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Copyright © 2013 Antonia Pérez de los Rı́os 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.

The chemicals industry and other related industries supply us
with a huge variety of essential products to everyday living.
However, these industries have the potential to seriously
damage our environment. In the last decade, the scientific
community has witnessed a growing interest in environ-
mental issues and the value of environmentally friendly
energy generation and chemical processes. The combination
of chemical engineering tools with the findings of green
chemists, biologists, and environmental scientists has allowed
the design of new processes for themanufacture of chemicals,
fuels, and products with amuch reduced environmental foot-
print. Furthermore, the developed environmentally benign
alternative technologies have been proven to be economically
superior and function as well as or better than more toxic
traditional options.

In the call for papers, we invited contributions that
promote the design and efficient use of environmentally
benign chemical processes, including the development of
processes that use clean solvents and renewable resources,
biocatalysis, alternative reactors, and innovative environ-
mental technologies for water treatment and pollution con-
trol. All contributions were peer-reviewed according to the
usual high standards of this journal. Our thanks go to highly
qualified and thorough referees that helped us accept seven
papers. They greatly contributed to the high quality of the
final papers. In the following, a brief overview and summary
of the individual contributions are given.

The first contribution in this issue from G. R. L. Samana-
mud et al. (University of Sao Paulo, Brazil) is entitled “The
application of a surface response methodology in the solar/UV-
induced degradation of dairy wastewater using immobilized
ZnO as a semiconductor.” An Advanced Oxidation Process
(AOPs) was carried out in this study with the use of
immobilized nanometric ZnO and solar/UV as energy source
to degrade dairy wastewater. Experiments were performed
based on a surface response methodology in order to opti-
mize the photocatalytic process. Degradation was measured
in percentage terms by total organic carbon (TOC).The entry
variables were ZnO coating thickness and pH using three
levels of each variable. The optimized results showed a TOC
degradation of 31.7%. Optimal parameters were metal-plate
coating of 100 𝜇m of ZnO and pH of 8.0. Since solar/UV is a
constant and free energy source in most tropical countries,
this process suggests an elevated potential contribution in
dairy wastewater treatment, especially as a pretreatment. In
addition, authors suggest that nanometric ZnO can be used
not only for dairy wastewater treatment, but also for other
types of industrial wastewater such as in the treatment of dye
industry effluents, since 50% of color removal was reached in
the dairy effluent.

The paper by D. Jing et al. (Chalmers University of
Technology, Sweden) is entitled “Examination of perovskite
structure 𝐶𝑎𝑀𝑛𝑂

3−𝛿
with MgO addition as oxygen carrier for

chemical looping with oxygen uncoupling using methane and
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syngas.” These authors produce cheap and environmentally
friendly Ca-Mn combined oxides with MgO additions with
general formula CaMn

𝑥
Mg
1−𝑥

O
3
using the spray-drying

method and sintering at different temperatures. These new
oxygen carriers were examined for chemical looping with
oxygen uncoupling (CLOU). The active compound in the
oxygen carriers was likely the perovskitematerial CaMnO

3−𝛿
,

and it showed highly promising results with respect to
reactivity and stability. Generally, average methane conver-
sion above 97%, full syngas conversion, and substantial
CLOUproperties were recognized at the tested temperatures,
ranging from 900∘C to 1050∘C. It is worthy to note also the
good stability showed for CaMn

0.8
Mg
0.2
O
3
sintered at 1300∘C

in 50 cycles’ tests. The very high reactivity with fuel gases,
comparable to that of baseline oxygen carriers of NiO, makes
these perovskite particles highly interesting for commercial
Chemical-LoopingCombustion (CLC) application. Contrary
to NiO, oxygen carriers based on CaMnO

3−𝛿
have no ther-

modynamic limitations for methane oxidation to CO
2
and

H
2
O, not to mention that the materials are environmentally

friendly and can utilize much cheaper raw materials for
production.

The paper “Carbonic anhydrase: an efficient enzyme with
possible global implications” by C. D. Boone et al. (Uni-
versity of Florida, Florida, USA) highlights some of the
recent accomplishments in the use of a family of enzymes
known as the carbonic anhydrases (CAs) to help lower CO

2

atmospheric emissions and promote biofuel production. CAs
reversibly catalyze the hydration of CO

2
into bicarbonate,

and they are fairly inexpensive to produce and reuseable and
can work at ambient temperatures. The authors proposed
an optimized system that would include a cyclic production
of biofuels via algal and/or microalgal cultures that would
substitute for fossil fuel combustion. The flue gas could then
be scrubbed for CO

2
by the CAs in the same algal cultures,

which would also promote the formation of bicarbonate,
inducing further biomass production and increasing the rate
of calcite precipitation. As such, this system would provide
the benefits of reducedCO

2
emissionswhile also providing an

essentially self-enclosed fuel and calcite generator, provided
that other essential ingredients and nutrients are available.

N. Lerkkasemsan andL. E. K.Achenie (Virginia Polytech-
nic Institute and State University, VA, USA) contribute to this
issue of the journal with their paper “Life cycle costs and life
cycle assessment for the harvesting, conversion, and the use of
switchgrass to produce electricity.” This work considers both
life cycle assessment and the life cycle costs of the pyrolysis
of switchgrass to use as an energy source in a conventional
power plant. The process consists of cultivation, harvesting,
transportation, storage, pyrolysis, transportation, and power
generation. In the last step, pyrolysis oil is converted to
electric power through cocombustion in conventional fossil
fuel power plants. The authors found that greenhouse gas
(GHG) emission from the system was negative. Therefore,
based on life cycle assessment, the power generation using
pyrolysis oil is environmentally friendly since it reduces
GHG emissions. On the other hand, life cycle cost analysis
reveals that the electricity cost per kwh is higher than the
conventional technology which uses fossil fuels. However,

based on the analysis, the electricity cost from pyrolysis oil
could be competitive if we can utilize the system with the
cheapest scenarios. They proposed a circular field entirely
filled with switchgrass as the optimal scenario for reducing
electricity cost because of the lower cost of cultivation,
harvesting, and transport.

The next contribution in this issue from X. Zhang et al.
(Sichuan University, China) is entitled “Research of hydrogen
preparation with catalytic steam-carbon reaction driven by
photo-thermochemistry process.”The authors have studied the
hydrogen preparation from steam-carbon reaction catalyzed
by K
2
CO
3
at 700∘C, which was driven by the solar reaction

system simulated with the Xenon lamp. They found that the
rate of reaction with the catalyst was 10 times more than that
without catalyst, although there was no obvious change for
the rate of hydrogen generation with catalyst content range
from 10% to 20%. It is worthy to note that the conversion
efficiency of solar energy to chemical energy in this system is
more than 13.1% over that by photovoltaic-electrolysis route.
An analysis to the mechanism of catalytic steam-carbon
reaction with K

2
CO
3
is also given by the authors.

The paper by T. R. S. Baumgartner et al. (Universidade
Estadual de Maringá, Brazil) is entitled “Biomass production
and ester synthesis by in situ transesterification/esterification
using the microalga Spirulina platensis.” The production of
biomass from microalgae is relatively simple, it requires light
and a nutrient source, and reaches high productivity in a
short time. In this work, the authors have analyzed the
biomass production from the microalga Spirulina platensis
and its subsequent use for in situ synthesis of alkyl esters
via acid transesterification/esterification of biomass to pro-
duce biodiesel. They found the best result using ethanol as
alcohol and n-hexane as a cosolvent. In situ transesterifica-
tion/esterification for ester formation, aiming at producing
biodiesel, adds unconventional dynamics to the use of this
feedstock, in particular due to the reduction in reaction time
and volume of solvents used in the process.

The last contribution in this special issue is from G.
Severa et al. (University of Hawaii, Hawaii, USA) and is
entitled “Corecovery of bio-oil and fermentable sugars from
oil-bearing biomass.” In this work, an ionic liquid-methanol
co-solvent was shown for the first time to effectively extract
bio-oil and recover fermentable sugars fromoil-seed biomass.
This represents an improvement over current approaches that
have focused solely on the recovery of bio-oil or fermentable
sugars. Effective corecovery of both bio-oil and fermentable
sugars was shown to require both cosolvent components
with an optimal concentration of 70–30wt% ionic liquid 1-
ethyl-3-methylimidazolium acetate to methanol ratio and a
processing temperature of 120∘C. Under these conditions,
nearly all the bio-oil (35.8 and 24.1 wt % relative to weight of
whole seed) was extracted and autopartitioned to a separate
immiscible phase, and approximately 25.4 and 14.3 wt %
(relative to weight of whole seed) of fermentable sugars
were recovered from the safflower and jatropha whole seeds,
respectively. This constitutes a combined carbohydrate and
bio-oil corecovery of 61.2 and 38.4 wt% of the safflower and
jatropha whole seeds, demonstrating a new pathway for
processing increased products from oil-seed biomass. A first
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pass model analysis suggested that the most optimal process-
ing pathwaywould be to pretreat the jatrophawhole seedwith
the co-solvent and recover bio-oil, fermentable sugars, and a
protein rich meal.

The collection of works in this special issue constitutes
one more step forward in the race for the development of
desired, greener, more sustainable chemical processes. We
are confident that much more advancements in this field will
be seen in the coming years. These advancements will bring
great research opportunities and excitement to researchers
and practitioners working in this field and will in the same
time make our living environment safer and more pleasant.
We hope that you find these papers interesting and wish you
much success in your research in the field of green chemical
engineering.
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Perovskite structure oxygen carriers with the general formula CaMnxMg
1-xO3-𝛿 were spray-dried and examined in a batch fluidized

bed reactor. The CLOU behavior, reactivity towards methane, and syngas were investigated at temperature 900∘C to 1050∘C. All
particles showed CLOU behavior at these temperatures. For experiments with methane, a bed mass corresponding to 57 kg/MW
was used in the reactor, and the average CH

4
to CO

2
conversion was above 97% for most materials. Full syngas conversion was

achieved for all materials utilizing a bedmass corresponding to 178 kg/MW. SEM/EDX and XRD confirmed the presence ofMgO in
the fresh and used samples, indicating that theMg cation is not incorporated into the perovskite structure and the active compound
is likely pure CaMnO

3-𝛿.The very high reactivity with fuel gases, comparable to that of baseline oxygen carriers of NiO,makes these
perovskite particles highly interesting for commercial CLC application. Contrary to NiO, oxygen carriers based on CaMnO

3-𝛿 have
no thermodynamic limitations for methane oxidation to CO

2
and H

2
O, not to mention that the materials are environmentally

friendly and can utilize much cheaper raw materials for production. The physical properties, crystalline phases, and morphology
information were also determined in this work.

1. Introduction

Carbon dioxide is the greenhouse gas which contributesmost
to anthropogenic climate change. A significant amount of
CO
2
is emitted into the atmosphere each year, of which

combustion of fossil fuels was responsible for over 30000
million tons of CO

2
in 2010 [1]. The increasing energy

demand of a globally growing economywill likely make fossil
fuels themain energy source in the foreseeable future. Hence,
reducing CO

2
emission from combustion of fossil fuels is a

key point in reducing the impact of global warming.
CO
2
capture and storage (CCS) is one important option

to reduce CO
2
emission. In this concept, CO

2
produced from

combustion or industrial processes is captured and stored

in closed geological formations where it is stored for long
periods of time before being converted to carbonate minerals
or other stable phases by natural processes. Some of the
carbon dioxide may actually leak to the atmosphere, but if
the leakage rate is low enough, this may not be of significant
importance as natural mechanisms could sequester the car-
bon. CO

2
capture can be achieved by different technologies

and the most discussed are postcombustion, precombustion
and oxyfuel combustion. Unfortunately, a substantial energy
penalty is required for gas separation in these technologies
[2]. Chemical-looping combustion is a process of burning
fuel where the air and fuel are never mixed and where
CO
2
is inherently separated from the rest of the flue gases

without any direct energy expenditure. There has been a
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Figure 1: Schematic representation of a CLC unit.

strong interest for this technology in the last decade, as judged
by the number of research groups working in the field and the
number of scientific articles published [3, 4].

Chemical-looping combustion is an innovative combus-
tion technology in which there is no direct contact between
combustion air and fuel. A chemical-looping combustion
unit consists of two reactors, an air reactor and a fuel reactor;
see Figure 1 [5]. Solid oxygen carriers, which are usuallymetal
oxide particles, are oxidized in the air reactor according to
reaction (1) and circulated to the fuel reactor, where they are
reduced by the fuel according to reaction (2). The oxygen
needed for fuel conversion is supplied by the solid oxygen
carrier particles. The reduced particles are recirculated to the
air reactor and the process is repeated. The heat produced
by CLC is the same as a conventional combustion which
is revealed by combining reaction (1) and (2). After steam
condensation, high purity CO

2
ready for compression and

storage is obtained after the fuel reactor. By transferring
oxygen by solid oxygen carriers, the combustion products are
not diluted with N

2
from the air. Thus the energy required

for gas separation is avoided. Also, the CO
2
capture efficiency

can reach 100% in chemical-looping combustion [6, 7].These
unique features make chemical-looping combustion a very
interesting option for CO

2
capture

O
2
+ 2Me

𝑥
O
𝑦−1
→ 2Me

𝑥
O
𝑦 (1)

C
𝑛
H
2𝑚
+ (2𝑛 + 𝑚)Me

𝑥
O
𝑦
→ 𝑛CO

2
+ 𝑚H

2
O

+ (2𝑛 + 𝑚)Me
𝑥
O
𝑦−1

(2)

In the fuel reactor, some kinds of oxygen-carriermaterials
are able to release gaseous oxygen according to reaction (3).
In a subsequent step, the fuel reacts directly with the released
oxygen according to reaction (4). Such a process is referred
to as chemical-looping with oxygen uncoupling (CLOU) [8].
Oxygen carriers with the ability to release gas phase O

2
are

referred to as CLOU materials

2Me
𝑥
O
𝑦
→ 2Me

𝑥
O
𝑦−1
+O
2 (3)

C
𝑛
H
2𝑚
+ (𝑛 +
1

2
𝑚)O

2
→ 𝑛CO

2
+ 𝑚H

2
O (4)

Oxygen carriers are most often based on metal oxides,
which can be cyclically oxidized and reduced when exposed
to different environments. For a metal oxide to be an oxygen
carrier and the CLC process to be operationally feasible with
high CO

2
capture efficiency, certain properties of a material

are required.

(a) Suitable thermodynamic and kinetic properties under
combustion conditions.Thismeans thatmaterials can
be oxidized and reduced at relevant conditions with
sufficient reaction rates. The reactivity towards fuels
should be high in CLC, and the rate of oxygen release
should be high in the CLOU process.

(b) Theperformance of an oxygen carrier should be stable
in long-term operation.

(c) When using fluidized beds for both the air and the
fuel reactor, good fluidizing properties are required,
for example, the particles should not form agglomer-
ations.

(d) Resistance against attrition and mechanical strength
should be high.

(e) The oxygen carrier should be environmental friendly
and have reasonable costs.

Mn, Cu, Ni, Co, Cd, and their corresponding oxides have
been proposed as possible oxygen carrier candidates [9–11].
Among a large number of studied oxygen carriers, NiO-
based oxygen carrier has been successfully demonstrated in
10 kW [12] and 120 kW CLC units [13]. In the 10 kW unit,
a NiO-based material has been operated more than 1000 h
achieving high CH

4
conversion and very low loss of fines,

corresponding to over 30 000 h life time [12]. Considering the
good experience obtainedwithNi-based oxygen carriers with
respect to reactivity and stability with gaseous fuels, at present
NiO could be considered to be the baseline CLC oxygen
carrier. However, Ni-based materials have some important
disadvantages, most critically being the high toxicity. In addi-
tion, Ni is expensive and has a negative equilibrium restraint
for fuel conversion [14]. For CLOU materials, CuO has
been investigated extensively [8, 15–19]. Although Cu-based
oxygen carriers in general seem to have very high rates of
oxygen uncoupling, copper is also fairly expensive, and there
have been problems reported related to agglomeration and
stability [20–22]. For uplifting chemical-looping combustion
to the next scale application, developing new materials with
lower cost than Ni and Cu but with CLOU properties would
be of significant value.

