramimoghadam et al.This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the originalwork is properly cited.

Anatase titanium dioxide nanoparticles (TiO
2
-NPs) were synthesized by sol-gel method using rice straw as a soft biotemplate. Rice

straw, as a lignocellulosic waste material, is a biomass feedstock which is globally produced in high rate and could be utilized in an
innovative approach tomanufacture a value-added product. Rice straw as a reliable biotemplate has been used in the sol-gel method
to synthesize ultrasmall sizes of TiO

2
-NPs with high potential application in photocatalysis. The physicochemical properties of

titanium dioxide nanoparticles were investigated by a number of techniques such as X-ray diffraction analysis (XRD), transmission
electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, thermogravimetric analysis
(TGA), ultraviolet visible spectra (UV-Vis), and surface area and pore size analysis. All results consensually confirmed that particle
sizes of synthesized titanium dioxide were template-dependent, representing decrease in the nanoparticles sizes with increase
of biotemplate concentration. Titanium dioxide nanoparticles as small as 13.0 ± 3.3 nm were obtained under our experimental
conditions. Additionally, surface area and porosity of synthesized TiO

2
-NPs have been enhanced by increasing rice straw amount

which results in surface modification of nanoparticles and potential application in photocatalysis.

1. Introduction

Titanium dioxide is an important n-type wide band-gap
semiconductor with light absorbing, charge transport, and
surface adsorption properties [1]. Three different crystallite
structures of brookite, anatase, and rutile have been found
for titanium dioxide [2]. Due to the exclusive properties
like photoactivity, photostability, being chemically and bio-
logically inert [3], being relatively inexpensive, and high
stability [4], titanium dioxide has wide variety of applications
including photocatalysis, catalysis, dye sensitized solar cells,
and photovoltaic and water-splitting devices [5]. Therefore,
exponential growth in research focuses on synthesis, proper-
ties, and applications of TiO

2
nanostructures that have been

accomplished in recent years.
There are various methods to synthesize titanium diox-

ide nanostructures such as chemical vapor deposition,
microemulsion, chemical precipitation, hydrothermal crys-
tallization, and sol-gel [3, 5]. Sol-gel is one of the most
successful techniques to fabricate high photocatalytic tita-
nium dioxide nanostructures [6], with controlled shape and

porosity.Moreover, other advantages such as versatile process
[7] with high purity, good homogeneity, and low processing
temperature [8] can be taken into account for this synthetic
technique.

Recently, synthetic methods of TiO
2
nanostructures were

accompanied with template-assisted approaches. The tem-
plating method is one of the frequently used methods to
modify the surface properties of nanomaterials [9]. The sur-
face modification of nanomaterials is mostly applied due to
avoiding the agglomeration, increasing the stability and com-
patibility in differentmedia. It also can assist in creating active
sites on the nanomaterials’ surface and eventually enhancing
their activity. Generally templates are categorized into two
major groups of soft and hard templates. Porous solids can
be considered as hard templates such as anodic aluminum
oxide (AAO)membranes, colloid beads, orderedmesoporous
inorganic materials, and zeolites. Conversely, soft templates
consist of mostly organic molecules, long-chain polymers,
supermolecular aggregates, structure-directing agents, sur-
factants, gels, micelles, and different types of biological
species. Soft templates in order to have special anisotropic
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structure not only render more sufficient synthetic process
but also have the ability to be easily removed. In addition,
it is proven that the effective and high quality encapsulation
technique is feasible by soft templating. A variety of materials
can be exploited as templates such as nanoporous materials,
molecules and supramolecules, colloids, particles, and even
biological species named as biotemplates [10].

Waste valorization is a term used for managing waste in
the most sustainable way which has attracted a significant
amount of attention in recent years [11]. Vast choices of
advanced technologies are available to employ the agricul-
tural wastes into novel functional nanomaterials [12].The rice
cultivation procedure results in two types of residues, straw
and husk, of which a variety of valuable chemicals can be
derived. Rice straw is the stalk of the rice plant that is left
over as waste products on the field upon harvesting of the
rice grain (i.e., the seeds of rice straw). Rice husk, the main
byproduct from rice milling, accounts for roughly 22% of
paddy weight, while rice straw to paddy ratio ranges from
1.0 to 4.3. Although the technology for rice husk utilization
is well-established worldwide, rice straw is sparingly used as
a source of renewable energy [12, 13]. In this regard, recently
a lot of efforts have been carried out for conversion of various
edible or nonedible biomass feedstocks into biofuels [14].

Various templates have been reported to synthesize metal
oxide nanostructures. Moreover, surfactants as subsidiaries
of templates have been widely used in the preparation
of different nanoparticles with good size distribution and
dispersity [15]. Adding diverse surfactants as capping agent
into the reaction matrix can help synthesize monodispersed
TiO
2
nanoparticles [16]. TiO

2
nanorods can be synthesized

with different sizes and shapes through aid of surfactants.
Different amines were applied to synthesize TiO

2
nano-

materials as shape controller [16–19]. Another study has
reported using sodium stearate and sodium oleate which
could change the TiO

2
nanoparticles from round-corner

cubes to sharp-edged cubes [20]. In addition, the size dis-
tribution of TiO

2
nanorods was largely controlled by the

size distribution of anodic alumina membrane (AAM) [19–
21]. Moreover, exploiting surfactants such as ammonium car-
boxylate perfluoropolyether and poly(dimethylaminoethyl
methacrylate-block-1H,1H,2H,2H-perfluorooctyl methacry-
late) led to increasing the crystal size [22].

Biological materials such as biomolecular structures,
viruses, proteins, and DNA have attracted a lot of attention
recently. Many studies have investigated the effects of differ-
ent biotemplates on the synthesis and properties of different
metal oxide nanostructures. Gelatin [23, 24], gum [25], starch
[22–24, 26], rice straw [27], eggshell membrane [28], bamboo
membrane [29], DNA [30], yeast, dandelion pollen, and
albumen [28, 29] were all investigated to synthesize metal
oxide nanoparticles such as ZnO, TiO

2
, andAgnanoparticles.

Applying rice straw as a soft biotemplate appears to be a
promising way to synthesize titanium dioxide nanoparticles.
Moreover, to the best of our knowledge, no such study on
the synthesis of TiO

2
-NPs using rice straw as biotemplate

is found in the open literature. Therefore, in this study, we

investigate the effects of rice straw powder on properties
of synthesized TiO

2
nanoparticles via soft, inexpensive, and

green template.

2. Experimental

2.1. Materials. All chemicals used in this work were of anal-
ytical reagent grade and used as received without any further
purification. All the aqueous solutions were prepared using
deionized water. Titanium (IV) isopropoxide 98% which
was used as a main precursor was purchased from Acros
Organics Co., and acetic acid 100% was purchased from
Merck Co., Germany. Rice straw was purchased from local
market and ground into powder form in milling machine,
Fritsch Pulverisette 6 type planetary monomill, Germany.

2.2. Characterization. Powder X-ray diffraction (PXRD)
analysis was performed on a Shimadzu diffractometer, XRD-
6000 (Tokyo, Japan) equipped with CuK𝛼 radiation. The
morphology of the titanium dioxide particles was charac-
terized by transmission electron microscopy (TEM) LEO
LIBRA-120, Carl Zeiss AG Company (Oberkochen, Ger-
many). Particle size distribution has been calculated using
Image J and SPSS software. Surface characterization of the
material was carried out using nitrogen gas adsorption-
desorption technique at 77 K using Autosorb-6B Quan-
tochrome (FL, USA). Thermogravimetric and differential
thermogravimetric analysis (TGA-DTG) were carried out
using a Mettler Toledo instrument (Greifensee, Switzerland)
using a heating rate of 10∘C/min, in the range of 25–1000∘C
under nitrogen atmosphere. Fourier transform infrared spec-
tra were recorded over the 400–4000 cm−1 range using a
Perkin-Elmer 100 spectrophotometer (Waltham, MA, USA)
under standard conditions. The structural properties were
also investigated by inVia Raman microscope, Renishaw
(Gloucestershire, UK), in the range of 100–700 cm−1. The
UV-VIS-NIR spectrophotometer UV-3600 SHIMADZU was
used to determine the optical properties.

2.3. Synthesis of TiO
2
Nanoparticles. In a typical procedure

[31], titanium (IV) isopropoxide was dissolved in deionized
water (18.2MΩ cm) and acetic acid with the molar ratio of
1 : 200 : 10. Glacial acetic acid acts as a chelating agent to
prevent titanium isopropoxide from the nucleophilic attacks
by the water. The solution was stirred for few hours and then
different concentrations of rice straw powder 0, 0.25, 0.5, 1,
2, and 4 g were introduced into the solution (the ratio of
titanium (IV) isopropoxide to rice straw powder was chosen
at 1 : 0.1, 1 : 0.2, 1 : 0.4, 1 : 0.8, and 1 : 1.5 w/w%) and stirred. The
mentioned solution was heated at 80∘C until formation of the
gel.The obtained gel was dried in the oven at 80∘C overnight.
Finally the dried gel was ground and calcined in a muffle
furnace at 500∘C for 5 hours.

3. Results and Discussion

3.1. Powder X-Ray Diffraction. To determine the phase of
the produced TiO

2
-NPs, samples were examined by X-ray
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Table 1: The crystalline size of TiO2-NPs obtained from Scherer’s
formula.

Samples 2𝜃 (degree) FWHM (rad) Size (nm)
0R 25.384 0.0067 20
0.25R 25.385 0.0075 18
0.5R 25.38 0.0090 15
1R 25.346 0.0104 13
2R 25.324 0.0123 11
4R 25.316 0.0135 10

powder diffraction (XRD). Figure 1 shows the XRD patterns
of the TiO

2
samples synthesized using different concentra-

tions of rice straw powder after calcinations at 500∘C for
5 hours. As clearly seen from Figure 1, all the diffraction
peaks of the pure TiO

2
prepared by the conventional sol-

gel method can be indexed as anatase (Anatase XRD JCPDS
Card number 78-2486). However, Budi et al. [32] reported
mesoporous synthesis of titania using starch through sol-gel
method involvingmixed phases of anatase and rutile applying
different concentrations of potato starch.

According to Figure 1, the diffraction peaks of as-
synthesized TiO

2
samples were broadened by increasing the

concentration of rice straw. This is due to the decrease in
the crystalline size. Moreover, no characteristic peaks can be
observed in the XRD pattern for rice straw components. The
crystalline sizes of the TiO

2
-NPs were determined by means

of an X-ray line-broadening method by Scherer’s formula
(𝐷 = 𝐾𝜆/𝛽 cos 𝜃) where 𝜆 is the wavelength of X-ray radia-
tion (CuK𝛼 = 0.15406 nm), 𝐾 is a constant taken as 0.9, 𝛽 is
the line width at half maximum height (FWHM) of the peak,
and 𝜃 is the diffracting angle. The (101) plane with highest
intensity peak was chosen to calculate the crystalline size.
The average crystalline size of synthesized TiO

2
-NPs with

different concentrations of rice straw and also without rice
straw is listed in Table 1. It is noteworthy to mention that 0R,
0.25R, 0.5R, 1R, 2R, and 4R refer to synthesized TiO

2
-NPs

using 0.0, 0.25, 0.5, 1, 2, and 4 g rice straw, respectively.

3.2. Transmission Electron Microscopy. In order to under-
stand the effects of biotemplate on the size andmorphology of
the synthesizedTiO

2
-NPs, TEMexaminationwas conducted.

Figure 2 shows the TEM images and size distributions of
the TiO

2
-NPs with and without rice straw after calcination

at 500∘C for 5 hours. The size histograms of the TiO
2
-NPs

are shown below the relative TEM images. As seen from
histograms in Figure 3, the mean particle size of TiO

2
sample

prepared without and with 4 g rice straw as biotemplate is
24.0 ± 4.7 nm and 13.0 ± 3.3 nm, respectively. It is notable that
size of TiO

2
-NPs synthesized using rice straw considerably

decreased compared to TiO
2
-NPs synthesized without rice

straw (all results not shown here). The obtained result from
TEM is in agreement with XRD results, representing that
smaller size of TiO

2
-NPs can be obtained using rice straw as

biotemplate which is acting like a directing agent.
Cellulose is the main component of rice straw consisting

of mostly polysaccharides. Polysaccharides interfere in vari-
ous stages of the titanium dioxide synthesis. The biopolymer,
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Figure 1: XRD patterns of TiO
2
-NPs using different concentrations

of rice straw; (a) 0R, (b) 0.25R, (c) 0.5R, (d) 1R, (e) 2R, and (f) 4R
(0R, 0.25R, 0.5R, 1R, 2R, and 4R refer to synthesized TiO

2
-NPs using

0.0, 0.25, 0.5, 1, 2, and 4 g rice straw, resp.).

which is dispersed in the liquidmedia, behaves like an organic
matrix, binding through their functional groups (hydroxylic
or carboxylic groups) to many titanium ions. The initial
association of the titanium ions to polysaccharide determines
a homogenous dispersion of the ion in well confined spaces.
After the change of the initial reaction conditions, in the pres-
ence of a precipitation agent, these binding positions provide
preferred nucleation and growth sites for the hydrolyzedTi4+-
containing particles, due to the high local suprasaturation in
titanium ions. The conversion of oxide precursor to oxide
needs heating treatments. The homogeneous dispersion of
the cations within the polysaccharide matrix and the low
temperature of its thermal degradation shift the balance
between nucleation and growth toward the formation of a
larger number of smaller oxide crystals [33].

3.3. Fourier Transform Infrared and Raman Spectroscopy.
Fourier transform infrared spectroscopy was used to inves-
tigate the effects of rice straw as biotemplate on the chemical
properties of the TiO

2
-NPs prepared by sol-gelmethod. FTIR

spectra were obtained at room temperature in the range of
4000–400 cm−1. Figure 3 shows the FTIR spectra of TiO

2
-

NPs synthesized using different concentrations of rice straw
as a biotemplate. In addition, spectra of TiO

2
-NPs sample

synthesized using no rice straw are also represented for better
comparison.

The bands centered at 1635 cm−1 and 3400 cm−1 are
attributed to 𝛿-H

2
O bending and vibration of hydroxyl

groups [34]. Band at about 2357 cm−1 is assigned to Si–
H stretching vibration caused by rice straw components. It
is noteworthy to mention that the silicon compound may
coexist with other compositions in the rice straw due to the
presence of rice straw husk. In addition, absorption bands at
around 1430 and 1530 cm−1 are attributed to the C–Hbending
and angular deformation of C–H bond in starch molecule,
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Figure 2: TEM images of TiO
2
-NPs prepared using (a) 0R and (b) 4R.

respectively [35]. The band at about 460 cm−1 is assigned
to O–Ti–O in anatase phase which can be clearly observed
in all synthesized TiO

2
-NPs samples. A closer look on the

FTIR spectra of TiO
2
samples synthesized using different

concentrations of rice straw indicates a slight shift to higher
wavenumbers in characteristic band of TiO

2
compared to

the sample synthesized using no rice straw. This shifting can
occur due to the decrease in the particle size of TiO

2
-NPs.

The structural properties of the TiO
2
-NPs were further

investigated by Raman spectroscopy. Figure 4 shows the
Raman spectra of TiO

2
-NPs synthesized using different

concentrations of rice straw as biotemplate alongwith spectra
of TiO

2
-NPs sample synthesized using no rice straw as refer-

ence. All samples exhibit five distinct Raman-active modes of
𝐸

𝑔
(145 cm−1),𝐸

𝑔
(198 cm−1),𝐵

1𝑔
(399 cm−1),𝐴

1𝑔
(516 cm−1),

and 𝐸
𝑔
(640 cm−1) for anatase TiO

2
[36] calcined at 500∘C,

verifying the materials’ phase composition determined by
XRD and TEM. Analysis of the Raman spectra by multipeak

fitting revealed appreciable shifts of the anatase Raman bands
for synthesized TiO

2
-NPs using different concentrations of

rice straw compared to the reference sample. This behavior
is characteristic of size effects raised by biotemplate [31].
Specifically, the lowest frequency andmost intense𝐸

𝑔
anatase

mode shifted from 144 cm−1 for the reference to 145 cm−1
which is qualitatively consistent with the decrease of the
anatase crystalline size.

3.4. Thermogravimetric Analysis. The thermogravimetric
and derivative thermogravimetric analysis (TGA/DTG) have
been investigated on the TiO

2
-NPs synthesized by the sol-gel

method using different concentrations of rice straw. Figure 5
shows the TGA-DTG curve of TiO

2
-NPs synthesized using

4 g rice straw. It can be clearly seen that TG curve descends
until it becomes horizontal around 500∘C. The TG and
DTA traces show three main regions. The first weight loss
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Figure 3: FTIR spectra of TiO
2
-NPs synthesized using (a) 0R, (b)

0.25R, (c) 0.5R, (d) 1R, (e) 2R, and (f) 4R.
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Figure 4: Raman spectra of TiO
2
-NPs synthesized using (a) 0R, (b)
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Figure 5: TGA-DTG thermogram of as-synthesized TiO
2
-NPs

samples synthesized using 4 g rice straw (4R).

below 100∘C (7%) is assigned to dehydration of water. The
second weight loss from 200 to 300∘C (26%) is attributed
to the decomposition of rice straw components which are
mainly carbohydrates. Similar results were also reported by
Ramimoghadam et al. [27]. It is noteworthy to mention that
the weight loss percentages of 4, 5, 8, and 15% were observed
for TiO

2
-NPs synthesized using 0.25, 0.5, 1, and 2 g rice straw.

The third step from 350 to 500∘C (15%) is related to both
the decomposition of the organic group’s residuals and the
condensation of the TiO

2
anatase phases.

3.5. UV-Visible Spectroscopy. Figure 6 shows the UV-Vis
absorption spectra of the TiO

2
-NPs using different con-

centrations of rice straw in comparison with the TiO
2

synthesized using no rice straw as reference. Compared to
the very low absorption of the reference TiO

2
-NPs, all the

TiO
2
-NPs synthesized using rice straw exhibit a slight shift of

the absorption edge toward the visible region. This red-shift
originates from decreasing of the particle size of synthesized
TiO
2
-NPs.