Theoretically, Mn
2
O
3
is capable of releasing oxygen in

the fuel reactor during chemical-looping combustion. But
the oxidation of Mn

3
O
4
to Mn

2
O
3
is thermodynamically

hindered at temperatures above ≈800∘C. At lower temper-
atures, where there are no thermodynamic limitations, the
oxidation of Mn

3
O
4
to Mn

2
O
3
is hard to achieve, probably

due to kinetic limitations [23]. One option to improve the
thermodynamic and kinetic properties of manganese oxides
is to combine them with other metal oxides forming com-
bined oxide systems. Mn-Fe combined oxides were studied
by Azimi et al. [24, 25], Rydén et al. [26], and Shulman et
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Table 1: Composition of Ca-Mn-Mg oxygen carriers.

Notation Molar composition Synthesis composition Sintering temperature Sintering time
(wt%) (∘C) (h)

5.6% MgO CaMn0.8Mg0.2O3

42.6% Mn3O4
1100, 1200, 1300 451.8% Ca(OH)2

5.6% MgO

2.7% MgO CaMn0.9Mg0.1O3

46.8% Mn3O4
1100, 1200, 1300 450.5% Ca(OH)2

2.7% MgO

al. [27] showing that such oxides had CLOU capability and
rapid oxidation rate at 850∘C. Jing et al. [28] have studied
the Mn-Si combined oxide system and CLOU behavior; high
methane and syngas conversion were reported. Rydén et al.
[29] provided an overview of six combinedmanganese oxides
systemswhich have been studied so far with respect toCLOU,
and Mattisson has provided a general overview of CLOU
materials [30].

One of the more interesting combined oxides is the
perovskite structure calcium manganite, or CaMnO

3-𝛿. This
type of materials is of defect perovskite structure with general
formula ABO

3-𝛿. In such a structure, the oxygen deficiency
𝛿 can vary depending on the surrounding oxygen partial
pressure or temperature [31, 32]. When the surrounding oxy-
gen partial pressure decreases, the defect grows by releasing
oxygen according to reaction (5), and this oxygen can be
utilized by the fuel in accordance with the CLOU process
described above

2ABO
3-𝛿 → 2ABO3-𝛿-𝑎 + 𝑎O2 (5)

Another promising feature of such materials is that there
is no distinct phase transition between oxidized ABO

3-𝛿 and
reducedABO

3-𝛿-𝑎.Thismay be advantageous andmay help in
avoiding the attrition problem caused by structural changes
between oxidized and reduced phase. CaMn

0.875
Ti
0.125

O
3
has

been examined in TGA, batch fluidized reactor, and small
scale fluidized bed reactor showing good CLOU proper-
ties, high reactivity towards methane, and good fluidization
behavior by Leion et al. [33] and Rydén et al. [34] Another set
of CaMn

(1-x)MxO3-𝛿 (M = Ti, Fe, Mg) materials with good
reactivity results and CLOU properties were examined by
Hallberg et al. [35] using a batch fluidized bed reactor system.
Here, it was found that a calcium manganite material doped
with MgO showed the most promising performance.

2. Objective

In the previous screening work of CaMn
(1-x)MxO3-𝛿 (M = Ti,

Fe, Mg) materials [35], CaMn
(1−x)MgxO3−𝛿 with 2.7 wt% and

5.6wt% MgO exhibited CLOU behavior and high methane
conversion at 950∘C. These two materials were selected and
their performance was further examined. The ability to
release gas phase oxygen and the reactivity towards methane
and syngas at different temperatures as well as the stability
over many red-ox cycles were investigated. Also, physical and
chemical properties, for instance the crushing strength and

the crystalline phases, of the oxygen carrier particles were
analyzed.

3. Experimental Section

3.1. Manufacture of Oxygen Carriers. The oxygen carriers
examined in thisworkweremanufactured byVITO,Belgium,
using spray-drying. Spray-drying is an industrial process
for producing high spherical, free-flowing, homogeneous
granulated powder of uniform bulk density. Inorganic raw
materials Ca(OH)

2
, Mn
3
O
4
, and MgO were weighed and

dispersed in deionized water with appropriate amounts of
organic binders and dispersants. The water based suspension
was homogenized by milling in a planetary ball mill. The
slurry was continuously stirred with a propeller blade mixer
while being pumped into an atomizer which was located in
the drying chamber. Under the effects of surface tension, the
pumped slurry was broken into a large number of droplets
which quickly dried by heated air due to a large surface-to-
volume ratio of the droplets thus transformed rapidly into dry
powders and separated from the hot air.The particles synthe-
sized were sieved and sintered at 1100∘C, 1200∘C, or 1300∘C
for 4 h in air to obtain sufficient mechanical strength. Oxygen
carriers in the diameter range 125–180 𝜇m were selected for
reactivity testing and 180–212𝜇m for crushing strength (CS)
measurements. The compositions of the examined oxygen
carriers are presented in Table 1. In the screening work of
Hallberg et al. [35], the 5.6% MgO and 2.7% MgO oxygen
carriers were presented as C13 and C14, respectively. Källén
et al. [36] used CaMn

0.9
Mg
0.1
O
3
to notate the 2.7% MgO

material which was used in continuous operation.

3.2. Characterization of Oxygen Carriers. The hardness of an
oxygen carrier is measured by the force needed to fracture a
particle and is typically referred to as crushing strength (CS)
[37]. In this work, crushing strength was measured with a
Shimpo FNG-5 apparatus on fresh particles with diameter
180–212 𝜇m. 30 particles were measured for each sample, and
the average value is given as the CS for the sample.

The chemical compositions and crystalline structures of
the oxygen carriers were identified by X-ray powder diffrac-
tion using a Siemens D5000 diffractometer utilizing cop-
per K𝛼

1
radiation. Light microscopy and scanning electron

microscopy (SEM), FEI Quanta 200 Environmental, were
used to provide morphology information of the materials.
With the help of an Oxford Inca Energy dispersive X-ray
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Table 2: Experimental scheme for oxygen carriers’ reactivity test.

No. of cycles Inert/reducing gas 𝑡CLOU 𝑡In 𝑡Red 𝑇Ox 𝑇Red/𝑇CLOU
(s) (s) (s) (∘C) (∘C)

3 Nitrogena 360 900 900
3 Methane 60 20 950 950
3 Syngas 60 80 950 950
3 Nitrogen 360 900 900
1 Nitrogen 1800 900 1000
aThe oxygen concentration was measured during the inert periods in order to evaluate the ability of the oxygen carriers’ to release oxygen in the gas phase.

system (EDX) attached to SEM, the elemental composition
on particles’ surface was obtained.

3.3. Batch Fluidized Bed Reactor System. The reactivity tests
were conducted in a quartz fluidized bed reactor with total
length of 870mm and inner diameter of 22mm. A porous
plate supporting bed material was placed 370mm from the
bottom. The temperature was measured 25mm above and
5mm underneath the porous plate by Pentronic CrAl/NiAl
thermocouples enclosed in inconel-600 alloys inside quartz
shells. Honeywell pressure transducers with 20Hz frequency
was used to measure the pressure drop over the particle bed
and the porous plate.

A specified amount of oxygen carrier with diameter 125–
180 𝜇m was placed on the porous plate for the reactivity test.
Initially, the particles were heated to the reaction temperature
in a gas mixture of 5% O

2
in N
2
. The reacting gases were

then introduced from the bottom of the reactor. Flue gases
leaving from the top of the reactor were cooled by an electric
cooler. After condensation ofwater, the concentrations of CO,
CO
2
, CH
4
, and O

2
, as well as the volume flow of the dry gas,

were measured with a Rosemount NGA-2000 gas analyzer.
Figure 2 is a schematic representation of the reactor system.
The same system has been used previously by Jerndal et al.
[37], Arjmand et al. [17], Azimi et al. [24, 25], Shulman et al.
[27], Jing et al. [28], Sundqvist et al. [38], and Hallberg et al.
[35].

3.4. Reactivity Tests

3.4.1. Uncoupling Properties and Reactivity with CH
4
and

Syngas. A sample of 15 g oxygen carrier with diameter 125–
180 𝜇mwas placed in the quartz reactor and was then heated
from room temperature to 900∘C in 5% O

2
. Table 2 outlines

the experimental scheme. Firstly, three inert cycles were
performed by exposing the particles alternatingly to 100%N

2

and 5%O
2
at 900∘C. By measuring the oxygen concentration

during such inert cycles, the oxygen carriers CLOU property
could be examined. Subsequently, the particles were exposed
to three methane cycles and three syngas (50% CO and
50% H

2
) cycles at 950∘C. Then, three more inert cycles

were carried out at 900∘C. Afterwards, one 1800 s inert cycle
was performed at 1000∘C to calculate the materials’ oxygen
capacity with respect to CLOU. Finally, the oxygen carriers

were cooled down to room temperature during fluidization
with 5% O

2
. The gas flows applied were 900mLN/min for

5% O
2
(in N
2
), 600mLN/min for N

2
, and 450mLN/min for

CH
4
and syngas. These flows correspond to 8–28 umf in the

oxidation period and 3–9 umf in the reduction period. The
experimental procedure, with the injection time for N

2
and

fuel, is stated in Table 2 for different cycles. N
2
was used to

flush the reactor for 60 s before and after fuel introduction to
prevent back mixing.

3.4.2. Temperature Influence on Oxygen Carriers’ Reactivity.
The effect of temperature on the performance of oxygen
carrier was studied by conducting cyclic reactivity tests in
the batch fluidized reactor. As can be seen from Table 3, the
experiments started at 900∘C followed by cycles at 950∘C,
1000∘C, and 1050∘C. Finally, the temperature was reduced
to 950∘C. The last test was made in order to judge if the
redox cycles at higher temperatures had any permanent effect
on the particle reactivity behavior. At each temperature, two
methane reduction cycles and two inert cycles were carried
out, as seen in the table. As before, 15 g of fresh sample was
used in this series of tests. After the cycles the material was
cooled down to room temperature in 600mLN/min 100%N

2
.

Gas flows were the same as those used for the experiments
described in Section 3.4.1.

3.4.3. Investigation of Reactivity Stability and Reduction Time.
The reactivity over many redox cycles was also investigated
in this work. A sample of 2 g of CaMn

0.8
Mg
0.2
O
3
sintered

at 1300∘C (short for 5.6% MgO 1300) which had previously
been used in general reactivity screening was placed in the
quartz reactor. The particles were exposed alternatingly to
10% O

2
in N
2
, 100% N

2
and pure CH

4
. The inlet flows were

900mLN/min for all components. As seen in Table 4, two sets
of experiments were done, with the methane injection period
set to 2 s and 14 s, respectively, for the different experiments.
A total of 50 cycles were conducted for each experiment.

3.5. Data Evaluation. Fuel conversion, or fuel yield, is defined
as a degree of how much introduced fuel has been fully
converted into CO

2
. It is used to quantify an oxygen carrier’s

reactivity towards fuels. Methane and syngas conversion are
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Figure 2: Schematic representation of the laboratory set-up of the batch fluidized bed system.

Table 3: Experimental scheme used for investigation of the effect of temperature on the oxygen carrier reactivity.

No. of cycles Inert/reducing gas 𝑡CLOU 𝑡In 𝑡Red 𝑇Ox 𝑇Red/𝑇CLOU
(s) (s) (s) (∘C) (∘C)

2 Methane 60 20 900 900
2 Nitrogen 360 900 900
2 Methane 60 20 950 950
2 Nitrogen 360 950 950
2 Methane 60 20 1000 1000
2 Nitrogen 360 1000 1000
2 Methane 60 20 1050 1050
2 Nitrogen 360 1050 1050
2 Methane 60 20 950 950
2 Nitrogen 360 950 950

Table 4: Experimental scheme for stability tests.

Sample batch No. of cycles Reducing gas 𝑡In 𝑡Red 𝑇Ox 𝑇Red
(s) (s) (∘C) (∘C)

1 50 Methane 60 2 950 950
2 50 Methane 60 14 950 950

presented as (6) showing the CH
4
and CO conversion to CO

2

respectively

𝛾CH
4

=
𝑝CO
2

𝑝CO
2

+ 𝑝CO + 𝑝CH
4

,

𝛾syn =
𝑝CO
2

𝑝CO
2

+ 𝑝CO
,

(6)

where 𝑝
𝑖
is the outlet partial pressure of component 𝑖.

Oxygen carrier conversion (or solid conversion) is
defined as

𝜔
𝑖
=
𝑚
𝑖

𝑚ox
, (7)

where 𝑚
𝑖
is the mass of the oxygen carrier at time 𝑖 and

𝑚ox is the mass of the fully oxidized oxygen carrier. Here,
𝑚ox is simply the mass of the fresh particles used in the
experiments, and no account has been taken to the possible
oxygen deficiency at higher temperatures [29]. In a fuel
reduction period, 𝜔

𝑖
can also be calculated as a function

of time. Equation (8) shows the oxygen carrier conversion
during a methane and syngas reduction period, respectively,
as follows:

𝜔
𝑖
= 𝜔
𝑖−1
− ∫

𝑡
𝑖

𝑡
𝑖−1

̇𝑛out𝑀o
𝑚ox𝑃tot
(4𝑝CO

2
,out + 3𝑝CO,out − 𝑝H

2
,out) 𝑑𝑡,

𝜔
𝑖
= 𝜔
𝑖−1
− ∫

𝑡
𝑖

𝑡
𝑖−1

̇𝑛out𝑀o
𝑚ox𝑃tot
(2𝑝CO

2
,out + 𝑝CO,out − 𝑝H

2
,out) 𝑑𝑡,

(8)

where ̇𝑛out is the molar flux of flue gas after water conden-
sation and 𝑀o is the molar mass of oxygen. For a specific
reduction cycle, 𝛾CH

4

, is sometimes given as an average
value from 𝜔 = 1 to 0.99. The concentration of H

2
was

not measured during experiments. H
2
concentration can



6 International Journal of Chemical Engineering

be assumed to be low enough to be neglected since H
2

generally has a higher reactivity than CO [39] and the CO
concentration was very low under all conditions.

4. Results

4.1. Crushing Strength and Effective Density. The crushing
strengths and effective densities of the calcium manganite
oxygen carriers are presented in Table 5. Effective density is
calculated from measurement of the volume and mass of a
small bed of particles. By assuming a void fraction of 0.37, the
effective density can be calculated as

Effective density =
𝑚solids

𝑉solids ∗ (1 − 0.37)
. (9)

Figure 3 shows the crushing strength and effective density
versus sintering temperature. Obviously, particles sintered at
higher temperature are denser and have higher mechanical
strength. Oxygen carriers with higher crushing strength are
likely preferred in CLC since it may indicate a reasonable
resistance against attrition and fragmentation. But particles
with high density may be more prone to defluidization,
especially at low velocities. The crushing strengths of the
samples sintered at 1100∘C were judged to be too low, and
these samples were excluded from batch reactor testing.

4.2. General Screening of Oxygen Carriers’ Reactivity

4.2.1. CLOU Property at 900∘C and 1000∘C. The ability of
oxygen carrier particles to release oxygen in the gas phase, or
the so-called oxygen uncoupling properties, was investigated
by exposing the particles to inert periods both before and
after fuel cycles; see Table 2. By gauging the difference in
oxygen uncoupling properties from before and after fuel
testing, it is possible to see if the particles become deactivated
during the exposure to fuel. Figure 4(a) shows the oxygen
concentration profile of 7 inert cycles tested at 900∘C on the
sample with 5.6% MgO, sintered at 1300∘C. Here, 3 cycles
are conducted before exposure to fuel (solid lines), 3 cycles
are taken after exposure to fuel (dashed lines), and 1 blank
reference cycle is included. In the reference, 15 g of inert silica
sand was used in the bed, and the air was switched to inert in
the same way as when the oxygen carrier particles were bed
material. Of course, no uncoupling properties are expected
from this reference experiment.

At 𝑡 = 0 s in Figure 4(a), 100% N
2
was injected to the

system instead of 5% O
2
. Due to a delay in the measuring

system, oxygen concentration stays at 5% for the first 20 s.
For a material without CLOU property, for instance, the
sand reference, the oxygen concentration drops sharply to
0 as shown by the reference plot. On the other hand, the
sample, 5.6% MgO 1300, releases gaseous oxygen yielding
the smooth gradually decreased oxygen concentration. It can
be seen from the figures that the materials exhibit stable
uncoupling properties as a function of time for the first three
cycles.The reactivity is somewhat less after the fuel cycles, but
in general there seems to be very little deactivation caused
by the exposure to fuel. The amount of oxygen removed

by the uncoupling reactions after 360 s corresponded to
approximately 0.5 wt% of the total mass of oxygen carrier.