3.6. Surface Properties. The N
2
adsorption-desorption tech-

nique was employed to investigate the effect of rice straw on
the surface property of TiO

2
-NPs. Figure 7 shows isotherms

of TiO
2
-NPs synthesized using lowest (0.25R) and highest

(4R) amount of rice straw along with reference sample
synthesizedwithout rice straw (0R). As seen fromFigure 7, all
the TiO

2
-NPs exhibited Type IV isothermwhich is associated

with capillary condensation according to IUPAC classifica-
tion with Type H3 hysteresis loops. The N

2
isotherms varied

significantly with the rice straw content, indicating that the
TiO
2
porous structure could be controlled by adjusting the

amount of rice straw during particle synthesis. Detailed look
on isotherms in Figure 6 shows that desorption branch of
synthesized samples using rice straw is getting wider com-
pared to sample synthesized without rice straw, representing
increase in porosity. In addition, N

2
adsorption-desorption

isotherms have clearly shown gradual enhancement in the
volume absorbed through pores of the TiO

2
samples using

rice straw as biotemplate, representing higher pore volumes
for template-assisted TiO

2
-NPs. Therefore, it is clear that

porosity has been increased during synthesis of TiO
2
-NPs by

applying rice straw as biotemplate.
The BET surface area and average pore sizes and pore

volumes of TiO
2
-NPs are listed in Table 2. As seen from

the table, the average pore size for the as-obtained samples
is between 6.5 and 16.5 nm, indicating increase in the pore
size of synthesized samples by adding more rice straw.
From surface area values, a consequence can be derived that
increasing rice straw concentration in synthesis of TiO

2
-NPs

could considerably enhance the specific surface area. For
example, specific surface area of TiO

2
-NPs synthesized using

4 g rice straw was obtained at 97m2/g, which is more than
twofold in comparison with sample synthesized without rice
straw. Results from surface properties are in agreement with
obtained particle size from TEM since decrease of particle
size could lead to surface area enhancement. It is noteworthy
to mention that pore structures play an important role as
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Figure 6: UV-Vis spectra of TiO
2
-NPs synthesized using (a) 0R, (b)

0.25R, (c) 0.5R, (d) 1R, (e) 2R, and (f) 4R.
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Figure 7: Nitrogen adsorption-desorption isotherms of TiO
2
-NPs

synthesized using (a) 0R, (b) 0.25R, and (c) 4R.

well. As seen from Table 2, pore volumes of TiO
2
samples

improved by increasing the rice straw concentrations, indi-
cating porosity enhancement. In conclusion, surface charac-
teristics of TiO

2
-NPs have been modified using rice straw as

biotemplate. Increasing in the surface area and porosity of
the synthesized TiO

2
-NPs can result in high photocatalytic

properties under UV light irradiation according to report
from Budi et al. [32].

4. Conclusion

Anatase TiO
2
nanoparticles were successfully synthesized by

conventional sol-gel method based on the template-assisted
waste valorization technique using rice straw. Through this
method, highly crystalline TiO

2
-NPs with unchanged phys-

ical dimensions and minimal agglomeration were prepared.
The physicochemical properties of synthesized TiO

2
-NPs

Table 2: BET surface area and average pore sizes and pore volumes
of TiO2-NPs synthesized using different concentrations of rice straw.

Samples BET surface area
(m2/g)

Total pores volume
(cm3/g)

Average pore size
(nm)

0R 45 0.09 6.5
0.25R 57 0.12 8.7
0.5R 65 0.13 11.3
1R 73 0.16 14.3
2R 89 0.21 15.0
4R 97 0.23 16.5

were investigated by XRD, TEM, FTIR, Raman, UV-Vis spec-
troscopy, and surface area and porosity analysis indicating
that TiO

2
-NPs crystallize in the anatase phase with smaller

size range and high surface area in the presence of rice
straw. This soft template is assumed to self-assemble into
well-defined aggregated entities which can restrict and direct
the growth of the TiO

2
particles. Modification of the pore

volume and size on one hand and decreasing the particle
size on the other hand could enhance the surface area of
the synthesized TiO

2
nanoparticles up to 97m2/g which

makes TiO
2
-NPs highly potential photocatalyst compared

to the titania synthesized using no template. In conclusion,
waste valorization approach has dedicated a new pathway to
apply sustainable lignocellulosic waste material to fabricate
advanced end-products using green chemical technologies.
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T. reesei is an efficient cellulase producer and biomass degrader. To improve xylitol production in Trichoderma reesei strains by
genetic engineering, two approaches were used in this study. First, the presumptive D-xylulokinase gene in T. reesei (xyiH), which
has high homology to known fungi D-xylulokinase genes, was silenced by transformation of T. reesei QM9414 strain with an
antisense construct to create strain S6-2-2. The expression of the xyiH gene in the transformed strain S6-2-2 decreased at the
mRNA level, and D-xylulokinase activity decreased after 48 h of incubation. This led to an increase in xylitol production from
undetectable levels in wild-type T. reesei QM9414 to 8.6mM in S6-2-2. The T. reesei Δxdh is a xylose dehydrogenase knockout
strain with increased xylitol production compared to the wild-type T. reesei QM9414 (22.8mM versus undetectable). The copy
number of the xylose reductase gene (xyl1) in T. reesei Δxdh strain was increased by genetic engineering to create a new strain Δ9-
5-1. The Δ9-5-1 strain showed a higher xyl1 expression and a higher yield of xylose reductase, and xylitol production was increased
from 22.8mM to 24.8mM. Two novel strains S6-2-2 and Δ9-5-1 are capable of producing higher yields of xylitol. T. reesei has great
potential in the industrial production of xylitol.

1. Introduction

D-Xylitol is a five-carbon polyol, which can be naturally
found in various fruits and vegetables. Xylitol has similar
sweetness to sucrose but lower energy value than sucrose;
it has been used as sugar substitute in foods, medicine, and
chemical industry. Unfortunately, the natural content of D-
xylitol in fruits and vegetables is very low [1]. On an industrial
scale, D-xylitol is mainly produced by chemical reduction
of D-xylose from biomass hydrolysates. The biosynthesis of
D-xylitol using microorganisms has gained popularity due
to environmental and economic considerations using the
current industrial production method [2]. Many microor-
ganisms are able to produce D-xylitol, including bacteria,

fungi, and yeasts. These include four species of Candida,
Saccharomyces, Debaryomyces, Pichia, Hansenula, Torulopsis,
Kloeckera, Trichosporon, Cryptococcus, Rhodotorula, Monilia,
Kluyveromyces, Pachysolen, Enterobacter liquefaciens, and
Corynebacterium spp. [3].

In bacteria, D-xylose is converted toD-xylulose by xylose
isomerase in a single step (Figure 1(b)). In yeasts and fungi,
however, the conversion of D-xylose to D-xylulose occurs
using a two-step process: a reduction step followed by an
oxidation step (Figure 1(a)). D-Xylose is first reduced to
D-xylitol by xylose reductase (XR) and then D-xylitol is
oxidized to D-xylulose by xylitol dehydrogenase (XDH). D-
Xylulose can be further metabolized to xylulose-5-phosphate
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Figure 1:Metabolic pathway for xylose utilization. (a)TheXR-XDH
pathway in yeast and fungi. (b) The XI pathway in bacteria. XR:
xylose reductase. XDH: xylitol dehydrogenase. XK: D-xylulokinase.
XI: xylose isomerase [4].

by xylulokinase (XK). Xylulose-5-phosphate can enter the
pentose phosphate pathway.

Lignocellulosic wastes are largely produced by a variety of
industries such as forestry, agriculture, and food.T. reesei is an
efficient biomass degrader and is a prolific industrial cellulase
and hemicellulase producing fungus.

Studies have been carried out for xylitol production
in yeast, especially in Candida species and Saccharomyces
cerevisiae [5–7]. However, fewer studies have been completed
on xylitol production in T. reesei. These include cloning of
xylose reductase (xyl1) and xylitol dehydrogenase (xdh1) in T.
reesei [8, 9] and antisense inhibition strategies for inhibition
of xylitol dehydrogenase (XDH) in T. reesei.The novel strains
constructed in these studies were ultimately shown to be
capable of accumulating xylitol [10].

Two approaches were taken in this study in order to
increase the xylitol production in T. reesei. In the first
approach, the D-xylulokinase gene (xyiH) in the xylose
utilization pathway in T. reesei was silenced; in the second
one, the xylose reductase gene (xyl1) was overexpressed in a
T. reesei Δxdh strain.

2. Materials and Methods

2.1. Medium. The fungal strains were grown and maintained
on potato dextrose agar (PDA) containing 15.0 gL−1 starch,
20.0 gL−1 D-glucose, and 18.0 gL−1 agar. Strains were
grown in 250mL flasks, on a rotary shaker (200 rpm)
at 30∘C and in 50mL of minimum medium containing
1.4 gL−1 (NH

4
)
2
SO
4
, 5 gL−1 KH

2
PO
4
, 0.3 gL−1 urea, 0.3 gL−1

MgSO
4
⋅7H
2
O, 0.3 gL−1 CaCl

2
, 0.005 gL−1 FeSO

4
⋅7H
2
O,

0.0016 gL−1 MnSO
4
⋅H
2
O, 0.0014 gL−1 ZnSO

4
⋅7H
2
O, and

0.002 gL−1 CoCl
2
, pH 5.5, with the respective carbon source.

2.2. Construction of Vectors. T. reesei genomic DNA was
extracted using a Fungi/Yeast Genomic DNA Isolation Kit
(Norgen Biotek, Canada). The 1932 bp D-xylulokinase gene
(xyiH) was amplified with PCR using xyiH primers (xyiH up
and xyiH down, Table S3; see Supplementary Material avail-
able online at http://dx.doi.org/10.1155/2014/169705) designed
according to DNA sequence of T. reesei QM6a.

Fungal total RNA was extracted using an Ambion RNA
extraction kit (Invitrogen, Canada) and cDNA was con-
structed using a Fermentas first strand cDNA synthesis
kit (Fermentas, Canada). For RNA interference of the D-
xylulokinase gene in T. reesei QM9414, plasmid pSilent-1
(Table S2) and primers S1 and S2were used to clone the partial
D-xylulokinase gene of T. reesei QM9414 named fragment 1.
Additionally, primers S3 and S4 were used to clone the partial
D-xylulokinase gene of T. reesei QM9414 which was named
fragment 2. Fragment 1 was digested by Xho I and Hind III,
inserted into pSilent-1, which resulted in pSilent-1-fragment1.
Fragment 2 was digested byKpn I and Bgl II and inserted into
pSilent-1-fragment1, resulting in pSilent-xyiH.

Plasmid pPtef1-hph (Table S2) was used for T. reesei
QM9414 xylose reductase gene overexpression. First, the
hygromycin B phosphotransferase (hph) gene in pPtef1-hph
vector was replaced by phleomycin gene (ble). The ble gene
was cloned from plasmid pBC-phleo by primers ble up and
ble down. Then, the ble gene fragment was digested by Xba
I and Nsi I and inserted into plasmid pPtef1-hph, which
resulted in plasmid pPtef1-ble. By using primers xyl up and
A2, the xylose reductase gene (xyl1) was amplified. The xyl1
terminator was amplified using primers B1 and xyl down.
Finally, these two fragments were fused using Fusion PCR.
The fused fragment was digested by Cla I and Hind III and
inserted into pPtef1-ble, resulting in plasmid pPtef1-ble-xyl.

2.3. Measurement of Xylitol. During the incubation period,
aliquots of 500𝜇L were extracted at 24 h intervals and
centrifuged (16060 rcf for 5min). The resultant supernatants
were kept at 4∘C for further substrate and product analyses.
These supernatants were used to determine the extracel-
lular concentration of xylitol produced by the T. reesei
strains. The supernatant was appropriately diluted, followed
by filtration using 0.2𝜇m syringe filters (Ultident, Canada).
Ultimately, they were analyzed by high-performance anion
exchange chromatography with pulsed amperometric detec-
tion (HPAE-PAD) using a Dionex ICS3000 system (Dionex,
Sunnyvale, USA) equipped with a 3 × 150mm CarboPac
PA20 carbohydrate column and guard. 52mM NaOH (iso-
cratic) eluent was used at a flow rate of 0.5mLmin−1 and
with a full loop injection volume of 25 𝜇L. The column was
maintained at 30∘C, and a gold (Au) electrodewith quadruple
potential was used.

2.4. Preparation of T. reesei Cell-Free Extract. Mycelia were
harvested by filtration and were washed extensively with cold
tap water. 1 g of mycelia was blotted dry with paper towels
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and ground in 3mL of extraction buffer (0.1M Tris-HCl pH:
6.5–7.5, 1mMEDTA, and 5mM 𝛽-mercaptoethanol) to a fine
powder under liquid nitrogenwithmortar and pestle. Finally,
the suspensionwas homogenized by sonication for 10min (1 s
burst and 1 s cooling period) on ice followed by centrifugation
at 10,000 g for 20min at 4∘C.The supernatant was used as the
cell-free extract [11].

2.5. Measurement of Xylose Reductase Activities. The xylose
reductase activities of T. reesei Δxdh and Δ9-5-1 were mea-
sured using a 200𝜇L reaction.The 200𝜇L reaction contained
20𝜇L cell-free extract, 50mM sodium phosphate buffer (pH:
6.5), 100mM D-xylose, and 0.2mM NADPH. Background
activities (without xylose) were also measured at room
temperature. Absorbance changes at 340 nm were contin-
uously monitored. One unit of xylose reductase is defined
as the amount of enzyme which converts 1𝜇M NADPH to
NADP per minute at room temperature, 𝜀 = 6.22mM−1 cm−1
[12]. The xylose reductase activities were normalized by the
concentrations of protein.

2.6. Measurement of D-Xylulokinase Activities. The D-
xylulokinase activities of T. reesei QM9414 and S6-2-2 were
measured using a 200𝜇L reaction. The 200𝜇L reaction
contained 20𝜇L cell-free extract, 50mM glycylglycine (pH:
7.8), 2mM ATP, 0.5mM PEP, 3mM reduced glutathione,
0.1mM NADH, 2mM MgCl

2
, 1 mM D-xylulose, 5mM NaF,

5mM KCN, 10UmL−1 lactate dehydrogenase, and 10UmL−1
pyruvate kinase. The reaction was initiated by addition
of the cell extract. Background activities (without lactate
dehydrogenase and pyruvate kinase) were also measured
at room temperature. Absorbance changes at 340 nm were
continuously monitored. One unit of D-xylulokinase is
defined as the amount of enzyme which converts 1 𝜇M
NADH to NAD per minute at room temperature, 𝜀 =
6.22mM−1 cm−1 [13]. The D-xylulokinase activities were
normalized by the concentrations of protein.

2.7. Preparation of T. reesei Protoplast and Transformation.
Protoplasts of differentT. reesei strains used in this studywere
prepared according to Szewczyk et al. [14]. The protoplasts
were then transformed with a pSilent-xyiH construct con-
taining a hygromycin B phosphotransferase (hph) expression
cassette as the selection marker or a pPtef1-ble-xyl vector
containing a phleomycin (ble) expression cassette as the
selection marker according to the method described by
Szewczyk. The pSilent-xyiH transformants were screened on
PDA plate containing 50𝜇gml−1 hygromycin as the selection
marker. The pPtef1-ble-xyl transformants were screened on
PDAplate containing 100 𝜇gml−1 phleomycin as the selection
marker. Single spore separation was done to ensure a pure
culture.The integration of pSilent-xyiH into the genome of T.
reeseiQM9414 was confirmed using primers S1 and S2 (Table
S3). Also, the integration of pPtef1-ble-xyl into the genome
of T. reesei Δxdh was confirmed using ble primers (up and
down) (Table S3).

2.8. Quantitative Real-Time PCR (qRT-PCR). Prior to RNA
extraction, mycelia were disrupted and homogenized using
a motorized homogenizer (Silentcrusher M, Heidolph, Elk
Grove Village, IL). Fungal total RNA was extracted using an
Ambion RNA extraction kit (Invitrogen, Canada) according
to the manufacturer’s instructions and extracted RNA was
stored at −80∘C until used. The quality and integrity of the
total RNA were determined using an Experion Automated
Electrophoresis Station and RNA HighSens Chips (Bio-Rad,
Hercules, CA). cDNAwas constructed using a Fermentas first
strand cDNA synthesis kit (Fermentas, Canada) according
to the manufacturer’s instructions and stored in −20∘C until
the real-time PCR analyses. The xyiH and xyl1 (target genes)
gene specific primers (Table S3) were used for qRT-PCR anal-
yses and glyceraldehyde-3-phosphate dehydrogenase (gpd1)
primers (Table S3) were used as the housekeeping gene. qRT-
PCR data were normalized using gpd1 as the housekeeping
gene. The experiments were performed using a Bio-Rad
CFX96 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA) with each well containing the following: 10 𝜇L
Sso FastTMEvaGreenWSupermix (Bio-Rad, Canada), 5.0 𝜇L
of appropriately diluted cDNA, 1.0 𝜇L of each primer (final
concentration of 500 nM each) (Table S1), and 3.0𝜇L of
double distilled water with a total well volume of 20𝜇L.
Preliminary experiments have been done to obtain the opti-
mal annealing temperature of each primer, the amplification
efficiencies of all primers, and the optimal concentration
of cDNA. Based on the preliminary results the cDNA was
diluted 100-fold. The optimal RT-PCR cycling was 120 s at
98∘C followed by 40 cycles of 5 s at 98∘C and 5 s at 58∘C.
Three technical replicates were tested for each transformant
to ensure consistency and accuracy. To ensure specificity
of primers, melt curves were produced for each RT-PCR
experiment. All primers were shown to amplify specific
sequences and showed only one melting temperature on the
melting curve. Serial dilutions of cDNA and a temperature
gradient were used in RT-PCR in order to determine the
efficiencies of all reactions and were found to be between 90
and 110% efficient. gpd1 primers (Table S3) were used for the
reference gene and data were normalized using gpd1 primers.

For each gene (target or housekeeping) and each bio-
logical replication, ΔCt was calculated by subtracting the Ct
number of the housekeeping gene from that of the target
gene [15]. The ΔΔCt values were calculated using the below
equation [15]:

ΔΔCt = ΔCt reference − ΔCt target. (1)

The expression ratio was calculated according to the
below equation:

Ratio = 2−ΔΔCt. (2)

3. Results

3.1. Cloning of the D-Xylulokinase Gene (xyiH) of T. reesei
QM9414. The genome of wild-type T. reesei QM6a with
approximately 34MB was subjected to genome sequence
by the US Department of Energy Joint Genome Insti-
tute [16] and is available online (http://genome.jgi-psf.org/
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Figure 2: The proposed D-xylulokinase gene of T. reesei QM6a. Exons are shown in black while introns are presented in red color.

Trire2/Trire2.home.html). Because the D-xylulokinase gene
sequences of fungi are known to have high similarities, theD-
xylulokinase gene sequence ofAspergilluswas used to identify
a homologous gene in T. reesei QM6a with high similarity
(about 61% of identity) to Aspergillus D-xylulokinase. The
length of the identified gene in T. reesei QM6a was 1932 bp
and includes two introns and motifs for the FGGY domains
identified in other D-xylulokinase genes (Figure 2). Primers
(Table S3) were designed from the predicted gene sequence
for T. reeseiQM6a used to amplify a PCR product of the same
size (1932 bp) as the predicted sequence. The same primers

(xyiH up and xyiH down) were also used to amplify the
same gene from T. reesei QM9414 genomic DNA and the D-
xylulokinase gene of QM9414 was named xyiH.