To be able to calculate the oxygen uncoupling capacity
of the oxygen carrier particles, one 1800 s inert cycle was
performed at 1000∘C. Here, the oxidation was carried out at
900∘C, but the temperature was increased to 1000∘C during
the oxidation. Figure 4(b) presents the oxygen concentration
profile of the 1800 s inert cycle performed on 5.6% MgO
1300 sample. The small peak at around 𝑡 = 175 s resulted
from the temperature increase to 1000∘C. At the end of the
cycle, the concentration of uncoupled oxygen was almost
zero indicating that little oxygen was available for CLOU.
By integrating the concentration difference between blank
reference and tested sample, the material’s CLOU oxygen
capacity is estimated to about 1 wt%.

Table 6 summarizes the data for the CLOU experiments
at 900∘C. Here, the concentration of O

2
after 360 s is given,

averaged for the three cycles before and after fuel cycles.
Clearly, there is a decreased CLOU activity following the fuel
cycles. For the 5.6% MgO 1200 sample, the O

2
concentration

after the fuel cycles dropped 0.1%-unit compared with the
concentration before fuel cycles. This may be due to some
physical or chemical deactivation in the fuel cycles; for
instance, it is possible that other phases besides the calcium
manganite is formed during the reduction, for instance,
CaMn

2
O
4
orCa
2
MnO
4
, which could affect the reactivity [32].

4.2.2. Reactivity of Oxygen Carriers towards Fuels at 950∘C.
All investigated oxygen carriers exhibited high reactivity
towards gaseous fuels. Methane conversion of over 97% and
full conversion of syngas were achieved for all samples.
Figure 5 shows the dry flue gas concentration profile of the
second methane cycle at 950∘C performed on sample 5.6%
MgO 1300. At 𝑡 = 0 s, 5% O

2
was switched off and N

2
was

injected for 60 s. The O
2
concentration in the reactor drops

immediately after around 𝑡 = 20 s, a lag time which is due
to the system delay, however remaining at around 1.5% at
the end of inert step resulting from the CLOU behavior of
the oxygen carrier. At 𝑡 = 60 s, the N

2
flow was turned off

and methane was switched on for 20 s. Inlet methane was
immediately converted to CO

2
, and the high reactivity of the

material gives a high and sharp CO
2
peak. In Figure 5, the

breakthrough of CO
2
does not come until about 𝑡 = 80 s,

once again due to the time delay in the system. Flushing of N
2

is seen at 𝑡 = 100 s in Figure 5, after which the concentrations
of detected gaseous species decrease to zero rapidly.

Figure 6 presents the methane yield versus solid conver-
sion for all 4 samples. The second methane reduction cycle
was selected for comparison. At the beginning of reduction,
injected methane was fully converted into CO

2
giving full

conversion for all samples. As reduction proceeds, less oxygen
becomes available in the oxygen carrier. So the material
becomes less reactive, which is logical considering that the
equilibrium partial pressure of O

2
becomes less at higher

degrees of reduction, and thus likely also the release rate.
Since less oxygen is available for methane conversion, this
may be the reason of the increased methane concentration
from 𝑡 = 90 s to 𝑡 = 100 s in Figure 5.This leads to the slightly
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Figure 3: Crushing strength (a) and effective density (b) as a function of sintering temperature for all investigated particles.
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concentration profile in inert cycles. Tests were carried out on the 5.6% MgO 1300 sample. (a) inert cycles at 900∘C; (b) 1800 s

inert cycle at 1000∘C. For the experiments in Figure 4(a), three cycles were conducted before and following the fuel cycles. In Figure 4(b), the
oxidation was performed at 900∘C



8 International Journal of Chemical Engineering

Table 5: Crushing strength and effective density of MgO added CaMnO
3−𝛿

materials.

Notation Molar composition Sintering temperature Crushing strength Effective density
(∘C) (N) (kg/m3)

5.6% MgO CaMn0.8Mg0.2O3

1100 0.4 1001.2
1200 0.7 1238.7
1300 1.3 1704.9

2.7% MgO CaMn0.9Mg0.1O3

1100 0.3 1041.3
1200 0.6 1437.6
1300 1.4 2254.6

Table 6: Oxygen concentration at the end of the CLOU period for tested oxygen carrier particles.

Notation Molar composition
Sintering temperature Conc. (O

2
) end of inert (𝑇 = 900∘C)

(∘C) Before fuel After fuel
(%) (%)

5.6% MgO CaMn0.8Mg0.2O3
1200 0.5 0.1
1300 0.4 0.3

2.7% MgO CaMn0.9Mg0.1O3
1200 0.5 0.3
1300 0.5 0.4
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Figure 5: Dry gas concentration profile of the secondmethane cycle
at 950∘C on the 5.6% MgO 1300 sample.

decrease of methane conversion at the end of the reduction.
Still the material has very high reactivity throughout the
reduction period, exceeding 97% in the 𝜔 range 1 to 0.99.

Figures 7 and 8 demonstrate the dry gas concentration
profile and syngas yield as a function of solid conversion
for tested samples. Syngas consisting 50% CO and 50% H

2

is apparently easier to oxidize, as compared with methane.
Another factor is the fact that syngas needs less oxygen per
mole fuel in order to be converted to CO

2
and H

2
O. So there
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Figure 6: Methane yield as a function of solid conversion of the
second methane cycle at 950∘C.

was complete syngas conversion, that is, for 𝜔 from 1 to 0.99,
for all samples.

4.3. Influence of Temperature on the Reactivity of the Oxygen
Carriers. Themethane yield as a function of solid conversion
at different temperatures is presented in Figure 9 for the
particles 5.6% MgO 1300. In Figure 9(b), which compares
the reactivity at 950∘C, before and after testing at 1050∘C,
“1” indicates the temperature before 1050∘C cycles, and “2”
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Figure 7: Dry gas concentration profile of the second syngas cycle
at 950∘C for the 5.6% MgO 1300 sample.

represents the temperature after the 1050∘C cycles. Decrease
of the methane yield as a function of decreasing omega
indicates that less methane was converted when the oxygen
carrier was further reduced. Figure 10 summarizes the aver-
age methane yield at different temperatures for all samples
along the temperature stair described in Section 3.4.2, with
the exception of the last cycles at 950∘C (2).The average 𝛾CH4
is an average value of methane conversions of two reduction
cycles operated at the same temperature.

The effect of temperature on the oxygen carriers’ reac-
tivity is clearly seen in the figures, especially from 900∘C to
950∘C. At 950∘C, methane conversion of all the samples is
already around 99%,making it hard to see the effect of further
temperature change. The methane yield at 1000∘C is a little
bit lower than 950∘C for the oxygen carrier 5.6% MgO 1300,
but the difference is very small. Although high temperature
improves methane conversion, it may cause deactivation
in the oxygen carriers’ reactivity. This was examined by
comparing the reactivity at 950∘C, before (1), and after (2)
testing at the maximum temperature; see Figure 9(b). The
particles reactivity at 950∘C (1) (dashed and dotted lines)
is apparently somewhat higher than the reactivity after the
high temperature cycles (the dashed line). This indicates that
materials suffer some deactivation, likely caused during the
high temperature cycles. Some deactivation was seen for all
investigated samples, as seen in Figure 10.

The ability of the oxygen carrier particles to release
oxygen in the gas phase was also investigated at different tem-
peratures. The results of the materials CLOU properties are
summarized in Figures 11 and 12. The oxygen concentration
profile presented in Figure 11 was similar to the other tested
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Figure 8: Syngas yield as a function of solid conversion for the
second syngas cycle at 950∘C.

samples, with only small variations. For each inert cycle, the
oxygen concentration at the end of 360 s was collected and
shown as a function of temperature in Figure 12 for each
investigated material.

As can be seen, operational temperature does not influ-
ence the materials CLOU properties in a significant way,
although the particles release somewhat more oxygen as
a function of temperature in the interval between 900∘C
and 950∘C, and there is a drop at the highest temperature
of 1050∘C for all materials. The lower concentration of
oxygen release for the 5.6% MgO 1300 sample at 950∘C
(2) cycles compared with the one at 950∘C (1) indicates
some deactivation of the material; see Figure 11(b). This was
seen for all investigated particles; see Figure 12. The samples
containing less MgO releases a little bit more oxygen at
temperatures lower than 1050∘C.The lower degree of oxygen
release at the higher temperatures may be explained by the
fact that thematerial is oxidized to a lesser extent at the higher
temperatures [29, 31], meaning that the (3-𝛿) in reaction
(5) decreases. This means that the oxygen capacity for the
uncoupling reactions may decrease. The lower degree of
oxygen release could also due to the formation of spinel, such
as CaMn

2
O
4
, see discussion for further information.

4.4. Stability of Oxygen Carriers’ Reactivity. To study the
stability of the oxygen carrier, 50 short reduction cycles with
methane were performed on 5.6% MgO 1300 particles. The
reduction periodwas set to 2 s and 14 s to investigate the effect
of reduction period length on the oxygen carriers’ activity.
Figure 13 shows the average methane conversion for 50 cycles
at an operation temperature of 950∘C. In both 2 s reduction
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Figure 9:The methane yield as a function of solids conversion for 20 s reduction of 5.6%MgO 1300 oxygen carrier; (a) methane yield versus
solid conversion for different temperatures and (b) the comparison of methane conversions at 950∘C before and after 1050∘C cycles. Data
obtained from the second cycle is presented.
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Figure 10: The average methane yield of 5.6% MgO and 2.7% MgO
oxygen carriers as a function of temperature (data was selected for
𝜔 from 1 to 0.99). The single dots separated from the lines present
the results at 950∘C (2) cycles.

and 14 s reduction tests, the material’s reactivity maintained
well during 50 cycles, and a slight growth in reactivity is
noticed. In stability test, less bed material (2 g) and higher
methane flow (900mLN/min) were applied.The lowmethane
conversion, in the range of 20%–50%, compared with full
methane conversion in Sections 4.2 and 4.3, is reasonable.

4.5. Characterization of Oxygen Carriers. Themorphology of
5.6%MgO 1300 particleswas investigated by lightmicroscopy
and SEM. Figure 14 shows the light microscope pictures of
fresh and used samples after 50 cycles. In Figure 14, the blue
grids are 1mm squares of the background millimeter paper.
The images marked with (a) are fresh particles. The pictures
marked with (b) and (c) exhibit the particles exposed to
2 s and 14 s methane reduction, respectively. Comparing the
size of the particles, one can find that the particles after 14 s
reduction cycles are somewhat bigger than other samples,
while the difference between fresh and particles used for 2 s
reduction cycles was quite small. This result may suggest that
the oxygen carriers expand when reacting with methane.

The SEM pictures of fresh and used (after general
reactivity test, cooled down in 5% O

2
) 5.6% MgO 1300

particles are shown in Figure 15.Thematerial maintains good
spherical shape after experiments under different conditions.
The cracks on some of the particles seen in the pictures
were likely caused during the manufacture since they were
found on fresh particles and on used ones. No obvious dust
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Figure 11: The O
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concentration profile of inert cycles for the 5.6% MgO 1300 oxygen carrier; (a) oxygen concentration versus time as a

function of temperature and (b) the comparison of oxygen profiles at 950∘C before and after 1050∘C cycles. Data obtained from the second
conducted cycle is presented.
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360 s inert cycles by 5.6% MgO and 2.7% MgO oxygen carriers
at different temperatures. The single dots separated from the lines
present the results at 950∘C (2) cycles.

formation was noticed during the experiments. On careful
examination of the particle surface using energy-dispersive
X-ray spectroscopy, it was discovered that there were many
small heterogeneous inclusions on the surface which were
identified as MgO. Hence, it does not appear that the MgO
was included in the perovskite structure, rather the MgO
seems to present mainly as a separate phase and in small
grains.

The crystalline phases of the oxygen carriers are sum-
marized in Table 7. Images were taken for fresh samples,
used samples which were finished after inert cycle at 1000∘C
and cooled in 5% O

2
, and used samples after reduction at

950∘C and cooled in pureN
2
.The phases for the used samples

which were cooled in N
2
after the temperature stair were

difficult to interpret due to low peak intensities of the XRD
peaks. The crystalline phases are thus not provided for these
samples. In the fresh samples, CaMnO

3-𝛿 and MgO were
identified in all samples. The multiple phases characterized
match the EDX results, where free MgO was identified
on the oxygen carrier particle surface. This confirms that
MgO was not incorporated into the perovskite structure and
hence the oxygen carriers consist of separated CaMnO

3-𝛿
and MgO phases. In most cases, the same crystalline phases
were identified in fresh particles and particles after tests
which were removed after oxidation. This suggests that these
CaMnO

3-𝛿materials have a good stability in the CLC process.
The minor phase CaMn

2
O
4
identified in used 5.6% MgO



12 International Journal of Chemical Engineering

0 10 20 30 40 50
Number of cycles

0

0.2

0.4

0.6

0.8

1
𝛾 C

H
4

(—
)

(a) 2 s reduction

0 10 20 30 40 50
Number of cycles

0

0.2

0.4

0.6

0.8

1

𝛾 C
H

4
(—

)
(b) 14 s reduction

Figure 13: Methane conversion, (𝛾CH4 ) as a function of number of cycles for 5.6% MgO 1300 oxygen carrier.

Table 7: Crystalline phases identified in investigated samples.

Sample Sintering temperature Fresh Used (cooled in 5% O
2
)

5.6% MgO 1200∘C CaMnO
2.97

, MgO CaMnO2.98, CaMn2O4, MgO
1300∘C CaMnO

2.95
, MgO CaMnO2.95, MgO

2.7% MgO 1200∘C CaMnO
2.95

, MgO CaMnO2.95, MgO
1300∘C CaMnO

2.95
, MgO CaMnO2.95, MgO

1200 sample was reported as a decomposition product of
CaMnO

3-𝛿 at lower oxygen deficiency values [32]. Formation
of a small amount of CaMn

2
O
4
after the reactivity test could

be reasonable considering the sample had been reduced with
both methane and syngas. During preparation of the oxygen
carrier particles, the molar ratio of calcium and manganese
is higher than one. However, CaMnO

3-𝛿 is the only XRD
detected phase containing Ca and Mn. This means that the
oxygen carriers should contain other calcium phases, such as
CaO or Ca

2
MnO
4-𝛿, which were not identified by XRD. The

reason could be that the amounts of other calcium phases are
too low (<5wt%) to be detected with the used apparatus; see
below for further discussion.

5. Discussion

The perovskite CaMnxMg
1-xO3-𝛿 studied in this work exhib-

ited promising behavior with respect to parameters impor-
tant for CLOU, that is, oxygen release, reactivity with
methane, and syngas as well as fluidization properties. High
reactivity towards methane in the range 93%–100% and
full conversion of syngas were achieved at all examined
temperatures.The particles have good fluidization properties,
neither significant attrition nor agglomeration was observed.
Though a slight deactivation was noticed following operation

at 1050∘C, the materials still worked quite well when the
temperature was reduced.

Previously, NiO has been the most promising oxygen
carrier material for gas application [12, 37, 40]. Nevertheless,
there are several problems with utilization of NiO as an
oxygen carrier. Besides the high cost and toxicity, there is
a thermodynamic limitation of the NiO/Ni system, which
restricts methane to be fully converted to CO

2
and H

2
O [11].

Several studies report around 1% CO in the exhausted stream
from the fuel reactor when using NiO as an oxygen carrier
[13, 14, 37].

The studied calcium manganite oxygen carriers were
produced from cheap raw materials Mn

3
O
4
, Ca(OH)

2
and

MgO using the commercial available spray-drying manufac-
turing method. As there are no thermodynamic limitation
to convert fuel gas completely to CO

2
and H

2
O, this type

of material can clearly be a viable alternative to Ni-based
material provided that the reactivity and stability are good.
In this work, average methane conversion to CO

2
and H

2
O

of above 98% was achieved at temperatures of 950∘C and
above utilizing 57 kg/MW of CH

4
; see Figure 10. This is

comparable to the reactivity seen at similar conditions using
spray-dried Ni-basedmaterials [37]. And unlike NiO, neither
unconverted methane at the beginning of fuel injection, at
high oxidation levels of the oxygen carrier, nor CO at the
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Figure 14: Light microscope pictures of 5.6% MgO 1300 particles
both fresh and used after 50 cycles. (a) fresh particles; (b) particles
on which 50 cycles of 2 s reduction was performed; (c) particles on
which 50 cycles of 14 s reduction was performed.

end of the reduction period was observed. In the Chalmers
10 kW continuous system, when using the CaMn

0.9
Mg
0.1
O
3

as oxygen carrier, 100% methane was fully converted to CO
2

and H
2
O above 900∘C, and more than 1% O

2
was detected in

the outlet stream of the fuel reactor [36]. This suggests that
gaseous reaction between O

2
and CH

4
is the main reaction

mechanism in the fuel reactor. This is in contrast to NiO,
which is a CLC material, meaning that the direct gas-solid
reaction is the main mechanism for fuel conversion.

The oxygen deficiency 𝛿 in CaMnO
3-𝛿 is a function of

oxygen partial pressure and temperature. Leonidova et al.
[31] and Goldyreva et al. [41] studied the oxygen deficiency
under different conditions and provided a phase diagram

of CaMnO
3-𝛿 where 𝛿 was a function of oxygen partial

pressure at different temperatures. At a fixed temperature, 𝛿
increases with decreasing oxygen partial pressure meaning
that more oxygen is released under lower oxygen partial
pressure environment. Conversely, at a constant partial pres-
sure of oxygen, 𝛿 increases with temperature. This indicates
that CaMnO

3-𝛿 oxygen carriers may not be oxidized to the
same level at higher temperatures as it would be at lower
temperatures. Despite this fact, the amount of oxygen that is
available for CLOU depends on the 𝛿 difference between the
oxidized and reduced form of CaMnO

3-𝛿. Though oxidized
CaMnO

3-𝛿 has less oxygen at higher temperature, it may
be reduced further at low partial pressures of O

2
, as would

be existing in the fuel reactor of a chemical-looping unit
[31, 41]. For instance, for an oxygen partial pressure change,
from 0.05 atm to 0.005 atm, the oxygen carrier CaMnO

3-𝛿
should release approximately the same amount of oxygen at
higher and lower temperature cases employed in this work.
This matches the experimental results well, where the oxygen
carriers’ oxygen capacity seemed to be similar independent of
temperature. On the other hand, the growth of oxygen carrier
reactivity towards CH

4
with temperature may due to an

increase of oxygen release rate as a function of temperature.
The level of oxygen deficiency of CaMnO

3-𝛿 cannot grow
infinitely, and seems to be limited by the decomposition of
CaMnO

3-𝛿 to CaMn
2
O
4
and Ca

2
MnO
4-𝛿 [32]. The reported

boundary 3-𝛿 value was within the range of 2.863 to 2.83 for
temperature interval 950∘C to 1050∘C. Beyond the boundary
level, further removing of oxygen triggered the decomposi-
tion of CaMnO

3-𝛿. However, this decomposition process was
reversible and very slow even at 1000∘C [32]. For CaMnO

3-𝛿
oxygen carriers applied in a CLC process where typical solid
conversion changes could be around 1wt%; this leads to the 3-
𝛿 value above 2.86, assuming fully oxidized sample from the
air reactor. Hence, in order to avoid decomposition products
and fully utilize the perovskites uncoupling properties, it may
be a good idea to avoid deep reduction of the oxygen carrier
in a real system and to keep the change in themass based con-
version level below 1% if possible. This could be achieved by
employing high circulation of particles between the reactors.
Another option to extractmore oxygen from thematerial is to
employ a lower temperature in the air reactor compared to the
fuel reactor, something which should be feasible considering
that the overall reactions should be exothermic in the fuel
reactor [29]. The small amount of detected CaMn

2
O
4
in the

used 5.6% MgO 1200∘C sample is likely due to the described
decomposition process. It should be noted, however, that the
identified phase had a very low intensity and is thus likely
present in rather small amounts. Further, it is possible that
also the other used samples contained this phase, but in
undetectable quantities. Even in well controlled solid state
chemistry synthesis processes, small amount of CaMn

2
O
4

was also discovered as a secondary phase together with the
CaMnO

3-𝛿 [42–44].
The perovskite CaMnO

3-𝛿 can exist as different struc-
tures, depending upon temperature and partial pressure of
oxygen. When heating in air, stoichiometry CaMnO

3
with

orthorhombic structure at room temperature lost oxygen
forming the nonstoichiometric CaMnO

3-𝛿 and transforms to
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Figure 15: SEM image of 5.6% MgO 1300 sample. (a) Fresh sample. (b) Used sample (cooled down to room temperature by 5% O
2
in N
2
).

tetragonal and subsequently to cubic symmetry structure at
869∘C and 913∘C [31, 45–47]. This transition would happen
at lower temperatures in our experiment since the particles
were heated in 5% O

2
in N
2
under a much lower oxygen

partial pressure compared to air. Such structure transitions
involve changes of crystalline lattice parameters, although
the compounds have the same chemical stoichiometry. Dur-
ing isothermal cycling in the fuel reactor at temperatures
above 900∘C, the cubic structure should be the most sta-
ble. However, it is possible that phase changes can occur
during heating and cooling of the particles. In the current
experiment, no degradation of particles was seen; so although
there could have been certain structure transformations, as
described above, these do not seem to have affected the
physical integrity of the particles to any appreciable extent.
In addition, the long-term testing in continuous operation of
this type of particles withoutmajor attrition also suggests that
possible degradation due to phase transformations should
not be a major issue [36].

For the investigated particles the moles of Ca is greater
than the moles of Mn. However, only CaMnO

3-𝛿 and MgO
were identified, meaning that Ca should be present in addi-
tional phases. The highly possible phases which contain Ca
could be CaO or Ca

2
MnO
4-𝛿. Horowitz and Longo suggested

that CaO and CaMnO
3
were the phases in Ca-Mn-O system

at temperature below 1300∘C when the Ca to Mn molar
ratio was above 1, and the oxygen partial pressure 0.2 atm
[48]. On the other hand, several research groups identified
small amount of CaMn

2
O
4
which coexited with CaMnO

3−𝛿

during synthesis of CaMnO
3-𝛿 when using stoichiometric

molar amount of Ca and Mn during production. Since
CaMn

2
O
4
and Ca

2
MnO
4-𝛿 are the decomposition products

of CaMnO
3-𝛿 [32], Ca2MnO

4-𝛿 may be present in the oxygen
carrier particles as well, but in amounts too small to be
detected by the present XRD unit. From characterization,
it is clear that Mg is not incorporated into the perovskite
structure, and this is likely due to the low ionic radii of
Mg [49]. This is unlike the cations Fe and Ti, which can
substitute Mn in the perovskite structure [50, 51]. Still, in a
prior investigation, Hallberg et al. [35] clearly showed that
the calciummanganite with Mg addition had better behavior
with respect to CLOU than material doped with Fe and Ti.
This suggests that MgO may be an active component in the
oxidation reaction with methane; for instance, it may have
a role as a reforming catalyst on the particle exterior. To
clarify the role ofMgOandCaMnO

3-𝛿 inmethane conversion
reaction, further investigation of themechanism is apparently
needed. On the other hand, considering the encouraging
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results reported here, by Hallberg et al. and Källén et al. in
both batch and 10 kWth gas-fired CLC unit on the same type
of material [35, 36], it is quite clear that this oxygen carrier is
a valid alternative to NiO.

6. Conclusion

Cheap and environmentally friendly Ca-Mn combined oxide
particles with general formula CaMn

𝑥
Mg
1-𝑥O3 were pro-

duced using the spray-drying method. The active compound
in the oxygen carriers was likely the perovskite material
CaMnO

3-𝛿, and it showed highly promising results with
respect to reactivity and stability. Generally, the methane
and syngas conversion was high, and the particles exhibited
oxygen uncoupling at all investigated temperatures in the
range 900–1050∘C. There was some deactivation of the
particles, especially prominent after exposure to fuel at high
temperature, 1050∘C. CaMn

0.8
Mg
0.2
O
3
sintered at 1300∘C

showed good stability in 50 cycles’ tests, and even a small
increase in reactivity was noted.
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As the global atmospheric emissions of carbon dioxide (CO
2
) and other greenhouse gases continue to grow to record-setting levels,

so do the demands for an efficient and inexpensive carbon sequestration system. Concurrently, the first-world dependence on
crude oil and natural gas provokes concerns for long-term availability and emphasizes the need for alternative fuel sources. At the
forefront of both of these research areas are a family of enzymes known as the carbonic anhydrases (CAs), which reversibly catalyze
the hydration of CO

2
into bicarbonate. CAs are among the fastest enzymes known, which have a maximum catalytic efficiency

approaching the diffusion limit of 108M−1s−1. As such, CAs are being utilized in various industrial and research settings to help
lower CO

2
atmospheric emissions and promote biofuel production.This review will highlight some of the recent accomplishments

in these areas along with a discussion on their current limitations.

1. Introduction

The atmospheric concentrations of greenhouse gases such
as carbon dioxide (CO

2
), methane, chlorofluorocarbons,

and nitrous oxides have been increasing accordingly due
to human-induced activities [1]. CO

2
is the most abundant

greenhouse gas, being produced primarily by the burning of
fossil fuels such as coal, oil, and natural gas. The atmospheric
concentration of CO

2
has increased since preindustrial era

from ∼280 ppm [2] to 400 ppm in 2013 [3]. According to
Antarctic ice core extractions, these levels are significantly
higher than those at any time during the past 800,000
years [4–7]. Less direct geological evidence, based on boron-
isotope ratios in ancient planktonic foraminifer shells, sug-
gests that such high CO

2
atmospheric concentrations were

last seen about 20 million years ago [8].
Since 1896, a trend has been associated with elevated CO

2

levels in the atmosphere and an increase in the average global
temperature [9]. In ∼100 years (1906–2005), the average
global temperature increased by 0.7 ± 0.2∘C, compared to a
relatively constant average over the previous two thousand
years [10].This rise in CO

2
levels is linked not only to surface

temperature increases (with rising sea levels, melting of

the glacier, and polar ice caps) but also to increased ocean
acidity [11–13]. Fossil fuel burning accounts for 75% of
the elevated atmospheric CO

2
levels from human activity

over the past 20 years, with the remainder being associated
primarily with deforestation [14].

2. Carbonic Anhydrase

The need for development of an efficient and inexpensive
carbon sequestration system and the drive for an alternative
fuel supply have both been led by a group of enzymes called
the carbonic anhydrases (CAs; EC 4.2.1.1). The CAs are
ubiquitously found in all kingdoms of lifeand are mostly zinc
metalloenzymes that catalyze the interconversion between
carbon dioxide and bicarbonate [15–17]. CAs exist in three
structurally distinct and evolutionarily unrelated classes:
𝛼, 𝛽, and 𝛾. The 𝛼-class is found throughout the animal
kingdom and in the periplasmic function of Chlamydomonas
reinhardtii, which is a type of green alga [18]. In addition,
𝛼-CAs can be found in Neisseria gonorrhoeae and other
Neisseria species [19–21]. The 𝛽-CAs are found in plants
with C3 and C4 metabolism, as well as monocotyledons and
dicotyledons, arthropods, and bacteria [17, 22–27].The 𝛾-CA
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was first isolated and characterized in the Methanosarcina
thermophila, a methanogenic archebacterium [28]. Homol-
ogous sequences of 𝛾-CAs have been found in eubacteria;
however, it is not known whether these sequences represent
functional CAs [17].

Despite their structural differences, all CAs utilize the
same catalytic mechanism: a two-step ping-pong mechanism
that catalyzes the reversible hydration/dehydration of CO

2

into bicarbonate and a proton [17] as

E : Zn-OH− + CO
2

H
2
O
⇐⇒ E : Zn-H

2
O +HCO

3

− (1)

E : Zn-H
2
O + B⇐⇒ E : ZnOH− + BH+ (2)

In the first reaction, the zinc-bound hydroxide (ZnOH)
nucleophilically attacks the CO

2
to form bicarbonate.Then, a

molecule of water coordinates directly to the zinc ion, which
promotes diffusion of the bicarbonate out of the active site
(Reaction (1)). The zinc-bound water molecule (ZnH

2
O) is

deprotonated in the next reaction to regenerate the ZnOH
(Reaction (2)). The proton is transferred from the ZnH

2
O

to the bulk solvent (B) via a highly ordered array of water
molecules in the active site [29–32]. The amino acid residue
that acts as the proton shuttle residue (i.e., the link between
the buried ZnH

2
O in the active site and bulk solvent) is His64

in the case of human CA isoform II (HCA II) [33] and several
other HCAs [15]. HCA II is a highly efficient catalyst with
a turnover rate (𝑘cat) on the order of one per microsecond
and an overall catalytic efficiency (𝑘cat/K𝑀) approaching the
diffusion rate limit of 108M−1 s−1 [15, 29, 34–37]. Due to this
highly efficient CO

2
hydration, there is considerable interest

in using CAs in carbon sequestration systems, as well as in
biofuel and calcite production (Figure 1 and Table 1). This
review will outline the current status, advantages, and limits
of these applications.

3. Carbon Sequestration

The typical industrial flue gas contains 10%−20% CO
2
,

which by current processes is cost-inefficient and requires
harsh chemical environments at elevated temperatures [60].
Selectively capturing CO

2
out of a mixture of waste gas

that may also include nitrogen, sulfur, and other compounds
can be technically challenging and expensive [61]. Current
industrial protocol separates postcombustion CO

2
via amine

scrubbing, mineral carbonation, pressure storage, or absorp-
tion into solids or into liquids. An attractive alternative
to these methods includes the use of an environmentally
benign, renewable, selective, and inexpensive biomimetic
CO
2
sequestering agent.

The CAs are the leading candidate for this application as
they are fairly inexpensive to be produced, are reuseable, and
can work at ambient temperatures and undermild conditions
[38]. Adequate bovine CA can be purified from simple
chloroform extraction or ammonium sulfate precipitation
of slaughterhouse blood samples [62]. Human (and other
mammalian) CAs are easily overexpressed in bacteria [63]
and are commercially available for purchase. While both
human and bovine CAs have been used in the industrial

setting, there is a growing need for improved CAs with
higher stability and/or catalytic rates (to improve reusability
and cost-efficiency, resp.) [38, 64]. A technique currently
employed in the industrial setting to improve the stability of
CAs is via immobilization onto a variety of inorganic [39–
43] and biopolymer surfaces [44, 45], including enriched
microorganisms [21, 46], as well as onto matrices containing
acrylamide, alginate, and chitosan-alginate [47, 48]. Other
techniques include site-directed mutagenesis to rationally
design faster [65] and/or more stabile [64, 66] variants of
HCA II. Research on stable CAs isolated from halo- and
thermotolerant microorganisms could provide further CO

2

sequestration candidates in the industrial setting.
Once CO

2
has been scrubbed from the flue gas, it can be

chemically converted into stable compounds such as various
carbonates or it can be pressurized to a liquid state for mass
transport for geosequestration (storage either underground
or in the ocean) [67, 68]. However, there are concerns over
the cost, stability, and the long-term biological impacts (e.g.,
the release of CO

2
upon contact with acidic rain) associated

with geosequestration [68]. Chemical conversion of CO
2
into

ecologically friendly products, such as calcite (CaCO
3
), has

gained recent interest. Calcite is the main constituent of
shells in marine organisms [69, 70] and is readily prepared
by reacting CaCl

2
with bicarbonate, the product of CA

catalysis. As such, calcite is routinely used in the making
of cement and other building materials, but it can also
be used as a pigment for paint formulation or as an acid
neutralizer. Sequestered CO

2
can also be converted into other

useful products such as polycarbonates, acrylates, methane,
carbonate storage polymers, and other constructionmaterials
[56–58].

4. Biofuel Production

The potential long-term global environmental effects and
the limited availability of oil and natural gas sources have
prompted many countries, including the US, to initiate
methods to find an environment friendly alternate fuel source
[59]. There are an estimated 60 billion gallons of diesel and
120 billion gallons of gasoline used in the US per year [71].
This equates ∼140 billion gallons of biodiesel needed for total
transportation fuel in the US each year. Biodiesel is preferred
over conventional diesel as it does not contribute to CO

2
or

sulfate levels in the atmosphere, emits less gaseous pollutants,
and is nontoxic [49]. Soybean oil accounts for over half of the
source of US biodiesel production [72]. However, only ∼15%
of the biodiesel demand could be met if all the arable land in
the US were used to grow soybean for oil production [59].
Additionally, the current production of biofuels displaces
croplands, previously used for food, and has been associated
with increased consumer prices [73, 74].