3.2. Higher Xylitol Production by T. reesei Strains S6-2-2 and
Δ9-5-1. T. reeseiQM9414 protoplast transformation with the
pSilent-xyiH construct (Figure 3(a)) resulted in five clones
which exhibited RNA interference of the D-xylulokinase
gene. In this first approach, these five clones and the parent
strain T. reesei QM9414 were cultured in minimum medium
supplemented with xylose (25 gL−1) and glucose (10 gL−1) as
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Figure 3: (a)The structure of pSilent-xyiH vector. PtrpC: promoter of trpC gene. TtrpC: terminator of trpC gene. Hyg: hygromycin antibiotic
resistance gene. (b) The structure of pPtef1-ble-xyl vector. Pgpd: promoter of gpd gene. Tgpd: terminator of gpd gene. ble: phleomycin
antibiotic resistance gene.

carbon sources. The results showed that the highest xylitol
production was achieved by one of the five positive clones
named S6-2-2 (data not shown). While T. reesei QM9414 has
no detectable xylitol production, the S6-2-2 mutant strain
showed xylitol production of 8.6mM after 6 days of incuba-
tion (Figure 4(a)). However, prolonging the incubation time
(days 6 to 13) did not increase the xylitol production by T.
reesei S6-2-2.

For the second approach to increasing xylitol production
by T. reesei, the T. reesei Δxdh strain was subjected to over-
expression of the xylose reductase gene. The T. reesei xylose
dehydrogenase knockout strain Δxdh produced 22.8mM of
xylitol after 12 days of incubation. Four positive clones with
enhanced copies of xylose reductase gene from the T. reesei
Δxdh strain were obtained by transferring the pPtef1-ble-xyl
cassette (Figure 3(b)) into the T. reesei Δxdh protoplast. The
four positive clones and Δxdh were cultured in minimum
medium supplemented with xylose (25 gL−1) and glucose
(10 gL−1) as the sole carbon sources. The highest xylitol
production was obtained for one of the four positive clones
which was named Δ9-5-1, with production of 24.8mM after
11 days of incubation (Figure 4(b)). Our results indicated
that xylitol production by our transformed strains showed a
similar trend as the parent strain (Figure 4(b)).

3.3. D-Xylulokinase Activity Measurement of T. reesei S6-2-2
and QM9414 Strains. D-Xylulokinase activity was measured
in T. reesei strains S6-2-2 and its parent strain (T. reesei
QM9414) (Figure 5). No significant difference (𝑃 > 0.05) in
the D-xylulokinase activities of T. reesei S6-2-2 and QM9414
was detected after 36 h of incubation using xylose (25 gL−1)
and glucose (10 gL−1) as the sole carbon sources. However,
lower D-xylulokinase activity was obtained for T. reesei S6-2-
2 strain compared toT. reeseiQM9414 after 48 h of incubation
(𝑃 < 0.05) (Figure 5).

3.4. Xylose Reductase Activity Measurement of T. reesei Δ9-
5-1 and Δxdh Strains. T. reesei strains including Δ9-5-1 and
its parent strain Δxdh were subjected to xylose reductase
activity measurement (Figure 6). Higher xylose reductase
activity was obtained for the T. reesei Δ9-5-1 strain compared
to the parent strain Δxdh using xylose (25 gL−1) and glucose
(10 gL−1) as the sole carbon sources after 36 h and 48 h of
incubation, especially after 36 h incubation (𝑃 < 0.05)
(Figure 6).

3.5. Expression of xyiH and xyl Genes in T. reesei Strains S6-
2-2 and Δ9-5-1. T. reesei strains including S6-2-2 and Δ9-5-
1 were subjected to quantitative real-time PCR (qRT-PCR)
to investigate the expression levels of xyiH and xyl genes,
respectively. qRT-PCR results showed that the expression of
the xyiH gene in S6-2-2 is much lower than QM9414 after
36 and 48 h of incubation time (Figure 7(a)). This indicated
that the xyiH gene in the T. reesei S6-2-2 strain was partially
silenced compared to the xyiH expression in the parent strain
T. reesei QM9414. This was also confirmed by the higher
xylitol production (8.6mM)of the S6-2-2mutant strainwhen
compared to T. reesei QM9414 with no detectable xylitol
production (Figure 4(a)).

Additionally, the expression of the xyl gene in the T. reesei
Δ9-5-1 strain was compared to its parent strain T. reesei Δxdh
(Figure 7(b)). Our results indicated that the expression of
the xyl gene in Δ9-5-1 is higher than T. reesei Δxdh after
36 and 48 h of incubation (Figure 7(b)). These are also well
in line with the results obtained for the enzyme activities
experiments of the T. reesei strains (D-xylose reductase activ-
ities, Figure 6). This was also confirmed by the high xylitol
production of the xylose reductase gene (xyl1) overexpressed
in the T. reesei Δxdh strain (Δ9-5-1 strain, Figure 4(b)).

3.6. Growth Experiments of T. reesei Strains. T. reesei strains
were grown in minimum medium containing xylose or
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Figure 4: (a) Xylitol production by T. reesei QM9414 and S6-2-2. Red square represents T. reesei QM9414; green triangle represents T. reesei
xyiH gene silenced strain S6-2-2. (b) Xylitol production byT. reeseiΔxdh andΔ9-5-1 strains. Blue square representsT. reesei xdh gene knockout
mutant Δxdh; purple triangle represents xyl1 gene overexpressed T. reesei Δ9-5-1 strain.
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Figure 5: D-Xylulokinase activities of T. reesei QM9414 and S6-2-2
strains. D-Xylulokinase activities of T. reesei QM9414 and T. reesei
xyiH gene silenced strain S6-2-2 were measured after 36 h and 48 h
of incubation.

glucose (10 gL−1) as the sole carbon sources. Our results
indicated that T. reesei QM9414, S6-2-2, Δxdh, and Δ9-5-1
showed very similar growth patterns when glucose was used
as the sole carbon source (Figure 8(a)).However, when xylose
was used as the sole carbon source, T. reesei QM9414 grew
faster than the other strains including S6-2-2, Δxdh, and Δ9-
5-1 (Figure 8(b)). This could be a result of blocking of the
xylose pathway in T. reesei S6-2-2, Δxdh, and Δ9-5-1 strains.

4. Discussion

TheT. reesei transformants were subcultured using the antibi-
otic for three generations. After the third generation, genomic
DNA was extracted and screened for the presence of the
transformed genes using PCR. Finally, the obtained positive
transformants were subjected to single spore isolation. The
isolated single spores were subcultured and rescreened using
gene specific primers and PCR method. Using the method,
we were able to obtain stable positive transformants. Since
xylose is needed for the induction and expression of T. reesei
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Figure 6: D-Xylose reductase activities of T. reesei Δxdh and Δ9-5-
1 strains. Xylose reductase activities of T. reesei xdh gene knockout
mutant Δxdh strain and T. reesei xy1l gene overexpressed Δ9-5-1
strain were measured after 36 and 48 h of incubation.

genes such as D-xylulokinase (xyiH) and D-xylose reductase
(xyl1), cDNA should be extracted from mycelia grown using
medium supplemented with xylose for the study and cloning
of these genes.

Our results showed that silencing the D-xylulokinase
gene in T. reesei was more efficient than overexpressing the
xylose reductase gene (xyl1) with over 8 and 1.08 times xylitol
production compared to levels produced by their parent
strains, respectively. When D-xylulokinase gene (xyiH) was
silenced, xylitol production increased from 0 to 8.6mM.
However, when the D-xylose reductase gene (xyl1) was
overexpressed, xylitol production increased only marginally
from 22.8mM to 24.8mM. This lower level of increase in
xylitol production may be due to a limitation of accessible
NADPH which is required for transforming xylose into
xylitol. In Candida utilis, for example, two enzymes involved
in the pentose phosphate pathway (PPP) including glucose-
6-phosphate dehydrogenase and 6-phosphogluconate dehy-
drogenase are responsible for the production of the required
NADPH [17]. A study by Ahmad et al. [5] showed that
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Figure 7: (a) D-Xylulokinase gene (xyiH) expression of T. reeseiQM9414 and S6-2-2. D-Xylulokinase gene (xyiH) expression was measured
after 36 and 48 h of incubation. (b) D-Xylose reductase gene (xyl1) expression of T. reesei Δxdh and Δ9-5-1. D-Xylose reductase gene (xyl1)
expression was measured after 36 and 48 h of incubation.

Carbon source: 
glucose

QM9414 S6-2-2 Δ9-5-1Δxdh

(a)

QM9414 S6-2-2

Carbon source: 
xylose

Δ9-5-1Δxdh

(b)

Figure 8: Growth of T. reesei QM9414, S6-2-2, Δxdh, and Δ9-5-1 using glucose (a) or xylose (b) as the sole carbon sources, respectively.
S6-2-2: T. reesei xyiH gene silenced strain; Δxdh: T. reesei xdh gene knockout mutant strain; Δ9-5-1: xyl gene overexpressed T. reesei Δxdh
strain.

overexpression of these two enzymes led to an increase in
xylitol production in Candida tropicalis.

Although xylitol production by T. reesei is not as high
as that reported in yeast, the advantage of T. reesei is their
ability to use biomass directly. Yeastscan only use biomass
hydrolysates to produce xylitol or to ferment biomass with

other microorganisms to produce xylitol. In contrast, genet-
ically engineered T. reesei strains can use biomass directly
to produce xylitol [18]. Additionally, T. reesei grows rapidly
and there is no need for strict control of growth conditions,
ultimately lowering xylitol production costs compared to the
use of yeast strains. Additional improvements to improve
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xylitol production by T. reesei can be made,including genetic
engineering of several genes in xylose metabolic pathway
simultaneously; adjustment of fermentation conditions like
carbon sources, nitrogen sources, and trace elements; and
employing biomass directly to produce xylitol.

5. Conclusion

By using RNA interference of D-xylulokinase gene or over-
expression of xylose reductase gene based on xylitol dehy-
drogenase knockout strain, two T. reesei strains S6-2-2 and
Δ9-5-1 were obtained in this study. The genetically modified
strains obtained have potential applications for industrial
xylitol production.
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Effective optimization of microalgae-to-bioethanol process systems hinges on an in-depth characterization of key process
parameters relevant to the overall bioprocess engineering. One of the such important variables is the biomass particle size
distribution and the effects on saccharification levels and bioethanol titres. This study examined the effects of three different
microalgal biomass particle size ranges, 35 𝜇m ≤ 𝑥 ≤ 90 𝜇m, 125𝜇m ≤ 𝑥 ≤ 180𝜇m, and 295 𝜇m ≤ 𝑥 ≤ 425 𝜇m, on the degree of
enzymatic hydrolysis and bioethanol production. Two scenarios were investigated: single enzyme hydrolysis (cellulase) and double
enzyme hydrolysis (cellulase and cellobiase).The glucose yield from biomass in the smallest particle size range (35 𝜇m≤ 𝑥 ≤ 90 𝜇m)
was the highest, 134.73mg glucose/g algae, while the yield from biomass in the larger particle size range (295 𝜇m ≤ 𝑥 ≤ 425 𝜇m)
was 75.45mg glucose/g algae. A similar trend was observed for bioethanol yield, with the highest yield of 0.47 g EtOH/g glucose
obtained from biomass in the smallest particle size range. The results have shown that the microalgal biomass particle size has a
significant effect on enzymatic hydrolysis and bioethanol yield.

1. Introduction

Theutilization of microalgae to produce a variety of products
such as fine organic chemicals, food, animal feed, and food
supplements have been discovered in the past [1–3]. Current
interest has been on the development of biofuels, such as
bioethanol, from microalgae as a nonedible feedstock. Aside
from its renewable and sustainable benefits, the high carbo-
hydrate composition of microalgal biomass can be converted
to fermentable sugars for microbial conversion to bioethanol
[4, 5]. One of such biomass saccharification methods is via
enzymatic hydrolysis.

Enzymatic hydrolysis is a well-established process and
provides mild operating conditions, high sugar yields, high
selectivity, and minimal by-products formation [6, 7], hence
a more preferred method of hydrolyzing fermentation sub-
strates. However, process conditions and parameters during
enzymatic hydrolysis require detailed optimization for max-
imum product conversion. One of the important parameters

that influence the effectiveness of enzymatic hydrolysis is
biomass particle size. Fundamentally, smaller particle size
biomass presents a large specific surface area, thus increasing
the contact areas between the enzymes and the interparticle
bonding of the material during the hydrolysis process [8].

Previous attention has been focused on the effect of
particle size on enzymatic hydrolysis of either cellulosic
(such as cotton, plant, and fibers) or lignocellulosic biomass
(such as corn, sugarcane, and wheat). Pedersen and Meyer
[9] reported that smaller biomass particle size (53–149 𝜇m)
increased glucose release up to 90% after 24 h hydrolysis of
wheat straw biomass. The finding was in accordance with
those reported by Dasari and Eric Berson [10] and Carvalho
et al. [11] who used sawdust and lemon, respectively, as
hydrolysis substrates. Biomass particulate size reduction also
results in enhancing the hydrolysis rate [10, 12]. This can be
explained by the easy access to enzyme active sites by smaller
biomass particles. Contrary to this, Ballesteros et al. [13, 14]
have reported that larger particle size biomass significantly
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increases hydrolysis rates and sugar recoveries (particularly
glucose) compared to smaller particle size biomass. These
conflicting views call for further studies on the characteristic
effects of biomass particle size on the degree and effectiveness
of enzymatic hydrolysis. To the best of our knowledge, no
similar work has been performed on the carbohydrates of
microalgae biomass and the concomitant effect on bioethanol
yields. Therefore, this study aims to investigate the effect of
particle size on enzymatic hydrolysis of microalgal biomass.
The glucose yields and the physical properties of the substrate
during the hydrolysis process are examined and discussed.
Also, the kinetic investigation of enzyme hydrolysis and the
effects on glucose and bioethanol yields are presented.

2. Materials and Methods

2.1. Substrate Preparation. Culture samples of Chlorococcum
infusionum obtained from Bio-fuels Pty Ltd (Victoria, Aus-
tralia) were centrifuged (Heraeus Multifuge 3 S-R, Germany)
at 4500× g for 10mins and the supernatant was discarded.
Themicroalgal cakewas dried in a laboratory oven at 60∘C for
24 h (Model 400, Memmert, Germany). The dried biomass
was pulverized for 1min using a hammer mill (N.V Tema,
Germany). The different particle sizes were separated by
passing the milled sample through a series of cascaded
stainless steel sieves (until the desired biomass sizes were
partitioned in the following ranges: 35 𝜇m ≤ 𝑥 ≤ 90 𝜇m,
125 𝜇m ≤ 𝑥 ≤ 180 𝜇m, and 295 𝜇m ≤ 𝑥 ≤ 425 𝜇m).
The samples were stored at room temperature before further
analysis.

2.2. Enzyme Activity. The enzymes used in this study were
cellulase from Trichoderma reesei (ATCC 26921) and cellobi-
ase from Aspergillus niger (Novozyme 188), purchased from
Sigma Aldrich, Australia. The activity of cellulase measured
at 1.0 units/mg solid means that one unit of cellulase liberates
1.0 𝜇mol of glucose from cellulose in 1 h at pH 5.0. The
cellobiase activity was determined as 250 units/mg.

2.3. Enzymatic Hydrolysis. Varying quantities of microalgal
biomass in powder form (0.2–1.0 g)within three different par-
ticle size ranges 35 𝜇m ≤ 𝑥 ≤ 90 𝜇m, 125 𝜇m ≤ 𝑥 ≤ 180 𝜇m,
and 295 𝜇m ≤ 𝑥 ≤ 425 𝜇m were loaded with a constant
cellulase mass of 20mg and a cellobiase volume of 1.0mL.
The samples were hydrolysed in shake flasks with 10mM
of 100mL sodium acetate buffer at pH 4.8 and were placed
in an incubator (LH Fermentation Ltd., Buckinghamshire,
England) at 40∘C for 48 h with 200RPM agitation. Samples
were taken at 5 h intervals and the enzymatic hydrolysis
process was halted by heating the hydrolysate to ∼90∘C for
10min. The samples were then cooled to room temperature
and stored in a freezer at −75∘C (Ultraflow freezer, Plymouth,
USA) for further analysis.

2.4. Bioethanol Production. Saccharomyces cerevisiae, pur-
chased from Lalvin, Winequip Products Pty Ltd. (Victoria,
Australia), was used in the microbial fermentation process
for bioethanol production. The culture was prepared by

dissolving 5.0 g of dry yeast powder in 50mL sterile warm
water (∼40∘C) and the pH was adjusted to 7 by 1M NaOH
addition. The yeast was cultured in YDP medium with
composition in g/L given as follows: 10 g yeast extract, 20 g
peptone, and 20 g glucose. The yeast was harvested after
24 h and washed to eliminate the sugars then transferred
into 500mL Erlenmeyer flask containing 100mL of the
sugar-containing liquidmediumobtained after the hydrolysis
process. The flasks were tightly sealed and nitrogen gas was
bubbled through to create an oxygen-free environment for
bioethanol production. The flasks were incubated at 30∘C
under 200 RPM shaking. The pH was maintained at 7 by
adding 1M NaOH solution. The fermentation continued for
50 h and samples for analysis were taken after every 4 h.

2.5. Chemical Analysis. The biomass was pretreated using
a sonicator to break down the cell walls. Phenol-sulphuric
acid method was used to quantify the total carbohydrate
in the biomass. Note that Table 1 is a presaccharification
data, presenting the existence of different carbohydrate forms
entrapped in the microalgae system. Microalgal biomass and
the hydrolysate compositions were analyzed by HPLC using
a 250mm × 4.6mm Prevail Carbohydrate ES Column. The
HPLC system consists of the following accessory instru-
ments: a detector (ELSD, Alltech 3300), quaternary gradient
pump (Model 726, Alltech), degasser (Model 591500M Elite
degassing system, Alltech), autosampler (Model 570, All-
tech), and system controller (Model 726300M, Alltech). The
mobile phase was a mixture of acetonitrile and water (85 : 15)
and the operating flow rate was 1mL/min. 30 𝜇L sample was
injected at 50∘C. The sample was filtered through a 13mm
membrane filter prior to injection. The sugar concentrations
were evaluated using a calibration curve generated from
HPLC-grade sugars.

The ethanol concentration was analyzed using gas chro-
matography (GC) (Model 7890A, Agilent, USA). The GC
unit consists of an autosampler, flame ion detector (FID),
and HP-FFAP column (50m × 0.20mm × 0.33 𝜇m). The
injector, detector, and oven temperatures were maintained
at 150∘C, 200∘C, and 120∘C, respectively. Nitrogen gas
was used as the carrier gas. The bioethanol concentra-
tion was quantified using a calibration curve prepared
by injecting different concentrations of a standard ethanol
(0.1–10% v/v).