An alternative to the soybean-derived biodiesel is algae-
based systems. Algae are attractive candidates as they have
higher oil production and carbon fixation rates compared to
terrestrial plants [75, 76] and do not compete with traditional
agriculture as they can be cultivated in ponds or in closed
photobioreactors located on nonarable land [59]. Continuous
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CO2 sequestration Biofuel production

Carbonic anhydrase

Calcite production Algal raceway pond
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Figure 1: Schematic of the centralized role for CA in converting CO
2
into beneficial products. The catalytic conversion of CO

2
produced

during the combustion of fossil fuels into bicarbonate (HCO
3

−) via CA yields a valuable source of inorganic carbon for algal cultures grown
in raceway ponds. The lipids and oils from the algae cultures are excellent sources for biofuels, whereas the “waste” product yields additional
beneficial proteins, vitamins, minerals, and dietary supplements.The algal CA can also serve as a great source for calcite (CaCO

3
) production,

being critical in many construction, agricultural, and industrial materials.

Table 1: CA usage in industrial settings.

Technique Principles CA utilization References

Carbon sequestration Capture of atmospheric CO2 produced during
the burning of fossil fuels

Immobilized onto a variety of surfaces including
enriched microorganisms, alginates, and inorganic
material

[38–48]

Biofuel production Mass algal growth and harvesting as an
alternative fuel source

Provides inorganic carbon in the soluble form of
bicarbonate to Rubisco, the rate-limiting step in
biomass production

[49–55]

Calcite production Chemical conversion of bicarbonate to calcite,
used in construction and agricultural materials

Provides bicarbonate at a rapid rate via the catalytic
hydration of CO2 that is captured as a result of
carbon sequestration and biofuel production

[56–59]

cultivation of algae would also yield beneficial medicinal
agents such as proteins, fatty acids, vitamin A, minerals,
pigments, dietary supplements, and other biomolecules [77].

The CAs play an important role in the carbon fixation
pathways in photosynthetic organisms (plants, algae, and
cyanobacteria). The rate-limiting step of biomass produc-
tion in these organisms is the uptake of CO

2
into cells

as bicarbonate. A carbon-concentrating mechanism that
includes CA delivery of inorganic carbon to RuBisCo was
evolved to counterattack this limitation [59, 78]. The CO

2

is fixated into phosphoglyceric acid, enters the Calvin cycle
and ultimately results in sugar. Numerous research efforts
are being conducted to improve the efficiency of carbon
fixation pathways aiming to improve food crop cultivation
and biomass production [79].

Endogenous algal and cyanobacteria CA can also be
used indirectly in calcite deposition, as evidenced by the
enhanced CO

2
capture and sequestration in the presence of

the algal species Chlorella and Spirulina [50–53]. These algal
species also provide the extra benefit of producing calcite
during cell with Chlorella produced the greatest yield of lipid
biomass in photobioreactors [50]. Other studies in simulated

raceway ponds showed similar results with the additional
observation of decreased CO

2
capture with increasing levels

of acetazolamide, a commonly used CA inhibitor [50, 80].
The role of CA in this calcite precipitation is proposed to
be a vital one, as it provides inorganic carbon in a soluble
form as bicarbonate, the preferred source for a variety of
algal strains (Figure 1 and Table 1) [54, 55]. However, much
work is needed in determining the right conditions (pH,
substrate/nutrient availability, aeration, etc.) to optimize the
simultaneous production of biofuels and calcite with algal
species.

5. Conclusion

Man’s dependence on fossil fuels and other natural gas
products has brought forth an era when CO

2
atmospheric

levels are higher than those at any other time in recorded
history. The long-term environmental consequences of this
pandemic caused by humanities need for energy are bleak
but also unpredictable. The global reduction of greenhouse
gas emissions is the first critical step in the reversing process
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as an alternative source of fuel is found. The need for a
solution has prompted much research into studying the
viability of utilizing CAs for both of these challenges. Ideally,
an optimized system would include a cyclic production
of biofuels via algal and/or microalgal cultures that would
substitute in fossil fuel combustion.The flue gas could then be
scrubbed forCO

2
by theCAs in the same algal cultures, which

would also promote the formation of bicarbonate, inducing
further biomass production and increasing the rate of calcite
precipitation (Figure 1). As such, this system would provide
the benefits of reducedCO

2
emissionswhile also providing an

essentially self-enclosed fuel and calcite generator, provided
other essential ingredients and nutrients are available. Much
research is also needed, however, in designing a highly active
and stable variant of CA that can be easily overexpressed in
such system.
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This paper considers both LCA and LCCof the pyrolysis of switchgrass to use as an energy source in a conventional power plant.The
process consists of cultivation, harvesting, transportation, storage, pyrolysis, transportation, and power generation. Here pyrolysis
oil is converted to electric power through cocombustion in conventional fossil fuel power plants. Several scenarios are conducted
to determine the effect of selected design variables on the production of pyrolysis oil and type of conventional power plants. The
set of design variables consist of land fraction, land shape, the distance needed to transport switchgrass to the pyrolysis plant, the
distance needed to transport pyrolysis oil to electric generation plant, and the pyrolysis plant capacity. Using an average agriculture
land fraction of the United States at 0.4, the estimated cost of electricity from pyrolysis of 5000 tons of switchgrass is the lowest at
$0.12 per kwh. Using natural gas turbine power plant for electricity generation, the price of electricity can go as low as 7.70 cent/kwh.
The main advantage in using a pyrolysis plant is the negative GHG emission from the process which can define that the process is
environmentally friendly.

1. Introduction

Our dependence on fossil fuel has increased over the past
century due to increasing energy consumption. The U.S.
Department of Energy [1] stated that transportation energy
demand is increasing at an annual rate of 0.2 percent from
year 2010 to 2035. Total electricity consumption is also
increasing at an annual rate of 0.8 percent from 3879 billion
kilowatt-hours in 2010 to 4775 billion kilowatt-hours in 2035.
On the other hand, the world oil reservoir is decreasing.
From BP’s estimates [2], world oil production has already
reached its maximum and is expected to drop. At the
present production rate, the world oil reservoir will last
for forty-one years. Renewable energy such as biooil will
be an alternative source to make up the reduction of oil
production rate. Faaij [3] reported that fossil fuel dominated
the world’s energy uses, supplying 80% of the total energy
requirement. However, 10–15% of this demand could be

covered by biomass resource. Biomass is an important energy
resource for developing countries accounting for 50–90% of
their total energy requirement. Advantages of biomass energy
include potential to reduce GHG emissions, substitution for
depleting global crude oil reservoir, potential impacts on
waste management, and the conversion of waste resources
into clean energy. Waste resources include natural forests
wood, forestry residues, agricultural residues, industrial
wastes, food processing wastes, and municipal solid wastes.

With the increasing concern of greenhouse gas from
petroleum sources, searching for clean and environmental
friendly energy resource has become more important [4].
Richard et al. [5] reported perturbation of greenhouse gas
such as carbon dioxide (CO

2
), methane (CH

4
), and nitrous

oxide (N
2
O), which have been created by human activity

such as utilization of fossil fuel and landuse change to the
global climate. A measurement of carbon dioxide at Mauna
Loa Observatory showed that the rate of release of carbon
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dioxide into the atmosphere has increased from less than
1 ppm per year in 1970 to more than 2 ppm per year in 2009.
It is expected that the rate will increase exponentially [6].

Biooil is one of the promising clean energy substitutes
since it can be replaced or mixed with fossil fuel to use in a
conventional technology engine. In this study, the biooil is
produced and used in conventional power plant. Hammons
[7] reported a study of greenhouse gas emissions from electric
power plant in Europe. Carbon dioxide from fossil fuel
combustion in a power plant is more than one-third of the
total carbon dioxide emission and the fraction is increasing.
FromAEO2012 [8], carbondioxide produced fromelectricity
generation is increasing at a rate of 0.2 percent per year
until 4.9 percent from year 2010 to 2035. Brammer et al. [9]
reported on the use of biooil in heat, power, or combined heat
and power (CHP) in 14 European countries. They reported
that heat application is the most economically competitive
followed by CHP application. Fan et al. [10] conducted life
cycle assessment of electricity generation using fast pyrolysis
biooil from short rotation forestry willow, poplar, collection
of hard wood residue from existing forestry operations, and
wasted wood from a sawmill available at the site of pyrolysis
plant. They reported that using fast pyrolysis oil in power
plants could save GHG emission about 77%–99% depending
on the biomass feedstock and type of power plant. Solantausta
et al. [11] reported the use of fast pyrolysis oil in diesel engine
in power plant. The modification in diesel engine by adding
injection system which help ignition of the fuel consistence
is necessary. Arbon [12] reported on the use of biomass in
power generation. He discussed the use of pyrolysis and
gasification product in conventional combustion system such
as steam turbine, boiler, and reciprocating engine. However,
the development in technology is needed to reduce high
capital cost of pyrolysis process. Chiaramonti et al. [13]
reported on the use of pyrolysis in diesel engine, gas turbine,
and natural gas/steam power plant.

Advantages of using fast pyrolysis oil as fuel are that it is
easy to store and transport; it has a higher energy density than
gasification fuel gases; it can be distilled and replaced by light
fuel oil, and it can be used in conventional fossil fuel power
plant [13]. Arbogast et al. [14] reported the economic study of
pyrolysis oil. The authors concluded that waste biomass such
as logging residues is the lowest cost material for pyrolysis
oil. However, there is a supply limitation for waste biomass
material. On the other hand, growing energy crop is more
expensive. However, with more concentrated production of
energy crop, logistic cost can be reduced. Growing energy
crop provides a more stable energy source thus reducing
the limitation of pyrolysis oil production. Boateng et al.
[15] stated that pyrolysis oil from switchgrass as an energy
crop has a yield greater than 60%. The energy conversion
efficiencies of switchgrass are ranked between 52% and 81%.
This paper focuses on life cycle assessment and life cycle cost
of using switchgrass as an energy crop from field to power
plant.

The rest of the paper is organized as follows. Section 2
is the background for LCA (life cycle assessment), LCC
(life cycle cost), and switchgrass. Section 3 describes the
methodology in this work. Section 4 presents and discusses

Table 1: Biomass yield of switchgrass cultivars grown in southern
Iowa from 1998 to 2001 [21].

Varieties Yield (Mg ha−1)
Upland

Trailblazer 7.9
Blackwell 8.3
Cave-in-Rock 9.3
Pathfinder 7.3
Caddo 7.8

Lowland
Alamo 12.1
Kanlow 13.1

the results. The final section is the set of conclusions for this
work.

2. Background

2.1. Switchgrass. Switchgrass (Panicum virgatum L.) is a per-
ennial grass native to Central and North America. It is a
promising bioenergy source for the following reasons: long
life (more than 10 years), high productivity, adaptability, and
high potential of integration into conventional agricultural
operation.There is a significant opportunity for using switch-
grass in ethanol production and also combustion fuel source
for power production due to its high cellulosic content.
Switchgrass can be grown inmany different regions including
marginal land areas due to its highly adaptability and persis-
tence. Moreover switchgrass is tolerant to cold weather and
disease [16–19].

There are many environmental benefits from growing
switchgrass such as increasing soil quality, reduced losses of
soil nutrients, and recycling nutrients from municipal and
agricultural wastes, soil carbon sequestration, and mitigating
greenhouse gas emissions. There are 14 million ha of Con-
servation Reserve Program (CRP) lands, which were created
by the USA Food Security Act of 1985, in order to remove
land from crop production and place a long-term resource-
conserving vegetation cover to prevent soil erosion, improve
water quality, and enhance wildlife habitat. These lands have
the potential to be used as areas for biomass production
[19, 20].

Switchgrass can be separated into two categories, namely,
upland and lowland types.Theupland types are suited to drier
soils and are better in semiarid climates. On the other hand,
the lowland types grow better in heavier soils and require
more water. However, the lowland types have a higher dry
mass production than the upland type. The upland types
include Trailblazer, Blackwell, Cave-in-Rock, Pathfinder, and
Caddo. Alamo and Kanlow are the lowland types [16].

Table 1 shows the yield of several switchgrass cultivars
grown in southern Iowa. Lemus et al. [21] state that the mean
yield of 20 switchgrass cultivars grown in southern Iowa and
harvested in autumn 1998 through 2001 was 9.0Mg ha−1. Fike
et al. [22] reported that because of the lowland switchgrass
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greater productivity, they appeared better suited to biomass
production in the upper southeastern USA. For the upland
switchgrass, two cuts per year may be benefit dependent on
production cost and feed stock quality. On the other hand,
for the lowland switchgrass, two harvests per year may be less
advantage for the biomass yield.

2.2. LCA. The international scientific society of environ-
mental chemists (SETAC) [23] defines LCA as “a process
to evaluate the environmental burdens associated with a
product, process, or activity by identifying and quantify-
ing energy and materials used and wastes released to the
environment.” The LCA frame work was developed by the
International Organization for Standardization in ISO14000
series: ISO14000 on principle and frame work, ISO14041 on
goal and scope definition and inventory analysis, ISO14042
on life cycle impact assessment, and ISO14043 on life cycle
interpretation [24]. LCA focuses only on the environmental
impacts from the production system; that is, economic and
social aspects are not considered [25]. LCA of biomass in
this case is applied to switchgrass: from cradle which is the
cultivation of switchgrass to grave, which is electricity from
power plant.

2.3. LCC. Renewable energy in the form of biooil from
pyrolysis of biomass (such as switchgrass) can only exist
without government subsidies when the production cost is
lower or equal to that of fossil fuel energy. Therefore, in
this work, a total economic analysis is necessary in order
to evaluate the economic viability. Ravemark [26] defines
LCC as the sum of costs (present values of investment,
capital, installation, energy, operating, maintenance, and
disposal) over the life-time of the project, product, or mea-
sure. Barringer [27] indicated that life cycle costs (LCC)
were cradle to grave costs summarized as an economics
model of evaluating alternatives for equipment and projects.
Kawauchi and Rausand [28] stated that the main purpose
of doing life cycle cost analysis was to find the total cost of
production throughout its life cycle, which included research
and development, construction, operation and maintenance,
and disposal. LCC assesses the ability of using the switchgrass
in pyrolysis process to create an alternative energy source
which will finally be used in power plant to create electricity.

3. Methodology

In this work, we study LCC and LCA for the harvesting,
conversion, and the use of switchgrass to produce electricity.
The model system is defined in Figure 1.

In Figure 1, the process begins with the cultivation and
harvesting in switchgrass farming. Subsequently, all the
switchgrass is transported to storage. In the next step, switch-
grass is transported to the pyrolysis plant to be converted
to pyrolysis oil. Next, the pyrolysis oil is transported to the
power plant for electricity generation. In this work zero net
carbon emission is assumed. All of theGHG emission created
at this stage is adsorbed and used in the photosynthesis of
switchgrass in switchgrass field.

Switchgrass farming

Power plant

Storage

Pyrolysis plant

Life cycle assessment of
switchgrass to energy

Figure 1: Life cycle assessment of switchgrass to energy.

LCA Model.Mass balances are employed as follows.

(1) Total emission for LCAmodel = (total emission from
switchgrass field) + (total emission from transporta-
tion of switchgrass) + (total emission from storage
process) + (total emission from pyrolysis plant) +
(total emission from transport pyrolysis oil) + (total
emission from power plant).

(2) Total emission from switchgrass field = (total emis-
sion from fuel used in the field) + (total emission from
fertilizer and herbicide).

(3) Total emission from transportation of switchgrass =
(total emission of fuel used in transportation).

(4) Total emission from storage process = (total emission
of fuel used in the storage system) + (total emission
from the mass loss during keeping).

(5) Total emission from transportation of pyrolysis oil =
(total emission of fuel used in transportation).

LCC Model. The total cost of the whole process is broken
down as follows.

(6) Total cost for LCC model = (total cost from switch-
grass field) + (total cost of transportation of switch-
grass) + (total cost from storage + total cost from
pyrolysis process) + (total cost from transportation of
pyrolysis oil) + (total cost from power plant).

(7) Total cost from switchgrass field = (total cost of
machinery) + (total cost of fuel) + (total cost of
fertilizer and herbicide) + (loan interest).

(8) Total cost of transportation of switchgrass = (total cost
of fuel and labor).