2.6. Fourier Transform Infrared Spectroscopy (FTIR). The
polymorphs of the resulting hydrolysate from the hydrol-
ysis process were determined by FTIR. FTIR spectra of
hydrolysed samples were recorded on a Nicolet 6700 FTIR
(Fischer Scientific, Australia) equipped with Thermo Scien-
tific iD3 ATR accessory (Fischer Scientific, Australia), and
the spectra were run and processed with OMNIC software
(Version 7.0 ThermoNicolet). The dried hydrolysis samples
were loaded on the sample holder and the spectrum was
recorded at an average of 32 scans with a spectral reso-
lution of 4 cm−1 from 400 to 4000 cm−1. Sample spectra
were recorded as absorbance values at each data point in
triplicates.
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Table 1: Biomass composition of the microalgal species.

Component Composition (% w/w)
Total carbohydrate 32.52

Xylose 9.54
Mannose 4.87
Glucose 15.22
Galactose 2.89

Starch 11.32
Others∗ 56.16
∗Lipids, protein, and ash.

2.7. Viscosity Measurement. The hydrolysate viscosities were
determined using a modular advanced rheometer system
(HaakeMars,Thermo Electron Corp., Germany).The system
is equipped with a stainless steel measuring plate (MP 660,
60mm) and a rotor (PP60H, 60mm). The temperature was
set to 30∘C, the frequency was maintained at 1.5Hz, and
the gap between the parallel plates was kept at 1mm. The
hydrolysed samples were measured for 5min at different
shear rates ranging from 50 to 500 s−1.

3. Results and Discussion

3.1. Substrate Carbohydrate Composition. According to
Table 1, carbohydrate constitutes up to 32% of the dry
weight of C. infusionum biomass with the major fermentable
sugar component being glucose (15.2%), followed by
xylose (9.5%), mannose (4.9%), and galactose (2.9%). This
strain also contains starch at 11.3% dry weight. The total
carbohydrates present in the biomass could bemade available
for bioethanol production under optimal saccharification
and microbial fermentation conditions. The remaining
biomass composition could represent lipids, protein, and
ash that is available in microalgal strain. Unlike both red
and brown algae, the cell wall of most green algae has high
cellulose content, ranging up to 70% of the dry weight
[15, 16]. The composition of the carbohydrate content in
the unicellular microalgal specie per unit mass does not
vary greatly among fractions of different particle size.
For intact microalgae cells, the carbohydrates are well
distributed within the cell membrane and this gives a
uniform carbohydrate composition in the membrane.

3.2. FTIR Analysis. The spectra of hydrolyzed biomass
with different particle sizes were examined using FTIR
techniques and the results are shown in Figure 1. Two
types of hydrolysates were compared in this study: single
enzyme hydrolysate with only cellulase and double enzyme
hydrolysate with both cellulase and cellobiase. These two
scenarios are denoted by Case 1 and Case 2, respectively.
The FTIR spectra represent samples taken at the end of the
hydrolysis process.The spectrum of nonpretreated powdered
microalgae within the size range of 295 𝜇m ≤ 𝑥 ≤ 425
𝜇m was analyzed for comparison. According to Murdock
and Wetzel [17], the reference absorption peaks for major

01000200030004000
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Wavenumber (cm−1)

Figure 1: FTIR spectra formicroalgal biomasswith different particle
sizes under different Cases. (a) Nonpretreated microalgal biomass
(original powdered sample); Case 1 (cellulase only): (b) 35 𝜇m ≤ 𝑥 ≤
90 𝜇m, (d) 125 𝜇m≤ 𝑥 ≤ 180𝜇m, and (f) 295 𝜇m≤ 𝑥 ≤ 425 𝜇m;Case
2 (cellulase + cellobiase): (c) 35 𝜇m ≤ 𝑥 ≤ 90𝜇m, (e) 125𝜇m ≤ 𝑥 ≤
180 𝜇m, and (g) 295𝜇m ≤ 𝑥 ≤ 425 𝜇m.

microalgal compositions are ∼1100–900 cm−1 for polysaccha-
rides (cellulose and starch), ∼2970–2850 cm−1 for lipids, and
1750–1500 cm−1 for proteins and carboxylic groups. Since we
wish to convert complex carbohydrates in the biomass to
produce fermentable sugars for bioethanol production, only
polysaccharide peaks are of interest. The microalgal biomass
used in this study showed a relatively high amount of polysac-
charides since a strong absorption peak was recorded around
1100 cm−1 to 1000 cm−1 in the powdered microalgal sample
as summarized in Figure 1. It was observed that the degree of
polysaccharides absorption decreased as the biomass particle
size decreased.This indicates that more polysaccharides were
converted to fermentable sugars in the case of biomass with
smaller particle size during the hydrolysis process. Based on
the individual spectrum, sugar conversions were calculated
by referring to the peak heights of nonpretreated samples.
The hydrolysis of cellulose with the addition of cellobiase
(Case 2) generated hydrolysis conversion of 90, 78, and
64% of the biomass in the particle size ranges 35𝜇m ≤
𝑥 ≤ 90 𝜇m, 125 𝜇m ≤ 𝑥 ≤ 180 𝜇m, and 295 𝜇m ≤
𝑥 ≤ 425 𝜇m, respectively. A lower degree of hydrolysis
was observed without cellobiase addition (Case 1) of 41, 29,
and 18% for biomass in the particle size ranges 35 𝜇m ≤
𝑥 ≤ 90 𝜇m, 125 𝜇m ≤ 𝑥 ≤ 180 𝜇m, and 295 𝜇m ≤ 𝑥 ≤
425 𝜇m, respectively. Cellulase contains cellobiohydrolases,
endoglucanases, and𝛽-glucosidase that function to efficiently
hydrolyse cellulose. The hydrolysis of cellulose to cellobiose
is the rate-limiting step, and this limitation is resolved by cel-
lobiohydrolases which hydrolyse cellulose to cellobiose and
cellotriose. However, the small amount of 𝛽-glucosidase in
cellulase hinders the cellulolysis process; hence, the addition
of 𝛽-glucosidase helps cellulase to hydrolyse the intermediate
product, cellobiose, to form glucose in a faster reaction time
while minimizing product inhibition during the cellulolytic
process [18–25]. Furthermore, the kinetics of molecular
activation drawdown is faster in the double enzyme case
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and this favors forward production of fermentable subunits
during the hydrolysis process. The total crystallinity index
(TCI) of the hydrolyzed biomass was calculated as reported
by Nelson and O’Connor [19]. From the calculations, the TCI
of all the hydrolysed samples decreased when compared with
the nonhydrolysed biomass. Decreasing biomass crystallinity
has been reported to increase enzymatic hydrolysis rates
[26]. Although the polysaccharides were degraded during
hydrolysis, FTIR spectra analysis showed that the structure
of the hydrolysed monomers remained intact for bioethanol
production.

3.3. Glucose Yield. Table 2 shows the yield of glucose for
different assays. The rate of glucose release was rapid at
the beginning of hydrolysis and slowed down until the
end of the hydrolysis process. This profile is typical of
batch hydrolysis [9]. Note that the enzymes involved in
the study are not hydrolysing starch composition thus
not accounted for potential glucose for the fermenta-
tion process. It was found that biomass with smaller
particle size generated higher glucose yields and this
observation was the same for both Case 1 and Case 2.
The highest glucose yields were 75.45mg/g biomass and
134.73mg/g biomass for Cases 1 and 2, respectively, for
biomass in the smallest particle size range of 35 𝜇m ≤
𝑥 ≤ 90 𝜇m.The lowest glucose yieldswere 26.01mg/g biomass
and 61.55mg/g biomass for Cases 1 and 2, respectively, for
biomass in the largest particle size range of 295 𝜇m ≤ 𝑥 ≤
425 𝜇m. Smaller biomass particle size increases the inter-
actions with the enzymes during hydrolysis due to the
presence of a large exposed surface area [12]. Hence, smaller
microalgal biomass particle size is required to achieve higher
glucose yield. The amount of microalgal biomass loaded
in the hydrolysis process also showed a significant effect
on glucose yields. Although the same microalgal biomass
particle size was used in assay numbers 1, 2, and 3, different
glucose yields of 111.08mg/g biomass, 125.77mg/g biomass,
and 134.73mg/g biomasswere achieved.When examining the
effect of different substrate concentrations on glucose yield
within the same particle size range in Case 2, it was found
that the glucose yield increased with increasing substrate
concentration.This trendwas however not observed in Case 1
containing cellulose enzyme.Therefore, high yield of glucose
from increasing substrate concentration is dependent on the
balanced composition of cellulosic enzyme components to
minimize product inhibition [27]. Furthermore, a significant
increase in glucose yield was observed when the second
enzyme (cellobiase) was introduced to the assays (Case 2).
The glucose yields inCase 2were almost the double compared
to those obtained in Case 1. From the collision theory
perspective, the kinetics of molecular activation drawdown
is faster in the double enzyme case and this favors forward
production of fermentable subunits. The kinetics of this
double enzyme effect is demonstrated with the scheme below.