(9) Total cost from storage = (total cost of construction of
storage) + (total cost of fuel and labor) + (total cost of
switchgrass lost during storage).

(10) Total cost from pyrolysis process = (total cost of
establishing pyrolysis plant) + (operating cost) +
(switchgrass cost) + (maintenance cost) + (loan inter-
est).

(11) Total cost of transportation of pyrolysis oil = (total
fuel cost and labor).
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(12) Total cost from power plant = (capital cost) + (opera-
tion cost) + (maintenance cost).

We employed a Dell computer workstation with Intel(R)
Xeon(R) CPU E5405 2.00GHz and the Matlab software
environment [29] to perform the calculations.

3.1. Cost of Establishing, Reseeding, and Producing Switchgrass.
Table 2 shows the estimated costs of establishing the switch-
grass and GHG while Table 3 shows the estimated reseeding
costs per ha and GHG. Table 4 shows the estimated yearly
production costs per ha and GHG.

3.2. Biomass Transportation. In this work, we assumed that
switchgrass was collected from the field to the pyrolysis plant
located in the center of the circle with radius 𝑅circle. Overend
[37] developed a model to compute the transportation dis-
tance between the point of harvesting biomass and the central
processing plant:

(13) 𝑅circle = 0.6833𝜏√𝑛/𝜙√𝑃/𝑀.

𝜏 is the tortuosity factor of the road; this is a function
of the terrain and can range from 1.27 where a regular
rectangular road grid is superimposed over a flat terrain to
in excess of 3 for a complex or hilly terrain constrained by
geographical features such as lakes and swamps. 𝑛 is the
number of sectors to complete a circle. 𝜙 is the fraction of
terrain devoted to switchgrass.𝑃 is the pyrolysis plant scale in
ton/day.𝑀 is the switchgrass productivity in ton/(ha∗year).
It is assumed that switchgrass is transported by 20 tons
semitrucks:

𝐴 =
𝑃 × 330 days
𝑀𝜙

(ha) . (1)

𝐴 is the area of switchgrass field in ha units. The switch-
grass is assumed to be grown by farmers around the pyrolysis
plant.

In Figure 2, switchgrass is grown in different farms in the
upper right quadrant. The number of sectors to complete a
circle is four since the circle was separated into four pieces.
The fraction of terrain devoted to switchgrass is total area of
every farm per area of the upper right quadrant. The red line
is the road between a farm and a pyrolysis plant.

We assume that 20 tons of switchgrass is transported per
truck. The truck mileage is assumed to be 2.4 km/L [38]. The
driver cost is assumed to be $0.6/mile ($0.38/km).We assume
that 4% of switchgrass is lost during transportation.

In Figure 3, emission from transportation of switchgrass
to storage depends on the distance from the field to storage
and that means emission per ton of switchgrass increases as
the plant capacity increases.

3.3. Land Use Change Effect. There aremany studies reported
on the carbon deposit into a soil after growing switchgrass.
Planting switchgrass can increase the carbon deposit rate into
0.2–1.1 tC/(ha∗a) [39].The carbon dioxide was reported to be
sequestered into the soil 1.79 tons of carbon dioxide per acre
per year [40]. However, with the wide range of carbon deposit

Figure 2: Calculating harvesting distance from farm to central
pyrolysis plant.
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Figure 3: Dependence of emission from switchgrass transportation
on pyrolysis plant capacity.

rate reported, the calculation is complex. The assumption is
necessary. Cherubini and Jungmeier [41] gave an assumption
of a C sequestration rate of 0.6 tC/(ha∗a). In this work,
the value of soil organic compound at 0.49 ton/acre/year is
assumed for the first two years of establishment case and 1.5
ton/acre/year is assumed for mature crop case [42].

3.4. Storage. Table 5 shows initial construction costs of the
selected storage systems (storage losses are not included).
From Table 6, the pole frame structure-enclosed on crushed
rock (used in our work) loses the least amount of switchgrass
compared with other storage types. We assume that the labor
cost is $12/hour.The tractor cost is $20/hour.The unload time
and storage time for one truck are half hour.The unload time
from storage is 20min. Emission from the storage process is
0.92 kgCO

2
eq. per ton of switchgrass.
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Table 2: The estimated costs of establishing switchgrass and GHG [30–34].

The switchgrass
Preharvest machinery operations custom
charges $/ha Diesel (gal/ha) Diesel

cost $/ha CO2 (kg) N2O CH4
Estimate CO2
equivalent/ha

Disk 31.01 3.46 (13.10 L/ha) 12.97 37.10 0.0152 0.0020 41.85
Harrow 19.10 1.24 (4.69 L/ha) 4.63 13.25 0.0054 0.0007 14.95
Airflow spreader (seed and fertilizers) 31.26 1.48 (5.60 L/ha) 5.56 15.90 0.0065 0.0009 17.93
Spraying chemicals 8.28 0.49 (1.85 L/ha) 1.85 5.30 0.0022 0.0003 5.98
Total 89.65 6.67 (25.25 L/ha) 25.02 71.56 0.0292 0.0039 80.70
Operating expense Price $/unit Unit/ha $/ha
Seed $7.5/lb ($16.5/kg) 14.83 lb (6.74 kg) 111.20
Fertilizer∗

N $0.31/lb ($0.68/kg) 264.55 lb (120.25 kg) 82.01 5.05 1.20 1590.94
P $0.37/lb ($0.81/kg) 74.13 lb (33.70 kg) 27.43
K $0.23/lb ($0.51/kg) 98.84 lb (44.93 kg) 22.73
Lime $21/ton 7.41 ton 155.68

Herbicides∗∗ 79.8
Pursuit + $53/gal ($14.00/L) 7.41 oz (0.22 L) 3.06
MSO $1.75/pt ($3.70/L) 79.07 oz (2.34 L) 8.65
2,4D $16/gal ($4.23/L) 3.71 pts (1.76 L) 7.41

Total operating costs 418.17 $/ha
Total establishment (11 years at 8%
amortization (.14008 factor)) 532.84 $/ha

Prorated yearly establishment cost per ha 72.99 $/ha
∗The application of nitrogen fertilizer leads to the formation of nitrous oxide emissions from the soil which leads to emission of GHG.
∗∗The emission of GHG from application of herbicide on a field.

Table 3: The estimated reseeding costs per hectare and GHG [30–34].

Reseeding probability 25%
Preharvest machinery operations custom
charges $/ha gal of diesel/ha diesel

cost/ha CO2 N2O CH4
Estimate CO2
equivalent/ha

Airflow spreader (seed and fertilizer) 31.26 1.48 (0.70 L/ha) 5.56 15.90 0.0065 0.00087 17.93
Spraying chemicals 8.28 0.49 (0.23 L/ha) 1.85 5.30 0.0022 0.00029 5.98
Total 39.54 1.97 (0.93 L/ha) 7.41 21.20 0.0087 0.00116 23.91
Operating exp. Price/unit Units Price/unit Unit/ha $/ha
Seed $7.5/lb ($16.5/kg) 3.71 lb (1.69 kg) 27.80
Fertilizer∗

N $0.31/lb ($0.68/kg) 264.55 lb (120 kg) 82.01 5.05 1.20 1590.94
P $0.37/lb ($0.81/kg) 74.13 lb (32.62 kg) 27.43
K $0.23/lb ($0.51/kg) 98.84 lb (44.83 kg) 22.73

Herbicides∗∗ 79.8
Pursuit + $53/gal ($14.00/L) 7.41 oz (0.22 L) 3.06
MSO $1.75/pt ($3.70/L) 79.07 oz (2.34 L) 8.65
2,4D $16/gal ($4.23/L) 3.71 pts (1.76 L) 7.41

Total operating costs 179.09 $/ha
Total reseeding costs (10 years at 8%
amortization (.14903 factor)) 226.04 $/ha

Prorated yearly reseed cost per ha 32.91 $/ha
∗The application of nitrogen fertilizer leads to the formation of nitrous oxide emissions from the soil which leads to emission of GHG.
∗∗The emission of GHG from application of herbicide on a field.
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Table 4: The estimated yearly production costs per hectare and GHG [30–34].

Estimated yearly production costs
Expected yield per ha 9 tons
Weight of large square bale 950 lbs 431.82 kg
Bales per ha 20.84
Pre-harvest machinery operations
custom charges $/ha gal of diesel/ha diesel

cost/ha CO2 N2O CH4
Estimate CO2
equivalent/ha

Bulk fertilizer spreader 8.28 0.49 (1.85 L/ha) 1.85 5.30 0.0022 0.00029 5.978
Liquid N application and sprayer 17.42 1.48 (5.60 L/ha) 5.56 15.90 0.0065 0.00087 17.93
Total 25.70 1.97 (7.46 L/ha) 7.41 21.20 0.0087 0.00116 23.91
Operating Exp. Price/unit Units Price $/unit Unit/ha $/ha
Fertilizer∗

N $0.31/lb ($0.68/kg) 247.11 lb (112.09 kg) 76.60 4.72 1.12 1486.00
P $0.37/lb ($0.81/kg) 4.79 lb (2.17 kg) 1.77
K $0.23/lb ($0.51/kg) 56.34 lb (25.56 kg) 12.96

Herbicides∗∗ 79.8
Pursuit + $53/gal ($14.00/L) 7.41 oz (0.22 L) 3.06
MSO $1.75/pt ($3.70/L) 79.07 oz (2.34 L) 8.65
2,4D $16/gal ($4.23/L) 3.71 pts (1.76 L) 7.41

Total operation cost
Harvest machinery operations, custom
charges Cost without fuel ($/ha) gal of diesel/ha diesel

cost/ha
Mow/conditioning 36.37 2.792 (10.57 L/ha) 10.47 29.95 0.012 0.0016 33.76
Rake 13.81 0.766 (2.90 L/ha) 2.87 8.216 0.003 0.0004 9.27
Baling: large square 45.22 2.644 (10.01 L/ha) 9.92 28.36 0.012 0.0015 31.98
Staging 49.42 2.471 (9.35 L/ha) 9.27 26.50 0.011 0.0014 29.89
Total 144.83 8.67 (32.82 L/ha) 32.53 114.2 4.764 1.1294 1694.63
Yearly production costs per ha 320.92 $/ha
Prorated establishment cost 72.99
Prorated reseeding cost 32.91
Total production costs 426.82
Production costs per ton 47.42
∗The application of nitrogen fertilizer leads to the formation of nitrous oxide emissions from the soil which leads to emission of GHG.
∗∗The emission of GHG from application of herbicide on a field.

Table 5: Initial construction costs of the selected storage systems (storage losses are not included) [35].

Storage system for square bales
(950 lb/bale) Cost per m2 ($) Life years Annual costs

($/m2) Cost per bale ($) Cost per ton ($)

Collective storage facility 107.64 15 12.58 10 bales high 10 bales high
3.77 7.95

Pole frame structure-enclosed on
crushed rock 70.39–107.64 15 8.22–12.58 5 bales high

4.93–7.55
6 bales high
4.11–6.29

5 bales high
10.39–15.89

6 bales high
8.66–13.24

Reusable tarp on crushed rock
(19.8 sq. ft/bale i.e., 1.84m2/bale)

1.47 5 0.37 4 bales high 4 bales high
1.39 2.92

Outside Unprotected on crushed
rock 2.70 5 0.68 0.51 1.07

Outside and unprotected on ground 0.00 — 0.00 0.00 0.00



International Journal of Chemical Engineering 7

Table 6: Storage systems and expected dry matter loss [35].

Storage system for square bales (950 lb/bale) Average
DM loss (%)

Pole frame structure-enclosed on crushed rock 2
Pole frame structure-open sides on crushed rock 4
Reusable tarp on crushed rock 7
Outside Unprotected on crushed rock 15
Outside and unprotected on ground 25

Table 7: Biorefinery capital cost components based on the reference
plant size [36].

Capital cost
Fast pyrolysis (28mmgpy bio-oil) Cost (millions)
Handling and drying 5.57
Pyrolysis reactor 3.92
Quench 1.94
Heat recovery 1.14
Product recovery and storage 0.8
Recycle 1.38
Steam and power production 3.16
Utilities 3.13
Contingency 7.37
Total 28.41

3.5. Pyrolysis Oil Production. In this paper we have chosen
pyrolysis for producing biooil. Boateng et al. [15] designed a
bench-scale pyrolysis reactor to convert switchgrass to biooil.
We assumed a pyrolysis plant based on the authors’ work.
Results from the authors show that switchgrass pyrolysis
could yield over 85% of mass basis. The product consists of
biooil 60.7%, biochar 11.3%, and noncondensable gas 12.9%
in mass basis. The noncondensable gas consists of CO

2
29%,

CO 57.6%, H
2
5.1%, and CH

4
7.8% by volume. In this work,

the biooil product is assumed to be 60.7%wt as the lowest
yield for switchgrass that author suggested. The pyrolysis oil
is assumed to be transported by a tank truck capacity of 11600
US gallons. The mileage of the tank truck is 2.4 km/L [38].
Emission from the storage process is 6.2∗ 10−3 kgCO

2
eq. per

ton of switchgrass.
Table 7 shows the biorefinery capital cost while Table 8

shows the operating cost for the plant. Table 9 shows produc-
tion from pyrolysis of switchgrass. Properties of pyrolysis oil
are shown in Table 10.

3.6. Power Generation. Power generation from fossil fuels is
one of themajor greenhouse gas producers, an estimated one-
third of the carbon dioxide emissions in Europe.Thepyrolysis
oil can be used as a substitute of fossil fuels in conventional
power plants such as gas engines, gas turbines, and coal
fired plants in order to reduce greenhouse gas emissions.
Pyrolysis oil is acidic, unstable, contains solid residue, and
many chemicals in biooil dissolve in water.The heating value,
density, and viscosity of biooil depend on water and additives
in the biooil, which also differs from fossil fuels.These factors

Table 8: Biomass fast pyrolysis annual operating cost components
based on the reference plant size [36].

Fast pyrolysis operation cost Cost Explanation
Water treatment 1 Linear scaling
Electricity 0.21 Linear scaling
Labor 1.34 0.6 power law scaling
Overhead 0.8 60% labor
Maintenance 0.57 2% equip
Insurance/taxes 0.72 1.5% TCI
Charcoal (credit) 1.92 50/ton

Table 9: Production from pyrolysis of switchgrass [15].

Product % wt
Biooil 60.7%
Biochar 11.3%
Noncondensable gas 12.9%

Table 10: Properties of pyrolysis oil [15].

Property
Density at 15∘C, kg/L 1.25
Kinematic viscosity at 50∘C, cSt 13.11
Kinematic viscosity at 100∘C, cSt 2.54
Heat of combustion, MJ/kg 16.02
Ash at 775∘C, wt% 0.01

Table 11: Power plant efficiency.

Power plant Efficiency Reference
Diesel engine 32.4% [13]
Gas turbines 42% [43]
Steam turbine coal-fired power plant 33% [43]
Steam turbine fuel-oil power plant 34% [44]

are problematic in using pyrolysis oil in conventional power
plants. Despite these problems, biooil still can be used in the
conventional power plants by modifying the engines as many
studies suggest [7, 13]. Balat et al. [48] also suggested the
main route of using the biooil in boilers, diesel engines, or gas
turbines for heat and electricity generation. In this work, the
power plant is assumed to operate 8760 hour/year. The main
power technologies considered in this work are discussed
below.

Table 11 shows power plants efficiency. Table 12 shows
specification on wt% of pyrolysis liquid component (to
be able to use as fuel in boilers, engines and turbines).
Comparing specification pyrolysis oil fromOasmaa et al. with
pyrolysis oil from switchgrass, we assume that the pyrolysis
oil from switchgrass can be used in boilers, engines, and
turbines.

3.6.1. Diesel Engine Power Plant. Yoshikawa [49] studied the
efficiency of the diesel engine in power plants when using
low-BTU fuel gas whichwas produced by pyrolized solid fuel.
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Table 12: Specification on wt% of pyrolysis liquid component (to be
able to use as fuel in boilers, engines, and turbines) [45].

Component Specification
to be met

Pyrolysis oil from
reference switchgrass

[15]
Water <27wt% 23wt%
Total solids <0.01 wt% 0.01 wt%∗

Inorganics <0.01 wt% 0.01 wt%∗
∗Ash content.