Mechanism of enzymatic hydrolysis of cellulase, Case 1:

𝑆 + 𝐸

𝑘
1

⇐⇒

𝑘
−1

SE
𝑘
2

→ 𝑃 + 𝐸, (1)

where 𝑆 is the substrate concentration, 𝐸 is the enzyme
concentration, SE is the concentration of substrate-enzyme
complex, 𝑃 is the product concentration, and 𝑘

1
, 𝑘
−1
, 𝑘
2
are

rate constants.
The rates of change in SE concentration and product

formation are

𝑑SE
𝑑𝑡

= 𝑘

1
𝑆 × 𝐸 − 𝑘

−1
SE − 𝑘

2
SE, (2)

𝑑𝑃

𝑑𝑡

= 𝑘

2
SE. (3)

For substrate mass balance, the substrate concentration (𝑆) is
written as

𝑆 = 𝑆

𝑜
− SE − 𝑃. (4)

Substituting (4) into (2) gives

𝑑SE
𝑑𝑡

= 𝑘

1
(𝑆

0
− SE − 𝑃) × 𝐸 − 𝑘

−1
SE − 𝑘

2
SE. (5)

Applying equilibrium and steady state conditions to (5) gives

SE =
(𝑆

0
− 𝑃) 𝐸

𝐾

𝑒
+ 𝐸

, (6)

where𝐾
𝑒
is the equilibrium constant

𝐾

𝑒
=

𝑘

−1
+ 𝑘

2

𝑘

1

. (7)

The simplified equation (6)may bewritten as follows at initial
conditions:

(

𝑑𝑃

𝑑𝑡

)

𝑃
0

=

𝑘

2
𝑆

0
𝐸

0

𝐾

𝑒
+ 𝐸

0

, (8)

where (𝑑𝑃/𝑑𝑡)
𝑃
0

denotes the product formation at the initial
conditions.

The mechanism of the enzymatic hydrolysis of cellulase
(𝐸
1
) and cellobiase (𝐸

2
), Case 2, is

𝑆

𝐶
+ 𝐸

1

𝑘
1

⇐⇒

𝑘
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𝑆

𝐶
𝐸

1

𝑘
2

→ 𝑆CB + 𝐸1,
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𝑘
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𝑘


−1

𝑆CB𝐸2
𝑘


2

→ 𝑃 + 𝐸

2
,

(9)

where 𝑆
𝐶
, 𝑆CB , and 𝑃 are concentrations of cellulose, cel-

lobiose, and glucose, respectively.
By following the same procedure as in Case 1, simplified

equation for Case 2 at the initial conditions is

(
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Table 2: Yield of glucose released after 48 h of hydrolysis.

Assay number Particle size, 𝜇m Algae loading, g/L mg glucose/g algal biomass
Cellulase (Case 1) Cellulase + cellobiase (Case 2)

1 35 ≤ 𝑥 ≤ 90 25 54.21 111.08
2 35 ≤ 𝑥 ≤ 90 50 44.48 125.77
3 35 ≤ 𝑥 ≤ 90 100 75.45 134.73
4 125 ≤ 𝑥 ≤ 180 25 30.24 68.79
5 125 ≤ 𝑥 ≤ 180 50 27.96 85.88
6 125 ≤ 𝑥 ≤ 180 100 27.63 114.54
7 295 ≤ 𝑥 ≤ 425 25 26.01 68.79
8 295 ≤ 𝑥 ≤ 425 50 26.43 92.61
9 295 ≤ 𝑥 ≤ 425 100 30.24 102.29

where 𝑘
1
, 𝑘
−1
, and 𝑘

2
are rate constants and𝐾

𝑒
is the equilib-

rium constant.
Equations (8) and (10) can be rewritten as follows.
For Case 1,

1

V
=

𝐾

𝑒

𝑉

0

[

1

𝑆

𝑜

] +

1

𝑉

0

, (12)

where

𝑉

0
= 𝑘

2
𝐸. (13)

For Case 2,

1

V
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𝑒

𝑉



0

[

1

𝑆CB
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1

𝑉
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where

𝑉



0
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2
(𝐸

𝑇
− 𝑆

𝐶
𝐸

1
) . (15)

From the mathematical derivation, 𝐾
𝑚

which is the equi-
librium constant is 𝐾

𝑒
for Case 1 and 𝐾

𝑒
for Case 2. Also,

𝑉max which is the maximum forward velocity is 1/𝑉
0
for

Case 1 and 1/𝑉
0
for Case 2, where 𝑉

0
and 𝑉

0
occur at their

respective initial enzyme concentration. As can be seen in
Table 3, Lineweaver-Burk plot analysis of (12) and (14) shows
that the𝐾

𝑚
value for Case 1 is higher thanCase 2 and the𝑉max

value for Case 1 is lower than Case 2. The lower value of 𝐾
𝑚

and the higher value of 𝑉max obtained from Case 2 confirm
that the introduction of cellobiase significantly increases the
combined enzyme-substrate affinity and the hydrolysis rate.

3.4. Ethanol Yield. The produced hydrolysates were used
as substrates in Saccharomyces cerevisiae fermentations for
bioethanol production. This yeast strain has widely been
utilized for bioethanol production because it is easy to
culture and has a high ethanol tolerance. This could allow
fermentation to continue under 16-17% v/v ethanol con-
centrations [28]. Figure 2 shows the bioethanol yields for
both Cases 1 and 2 using biomass with different particle
sizes. The trend in bioethanol yield for the different particle
size biomass was in agreement with the glucose yields;

Table 3: 𝐾
𝑚
and 𝑉max for hydrolysis of cellulose by cellulase (Case

1) and cellulase + cellobiase (Case 2).

Case number Enzyme Hydrolysis of cellulose
𝐾

𝑚
𝑉max

1 Cellulase 18.81 35.05
2 Cellulase + cellobiase 18.23 135.83

biomass with smaller particle size displayed higher glucose
concentrations to generate higher bioethanol yields. It can
be observed that available glucose in the hydrolysate was
completely consumed after 48 h of fermentation.The highest
bioethanol yield of 0.47 g ethanol/g glucose was obtained
when hydrolysed under Case 2 with the smallest particle
size biomass (35 𝜇m ≤ 𝑥 ≤ 90𝜇m) at 100 g/L microalgae
concentration, whereas the lowest bioethanol yield of 0.05 g
ethanol/g glucose was obtained when hydrolysed under Case
1 with the largest particle size biomass (295𝜇m≤ 𝑥 ≤ 425 𝜇m)
at 25 g/L microalgae concentration. Assays in Case 2 pro-
duced up to 50% more bioethanol yields than the assays in
Case 1, reaching a maximum bioethanol yield of 0.47 g/g
glucose compared to 0.19 g/g glucose, as represented by
assay number 3 in both cases. Hydrolysate produced in the
presence of cellobiase generated higher bioethanol yields due
to the presence of high glucose concentrations.

3.5. Viscosity Analysis. The purpose of the viscosity study is
to understand the influence of the rheological properties of
the hydrolysate during hydrolysis and how this affects the
fermentation process for bioethanol production. The viscos-
ity measurements were performed under different shear rates
(50–500 s−1) using hydrolysates obtained from biomass with
different particle sizes for an equivalent substrate concentra-
tion of 100 g/L. Figure 3 shows the viscosity data of the differ-
ent particle size biomass for both Cases 1 and 2 with samples
taken after the hydrolysis process. A decreasing trend of
viscositywas observedwith increasing shear rate and biomass
with smaller particle sizes displaying higher viscosities.
For biomass in the same particle size range, Case 2 showed
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Figure 2: Yield of bioethanol after 48 h fermentation of microalgal biomass with different particle sizes for both cases: (a) 35 𝜇m ≤ 𝑥 ≤ 90 𝜇m,
(b) 125𝜇m ≤ 𝑥 ≤ 180 𝜇m, and (c) 295 𝜇m ≤ 𝑥 ≤ 425 𝜇m ( ∗Case 1: cellulase; ∧Case 2: cellulase + cellobiase).
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Figure 3: Viscosity versus shear rate for the different particle size
biomass. A decreasing trend in viscosity was observed with increas-
ing shear rate ( ∗Case 1: cellulase; ∧Case 2: cellulase + cellobiase;
substrate concentration: 100 g/L).

a slightly higher viscosity than Case 1. The effective enzyme-
substrate interactions associated with smaller particle size
biomass result in a more viscous hydrolysate than large
size particles as more water molecules are consumed per
unit volume, exceeding the reduction of total solids concen-
tration [29].

We also studied the viscosity profile of the hydrolysates
over the time course of hydrolysis and the data is presented
in Figure 4. The hydrolysate viscosities for both Cases 1 and
2 reduced with hydrolysis time with a significant decrease
which was observed at the initial stage of hydrolysis between
4 and 24 h. This is probably due to the faster initial kinet-
ics, structural changes, and/or the release of intercalating
molecules in the cell wall. Decreasing viscosity during hydrol-
ysis is caused by cellulose degradation as the structure and
solid concentration change during the cellulolytic activity
caused by the enzymes [10].

The profiles of viscosity and bioethanol production were
superimposed to understand their relationship during the
enzymatic hydrolysis process as shown in Figure 5. It can be
seen that bioethanol yield increases with lower viscosities.
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Figure 4:Hydrolysate viscosity profiles during hydrolysis for single-
enzyme (Case 1: cellulase) and double-enzyme (Case 2: cellulase
+ cellobiase) conditions. The viscosity of the hydrolysates in both
cases decreased with hydrolysis time.The data presented is for assay
number 1 in both cases (substrate concentration: 25 g/L).

This trend also matches glucose yields as higher released
glucose produces higher bioethanol yields. The results show
that less viscous slurry is required to produce high glucose
yields under effective mixing.

4. Conclusion

This paper is the premier study on the effect of particle
size of microalgal biomass on enzymatic hydrolysis and
bioethanol production. The results show that the highest
glucose and bioethanol yields were obtained using biomass
with smaller particle size (35𝜇m ≤ 𝑥 ≤ 90 𝜇m) at a
substrate concentration of 100 g/L. The addition of the sec-
ond enzyme, cellobiase, increases the glucose yield, thus
increasing the bioethanol yield. This was confirmed by a
kinetic investigation of the double enzyme process using the
rapid equilibriummodel.The viscosity of the hydrolysate also
influences glucose yield. Lower viscosities result in higher
glucose yields. Overall, microalgal biomass particle size has
a significant effect on enzymatic hydrolysis and bioethanol
production.
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