The result showed that the efficiency of diesel engines was
about 30%. Solantausta et al. [50] reported the efficiency of
34% using pyrolysis oil in diesel. In this paper, the thermal
efficiency of diesel engines which use pyrolysis oil is assumed
to be 32.4% [13].

3.6.2. Pyrolysis Oil Substituting Natural Gas in Gas Turbines.
In order to use pyrolysis oil in gas turbines, the gas turbine
engine must be modified and pyrolysis oil needs to be
upgraded. The gas turbine engine must be able to resist
low pH substance which is pyrolysis oil. The nozzles must
be modified for higher flow cause by lower heating value
and higher viscosity of pyrolysis oil. The preheating unit to
heat the pyrolysis oil to 70–90∘C is necessary to reduce the
viscosity of pyrolysis oil to less than 10 cSt [13]. However,
Wagenaar et al. [51] reported the use of biooil to substitute the
natural gas in the real power plant. The experiment showed
the possibility of using pyrolysis oil in the gas turbine power
plant. Herdin et al. [52] reported that the efficiency of gas
turbine for electric generation using natural gas was 45%.
In this paper, the efficiency of pyrolysis oil in gas turbines
engine is assumed to be 42% which is the same as Jaramillo’s
dissertation.

3.6.3. Steam Turbine Generator. In this work, pyrolysis oil
is being used as a replacement for coal and fuel oil in a
steam turbine generator. Steam turbine generators use fuel
combustion in a boiler to produce steam. Next, steam is
injected into steam turbine to generate electricity. Normally,
steam turbines have a lower efficiency compared to a recipro-
cating engine such as diesel engine or gas turbines but overall
efficiency can be higher [53]. In order to operate the boiler
with pyrolysis oil, some modification is needed to improve
combustion stability. A support fuel is needed to start up
the boiler. In case of low quality pyrolysis oil, support fuel
is needed during operation. Pyrolysis oil has a longer flame
than standard fuel oil. Schreiner et al. [54] investigated the
use of biomass pyrolysis in the coal power plant. Their work
showed promising result. The combustion of pyrolysis oil in
the boiler is clean and efficient [55]. In this work, we assume
that operating a coal power plant by using pyrolysis oil is
going to give the same 33% efficiency as using coal in the
operation [43]. Using pyrolysis oil as a substitution of fuel oil
is assumed to have an efficiency of 34% [44].

Annual capital, operation and maintenance cost per kilo-
watt year for different power plants are shown in Table 13.

Table 13: Power generation capital, operation andmaintenance cost
per kWyr for different power plants [46].

System Annual fixed
capital cost, $/kWyr

Annual fixed operation
and maintenance cost,

$/kWyr
Diesel engine 75.00 3.00
Natural-gas-fired
combustion turbine 32.00 3.25

Coal-fired steam cycle 120.00 6.25
Oil-fired steam cycle 96.00 5.50

4. Result and Discussion

This work views the switchgrass as a source of energy
for different power plants. The LCA and LCC are used
for understanding total emission and economics over the
pyrolysis of switchgrass from cradle to grave. We started by
calculating all impacts from growing switchgrass in an empty
field to a final user, which is a power plant. The mass and
energy balance is applied in thiswork to calculate the life cycle
assessment.

4.1. Pyrolysis Plant Capacity Effect. In this study, the different
capacities of pyrolysis plant from 100 ton per day to 5000 ton
per day of switchgrass are assumed to be used to produce
pyrolysis oil. The effect of the pyrolysis plant capacity will be
shown in both the LCA and LCC. The total GHG emission,
area used to grow switchgrass, switchgrass price, pyrolysis
oil price, and electric price are affected by the capacity
of pyrolysis plants. We assume that the distance from the
pyrolysis plant to the power plant was 60 km.

4.2. Switchgrass Production. The switchgrass price per ton is
considered by two life cycle stages: (1) switchgrass cultivation
and harvesting and (2) transportation. In this analysis, the
switchgrass is grown in a circular field, which has a land
fraction of 0.441 of a field. This land faction is the same as
the average agriculture land fraction for the USA [56].

Figure 4 shows that the price of switchgrass is increased
by increasing the capacity of the pyrolysis plant. For example,
if the pyrolysis plant capacity increases from 100 tons per
day to 5000 tons per day, the switchgrass price increases
more than one dollar per ton from $120.53 to $121.72 per ton.
The price increase is due to the longer delivery distance for
the switchgrass and the bigger area needed for switchgrass
harvesting.

4.3. Area of Switchgrass Field. Normally, the area to grow
switchgrass gets larger as the capacity of the pyrolysis plant
increases. In this study, the loss of the switchgrass in trans-
portation and processing is approximately 4% weight [57].
We chose a pole frame structure-enclosed on crushed rock
as a storage system because it loses only 2% [35] weight of the
switchgrass in storage. Even if the price of building storage
in the pole frame is high, we lose less switchgrass from this
storage. As a result, we need less area to grow it. The land
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Figure 4: Switchgrass price versus pyrolysis plant capacity.
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Figure 5: Area of switchgrass field varies by pyrolysis plant capacity.

fraction used for switchgrass was 0.441 in a circular shape
field.

FromFigure 5, the area is a linear function of the capacity.
The area of switchgrass field is 8837.6Ha for fulfill pyrolysis
plant at capacity of 100 tons per day and the area is 441880Ha
in capacity of 5000 tons per day of pyrolysis plant. The
441880Ha is a huge area that is even bigger than the land area
of Rhode Island. The Rhode Island land area is 1034 square
miles or 267805Ha.

4.4. Pyrolysis Oil Production. In this study, in order to
produce pyrolysis oil from switchgrass, there are three life
cycle stages: (1) switchgrass cultivation and harvesting; (2)
transportation; (3) storage. Pyrolysis plant produced three
products: NCG, pyrolysis oil, and biochar. The ratio of
pyrolysis oil produced is 60.7%w/w. NCG is 12.9%w/w and
biochar is 11.3%w/w. The NCG and biochar are used in the
pyrolysis plant as an energy source to operate the pyrolysis
plant. Therefore, the net product from this plant is only
pyrolysis oil, which is assumed to be sold to different power
plants as a substituted energy source.
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Figure 6: Pyrolysis oil price versus pyrolysis plant capacity.

From Figure 6, the pyrolysis oil price decreases, while the
pyrolysis plant size increases.The price of pyrolysis oil is $1.45
per gal at a capacity of 100 tons per day, while pyrolysis oil
price reduces to $1.20 per gal at a capacity of 5000 tons per
day.

4.5. Electricity Produced by Pyrolysis Oil in Different Power
Plants. In order to produce electricity from switchgrass, we
considered four life cycle stages: (1) switchgrass cultivation
and harvesting; (2) transportation and storage; (3) pyrolysis
production and transportation; (4) electric generator. There
are four kinds of power plants: (a) diesel engine power plant;
(b) natural-gas-fired combustion turbine power plant; (c)
coal-fired steam-cycle power plant; and (d) oil-fired steam-
cycle power plant. The Natural-gas-fired combustion turbine
power plant is the most efficient plant having an efficiency
of 42%, while the diesel engine power plant is the lowest
efficiency at 32.4%. The coal-fired steam-cycle power plant
and oil-fired steam cycle power plant have an efficiency of
33% and 34%, respectively.

From Figure 7, it can be concluded that the natural-gas-
fired combustion turbine will produce a higher amount of
electricity (11.44Mw) than the diesel engine (8.83Mw), when
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Figure 7: Electricity produced by different power plants varies with
pyrolysis plant capacity.

both are supplied with equal amounts of pyrolysis oil from
a plant of capacity 100 tons per day. At a plant capacity of
5000 tons per day, the natural-gas-fired combustion turbine
produces 572.13Mw, while the diesel engine could produce
441.36Mw. With 572.13Mw of electricity or 5011.86 million
kilowatt-hours, it can provide enough electricity for all the
state of Hawaii requirement. From the report of the U.S.
Energy Information Administration in 2012 [58], Hawaii
consumed 4723 million kilowatt-hours.

From Figure 8, it can be concluded that because the
natural-gas-fired combustion turbine is the most efficient
power plant compared with others, it produces the cheapest
electricity. The pyrolysis plant capacity of 100 tons of switch-
grass can supply the natural-gas-fired combustion turbine
to produce electricity at a price of $0.15 per kwh. The price
could drop to $0.12 per kwh with the pyrolysis plant at a
capacity of 5000 tons per day. The highest electric price
was produced by the coal-fired steam cycle since the capital
cost and maintenance cost are the highest. The electric cost
was $0.20 per kwh for the pyrolysis plant at capacity of 100
tons per day. The price could drop to $0.17 per kwh for the
pyrolysis plant at capacity of 5000 tons per day. From the
U.S. Energy Information Administration [59], the average
electricity cost in the United States in 2011 was $0.10 per kwh.
From the analysis, the cost of electricity from combustion of
biooil is higher than the normal average electricity cost in the
United States.

4.6. GHG Emission per kwh. The GHG emission per kwh is
shown in Figure 9. Because the average agricultural land in
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Figure 8: Price of electricity in different power plants versus pyroly-
sis plant capacity.

the US is about 44.1% [56] of the entire US land, we assume
that the average percentage of land use to grow switchgrass
is 44.1% (land fraction). The land shape was assumed to be
circular. The total GHG emission per kwh of using pyrolysis
oil from switchgrass is negative because carbon dioxide is
sequestrated into the soil while growing switchgrass. The
value of soil organic compound increasing at the rate of 0.49
ton/acre/year is used for the first two years of establishment
and reseeding case [42] and 1.5 ton/acre/year is used for
mature crop case. The natural-gas-fired combustion turbine
seems to have higher GHG emission per kwh because this
power plant was assumed to have the highest efficiency at
42% while others have efficiency around 32–34%. In order
to calculate GHG emission per kwh, firstly we calculate an
accumulation of GHG emission from starting of seeding year
through the end of switchgrass live cycle at the eleventh year.
Secondly, we average the total GHG emission per kwh, which
is produced during nine years of operation of the power plant.

As demonstrated in Figure 9, because the natural-gas-
fired combustion turbine is the most efficient power plant,
which generated most electricity, its GHG emission per kwh
is the highest. However, all the GHG results are negative
which mean the GHG is adsorbed to the system. Results
from Figure 9 show that the pyrolysis plant capacity almost
has no effect, or only a small increasing effect, on GHG
emission while the capacity gets higher. From the results of
LCA, pyrolysis of switchgrass was totally clean energy which
can reduce the GHG emission.

4.7. Distance from Pyrolysis Plant to Power Plant Effect.
From Figure 10, the price of pyrolysis oil is higher if the
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Figure 10: Dependence of price of pyrolysis oil on distance from
pyrolysis plant to power plant ($/gal).

distance between the pyrolysis plant and the power plant is
larger. However, the pyrolysis oil price varies slightly with
the distance. At zero distance, which meant the pyrolysis
plant and the power plant are at the same location, pyrolysis
oil price is $1.251 per gal. When the distance between the
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Figure 11:Dependence of electric cost on distance between pyrolysis
plant and power plant ($/kwh).

pyrolysis plant and the power plant is 120 km, the pyrolysis
oil price is $1.266 per gal.

In Figure 11, the distance from the pyrolysis plant and the
power plant had a minor effect on the electricity cost. The
type of power plant is the determining factor for decreasing
electricity cost.The natural gas turbine power plant produces
the cheapest electricity. At zero distance, the electricity cost
was 12.83 cent per kwh. At 120 km, the electricity cost is
12.97 cent per kwh.Themost expensive electricity cost comes
from substituting pyrolysis oil into the coal-fired steam-cycle
power plant. At zero distance, the electricity cost is 17.26 cent
per kwh. At 120 km, the electricity cost increases to 17.44 cent
per kwh. At these electricity costs, substituting pyrolysis oil
in the power plant is not competitively priced compared to
fossil fuel.

From Figure 12, the distance between the pyrolysis plant
and the power plant has a minor effect on GHG emission per
kwh.The type of power plant has affected GHG emission per
kwhmore so than the distance. All of the power plants, which
used pyrolysis oil substituted for fossil fuel, had negative
GHG emission. The most negative GHG emission per kwh
comes from the diesel engine power plant. At zero distance,
the GHG emission per kwh of the diesel engine power plant
is −0.6251 kgCO

2
eq./kwh. At 120 km, the GHG emission

per kwh is −0.6312. The natural gas turbine power plant
has less negative GHG emission compared to other power
plants. At zero distance, the GHG emission per kwh is
−0.4869 kgCO

2
eq. per kwh. At 120 km, the GHG emission

per kwh is −0.4822 kgCO
2
eq. per kwh.
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4.8. Land Fraction and Field Shape Effect. In this study, the
land fraction and field shape effect has been analyzed. The
land fraction and field shape have an effect on switchgrass
price, pyrolysis oil price, electricity cost, and GHG emission
per kwh. The field was divided into numbered sectors to
complete a circle (𝑛). The 𝑛 = 1 represented a complete
circles-like shape. The 𝑛 = 10 to 16 represented the long,
narrow shapes of the divided sectors.

4.8.1. Land Fraction and Field Shape Effect on Switchgrass
Price. From Figure 13, the land fraction used for switchgrass

0246810121416
0
2
4
6
8

10

 Number of sectors 
to complete a circle

Pr
ic

e o
f p

yr
ol

ys
is 

   
   

oi
l (

$/
ga

l)

100 tons of switchgrass/day
1000 tons of switchgrass/day
5000 tons of switchgrass/day

0

0.80.60.40.2

1

Land fraction donated 

        to switchgrass

12

Figure 14: Dependency of pyrolysis oil price on land fraction and
field shape.

and the number of sectors to complete a circle affect switch-
grass price. The capacity of the pyrolysis plant has a small
effect compared to the land fraction used for switchgrass.
The capacity of the pyrolysis plant at 1000 tons per day is
chosen as a representative of this calculation. If all the land
is used for switchgrass (100%) and the field shape is circular,
the switchgrass price can reduce to $53.48 per ton. From this
information, the most important parameter is land fraction
used for switchgrass. The switchgrass should be grown in an
isolated empty field, separated from other plant species. This
can lower the price of switchgrass.

4.8.2. Land Fraction and Field Shape Effect to Pyrolysis Price.
From Figure 14, the land fraction used for switchgrass and
number of sectors to complete a circle affect pyrolysis price.
The capacity of the pyrolysis plant has some effects on the
pyrolysis oil price. If pyrolysis plant capacity is 5,000 tons per
day, pyrolysis oil price can be as low as $0.734 per gallon if
the land fraction used for switchgrass is 1 and the number of
sectors to complete a circle which is 1.

4.8.3. Land Fraction and Field Shape Effect Electricity Cost. In
Figures 15, 16, 17, and 18, the land fraction utilized to grow
switchgrass and the number of sectors to complete a circle
affect pyrolysis price. The capacity of pyrolysis plant also has
an effect on the pyrolysis price.

The coal-fired steam-cycle power plant produces themost
expensive electricity cost per kwh. If pyrolysis plant capacity
is 5000 tons per day, the electricity cost will be dropped to
$0.102 per kwh, when the entire land area is utilized to grow
switchgrass (land fraction = 1) and the field shape is circular
(𝑛 = 1).

The natural gas turbine power plant produces the cheap-
est electricity cost per kwh. If pyrolysis plant capacity is 5000
tons per day, the electricity cost will be dropped to $0.077 per
kwh, when the entire land area is utilized to grow switchgrass
(land fraction = 1) and the field is circular (𝑛 = 1).

The oil-fired steam-cycle power plant produces a cheaper
electricity cost than the diesel engine power plant. Based on
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engine power plant varies with land fraction and land shape.
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Figure 16: Electricity price for substituting pyrolysis oil in natural
gas turbine power plant varies with land fraction and land shape.

this analysis, the natural gas turbine power plant is the most
promising plant to utilize pyrolysis oil since it produces the
cheapest electricity cost. The electricity cost at 7.70 cent per
kwh is preferable since it is a competitive cost to conventional
energy resources. According to the U.S. Energy Information
Administration [59], the average electricity cost in the United
States in 2011 was $0.10 per kwh. The electricity cost at
7.70 cent per kwh can be obtained only if the entire field
is utilized to grow switchgrass. However, it is impossible to
fill such a huge area (441880Ha) with a sea of switchgrass.
The efficientmanagement of growing, transportation, storage
and pyrolysis, and choosing a suitable power plant are all
required in order to make switchgrass energy sustainable and
competitive with conventional energy sources.
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Figure 17: Electricity price for substituting pyrolysis oil in oil-fired
steam-cycle power plant varies with land fraction and land shape.
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Figure 18: Electricity price for substituting pyrolysis oil in coal-fired
steam-cycle power plant varies with land fraction and land shape.

4.8.4. Land Fraction and Field Shape Effect on the Total GHG
Emission. Figures 19, 20, 21, and 22 show the GHG emission
per kwh. The land fraction used for switchgrass, number of
sectors to complete a circle, and type of power plant have
effects on the GHG emission. The pyrolysis plant capacity
has a small effect on the GHG emission. In Figures 19 to
22, four power plants are shown. Operating all of the power
plants with pyrolysis oil from switchgrass has negative GHG
emissions. The most negative GHG emission per kwh comes
from the diesel engine power plant. The least negative GHG
emission per kwh comes from the natural gas turbine power
plant.

For the diesel engine power plant, if all the land is used to
grow switchgrass (land fraction = 1) and the field is circular
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Figure 19: Total emission of switchgrass pyrolysis oil substituting in
diesel engine power plant varies with land fraction and field shape.
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Figure 20: Total emission of switchgrass pyrolysis oil substituting
in natural gas turbine power plant varies with land fraction and field
shape.

(𝑛 = 1), the GHG emission is −1.4321 kgCO
2
eq. per kwh—

the lowest GHG emission.
For the natural gas turbine power plant, if all the land is

used to grow switchgrass (land fraction = 1) and the field is
circular (𝑛 = 1), the GHG emission is −1.1037 kgCO

2
eq. per

kwh.
In this study, the land fraction used for switchgrass was

the most important parameter for reducing GHG emissions.
Comparing the GHG emission of pyrolysis oil from switch-
grass to that of conventional fossil fuels (reported in Table 14),
the GHG emission from pyrolysis oil was desired. All of the
power plants that used pyrolysis oil from switchgrass were
environmentally friendly since total GHG emission from the
process was negative. Based on this analysis, the switchgrass
field adsorbed more GHG than was emitted from other
processes.

5. Conclusion

This study is based on biooil produced through fast pyrolysis.
The switchgrass was grown in fields of different shapes and
land fractions. life cycle assessment analysis and Life cycle
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Figure 21: Total emission of switchgrass pyrolysis oil substituting in
oil-fired steam-cycle power plant varies with land fraction and field
shape.
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Figure 22: Total emission of switchgrass pyrolysis oil substituting
in coal-fired steam-cycle power plant varies with land fraction and
field shape.

Table 14: Life cycle assessment of greenhouse gas emissions
(kt eq. CO2 per Twh) [47].

Low emission rate
kt CO2 eq. per TWh

Diesel engine power plant 649
Natural gas turbine power plant 422
Oil-fired steam-cycle power plant 841
Coal-fired steam-cycle power plant 941

cost analysis were performed on a system which consisted
of cultivating and harvesting, transportation and storage,
pyrolysis, transportation, and power generation. The GHG
emission from the system was negative. Based on life cycle
assessment, the power generation using pyrolysis oil is envi-
ronmentally friendly since it reduces GHG emissions. On the
other hand, life cycle cost analysis reveals that the electricity
cost per kwh is higher than the conventional technology
which uses fossil fuels. However, based on the analysis, the
electricity cost from pyrolysis oil could be competitive if
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we can utilize the system with the cheapest scenarios. A
circular field entirely filled with switchgrass is optimal for
reducing electricity cost because of lower cost of cultivation,
harvesting, and transport. A circular field with a pyrolysis
plant capacity of 5000 tons per day using the natural gas
turbine power plant could have an electricity cost as low as
7.70 cent/kwh. However, power generation from switchgrass
requires a huge amount of land. We assumed that the land
fraction utilized to grow switchgrass is the same as the average
agriculture land fraction in the USA, which is 44.1%. In order
to provide enough switchgrass for a pyrolysis plant capacity
of 5000 tons per day, a large land area size of 1706.11 square
miles, which is even bigger than Rhode Island, is required. In
the future, when carbon credit is fully utilized, pyrolysis oil
could be more competitive for the benefit of carbon credit.
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An Advanced Oxidation Process (AOPs) was carried out in this study with the use of immobilized ZnO and solar/UV as an energy
source to degrade dairy wastewater. The semibatch reactor system consisted of metal plate of 800 × 250mm and a glass tank. The
reaction timewas of 3 h for 3 L of dairy wastewater. Experiments were performed based on a surface responsemethodology in order
to optimize the photocatalytic process. Degradation was measured in percentage terms by total organic carbon (TOC). The entry
variables were ZnO coating thickness and pH, using three levels of each variable.The optimized results showed a TOC degradation
of 31.7%. Optimal parameters were metal-plate coating of 100𝜇m of ZnO and pH of 8.0. Since solar/UV is a constant and free
energy source in most tropical countries, this process tends to suggest an interesting contribution in dairy wastewater treatment,
especially as a pretreatment and the optimal conditions to guarantee a better efficiency of the process.

1. Introduction

The use of ZnO as a semiconductor was studied for possible
application in a photo-excitation-initiated degradation of the
catalyst followed by the formation of a surface bandgap (see
(1)). The oxidation potential (hVB

+) permits the formation
of active intermediates by the direct oxidation of an organic
matter (see (2)). Many reactive hydroxyl radicals can be
formed either by decomposition of water or by a bandgap
reaction with OH− (see (3) and (4)). The Hydroxyl radical
is a powerful nonselective oxidation agent leading to organic
pollutants degradation [1–3]. Consider that

ZnO + ℎ] → ZnO (eCB
−
+ hVB

+
) (1)

hVB
+
+ organic matter−

→ oxidation products (intermediates)
(2)

hVB
+
+H
2
O → H+ + ∙OH (3)

hVB
+
+OH− → ∙OH (4)

The methodologies used in the design of experiments
allow a similar result as the one obtained from conventional
experiments with the advantage of the use of fewer exper-
iments. Thus, a good design of experiments can provide
sufficient results for an effective statistical analysis [4]. In
order to obtain the optimized variables for the study of
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Figure 1: Schematic diagram of the solar reactor with ZnO photo-
catalyst based on [8].

dairy wastewater photocatalytic treatment, a surface response
methodology was employed.

Dairy wastewater does not generally contain inherently
toxic chemical substances, but it is composed of dissolved
organic compounds that are not easily degradable by bio-
logical treatment without a prior treatment. In fact, this
limitation affects the efficiency of the treatment through pH
(depending on the type of dairy), overload of the system, and
sludge volume. Moreover, dairy wastewater also produces an
unpleasant odor and consists of a liquid with a significant
color if the organic load is high enough [5–7].

2. Materials and Methodology

2.1. Sampling and Conservation. The dairy wastewater sam-
ples used in this work were generously provided by Cooper-
ativa de Laticınios de Guaratingueta, state of Sao Paulo, and
refrigerated at 4∘C while stored.

2.2. Preparation of the ZnO Coating and Experiment Proce-
dures. The immobilization of ZnO particles was carried out
by the application of a coating containing the photocatalyst
[8] by DuPont do Brasil S.A., in Guarulhos, Sao Paulo. Two
identical 800 × 250mm stainless steel plates with an area
of 200 cm2 were used each with a different thickness (50
and 100 𝜇m). The coating containing ZnO was diluted until
obtaining a sliding viscosity as described in [8]. Difference
in thickness was obtained by applying an extra layer of the
prepared ZnO paint to the 100𝜇m plate.

The entire system was placed in a wooden structure that
positioned the metal plate at 23∘ in relation to the Earth’s
equatorial plane (Figure 1).

This angular position corresponds to the 23∘ south
latitude in order to enhance irradiation. The solar reactor
was then placed to receive the solar UV responsible for the
photoexcitation of ZnO particles. Solar/UV was monitored

Table 1: Variables and levels based on the Surface response
methodology (15 runs with replication) for the dairy wastewater
photocatalytic process.

Control variables Level −1 Level 0 Level 1
pH 6.0 8.0 10.0
ZnO coating thickness (𝜇m) 0 50 100

by Radiometer ILT1400-A. Figure 2 shows the scheme of UV-
induced degradation, when a semiconductor as ZnO is used.

The preparation of samples was carried out according to
the surface response methodology designed for this study,
and experiments were conducted as in [10] without the blank
procedure.

2.3. Surface Response Methodology for the Dairy Wastewater
of This Study. A design was developed using a surface
response methodology with a central point as shown in
Table 1. Response was measured in TOC percentage terms.
Experiments were conducted in pairs at the same time except
those with central levels that were conducted one at a time.
The advantage of using a surface response methodology
is that it is able to analyze three levels instead of two as
it happens to other designs of experiments. The surface
responsemethodology consisted of 2 factors in duplicate with
the base run of 15, a total of 30 experiments.

2.4. Surface Response Matrix Procedure. According to Table 1
for the central point, sample was adjusted to pH 8.0 with
the addition of NaOH 5mol⋅L−1. A metal plate with ZnO
coating thickness of 50𝜇m was used in the solar reactor.
The first sample was collected before the beginning of the
experiment. The last sample was collected after 3 h. pH con-
trol was constant either by addition of H

2
SO
4
or NaOH. The

procedure for the other experiments was analogous to the one
described previously and performed randomly to guarantee
the statistical significance of the experiments and avoid any
bias. The efficiency of the process was evaluated in terms of
TOC effective percentage degradation. TOC determinations
were carried out in a Shimadzu Model TOC-VCPH analyzer
using catalytic oxidation in high temperatures and CO

2

determination by infrared spectroscopy.

3. Results and Discussion

3.1. Characterization of the Dairy Wastewater. Table 2 shows
the physical-chemical results obtained for the dairy wastew-
ater before and after the photocatalytic process using immo-
bilized ZnO and Solar/UV.

BOD, chloride, phosphorous, ammonia, TOC, and tur-
bidity showed a reduction range of 20–35%.While the param-
eters color, oils, and total solids showed a more expressive
reduction with the range of 45–63%.

The presence of chloride in the dairy wastewater samples
is mainly because chloride is present in the cleaning steps of
reactors in the dairy industry. Its removal is then expressive
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Figure 2: Schematic illustration of the UV-induced degradation of organic pollutants by semiconductors [9].

Table 2: Physical-chemical results for dairy effluent before and after
AOP treatment.

Parameters Results Percentage
𝑖𝑛 𝑛𝑎𝑡𝑢𝑟𝑎 After AOP

BOD5 (mg L−1) 2218.7 1775 20
Chloride (mg L−1) 793.5 526 33.7
Color (Pt Co) 6523.5 3260 50
N-NH3 (mg L−1) 158.4 126.7 20
Oil and grease (mg L−1) 2002.1 750 62.5
Phosphorus (mg L−1) 208.5 156.4 25
TOC (mg L−1) 1010 690 31.7
Total solids (mg L−1) 10720 5886 45
Turbidity (NTU) 2786 1894 32
Zinc (mg L−1) 5.0 5.0 —

and could improve the biodegradability of the wastewater in
a biological system.

The analysis of zinc before and after the treatment serves
to verify the concentration of zinc as the process proceeds and
shows the durability of the coated plate. No further studies
were made to the coating plate in terms of longevity of the
ZnO on the plate nor were biological studies conducted to
verify the growth of any type of bacteria on the surface of the
plate.

The results obtained indicate that the process is signifi-
cantly more effective for the removal of color, oils, and solids.
Thus, indications in this study show this process to be a valid
pretreatment.

3.2. Optimization of the Photocatalytic Process by Using the
Surface Response Methodology. Experiments were analyzed
in terms of TOC effective percentage degradation as shown
in Table 3.

Thus, the highest percentage of TOC degradation was of
31.6% for a ZnO coating thickness of 50𝜇m and a pH of 8.0,
corresponding to the central point of the matrix.

It is possible to visualize the optimized parameters when
using a surface response methodology through a 3D graph.
This is shown in Figure 3.

As it can be seen in Figure 3 (acquired by the software
Minitab v. 15), surface maximum peak leans towards pH 8.0

Table 3: Surface response methodology matrix using 2 factors and
15 runs in duplicate and TOC effective percentage degradation of the
dairy effluent after the AOP treatment.

Experiments pH Thickness
(𝜇m)

TOC effective
percentage degradation

1 8.0 50 31.6
2 10.0 100 5.4
3 6.0 100 5.7
4 6.0 0 7.9
5 10.0 0 13.6
6 10.0 0 6.8
7 6.0 100 9.3
8 6.0 0 1.3
9 8.0 50 31.5
10 10.0 100 10.6
11 6.0 100 4.6
12 6.0 0 0.5
13 10.0 0 11.7
14 10.0 100 7.5
15 6.0 0 7.2
16 10.0 100 13.6
17 10.0 0 6.6
18 8.0 50 26.4
19 8.0 50 28.7
20 6.0 100 5.4
21 10.0 100 10.5
22 8.0 50 26.6
23 6.0 100 6.1
24 6.0 0 2.4
25 6.0 100 7.1
26 8.0 50 25.9
27 10.0 100 13.9
28 10.0 0 4.4
29 10.0 0 7.5
30 6.0 0 4.4

as its optimal variable. In terms of thickness, Figure 2 shows
an increase as thickness is raised. Thus, a coating of 100𝜇m
seems to perform better results than a coating of 50 𝜇m.This
difference, however, is not as expressive as it is shown for pH.
This can be due to the relative small difference in thickness
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Figure 3: Surface Response graph in terms of TOC percentage
removal by ZnO coating thickness and pH.

Table 4: ANOVA of surface response methodology for the photo-
catalytic process of dairy wastewater.

Coefficient SE Coefficient 𝑡-value 𝑃 value
Constant 29.597 1.377 21.490 0.000
pH 1.798 0.746 2.409 0.025
ZnO coating thickness 1.283 0.746 1.719 0.100
pH ∗ pH −22.639 1.567 −14.452 0.000
pH ∗ thickness 0.072 0.746 0.097 0.924
Where: S = 3.37352, Rsq. = 91.08%, Rsq.adj. = 89.45%, Rsq.pred. = 86.73%.

between both metal plates.The ANOVA of this methodology
is shown in Table 4.

Themodel of this study can express 91% of TOC percent-
age degradation. Predicted value was 86.7% that corresponds
to a difference of 5% from the model. The adjusted value was
89.5%, and therefore it shows a difference of 1.8% from the
model value. Thus, values were not parameterized, and the
data included are significant.

Results showed that pH was significant (𝑃 < 0.05), ZnO
coating thickness was less significant in the process (𝑃 = 0.1),
and the interaction of both variables was not significant (𝑃 =
0.93).

After statistical analysis, the optimal conditions for the
AOP using ZnO photoirradiated are pH 8.0, a value that was
mentioned in [11], and ZnO coating thickness higher than
100 𝜇m.

A new experiment was conducted with the optimized
parameters from this study and the ones found in [10], that
is, pH of 8.0, ZnO coating thickness of 100 𝜇m, reaction time
of 3 h, effluent concentration in natura, average radiation of
584.0𝜇W/cm2, reaction temperature of 31∘C, and average
evaporation rate of 0.17 L/h. The TOC percentage removal
was of 32% as obtained by [8, 12, 13], though the authors
employed TiO

2
with lower organic load.

Something that must be taken into consideration is the
cost of the process for 1 h of reaction. For this experiment,
the cost of reagents is not high since there is only pH
control during the whole process. pH values, however, tend
to remain constant during the process once it is adjusted at
the beginning of the process.

The energy source chosen for this study requires sun
exposition only, preventing the use of lamps and hence
minimizing the energy consumption of lamps.

There is no water consumption during the process
because the effluent is directly treated; that is, no dilutions
are required for the effluent of 1010mg⋅L−1 in this study.

4. Conclusion

Optimal values of the variables were pH 8.0 and a ZnO
coating thickness plate of 100𝜇m. When optimized, an
effective TOC degradation of 31.7% was obtained.

Since solar/UV is a constant and free energy source in
most tropical countries, this process suggests an elevated
potential contribution to dairy wastewater treatment, espe-
cially as a pretreatment.

Subsequent studies may explore and enhance solar/UV
collecting and diminished vaporization. Results from this
study show that the photocatalytic degradation contributes
to the organic load removal of effluents, and studies related
to economic viability may expand the process.

In addition, nanometric ZnO can be used not only
for dairy wastewater treatment but also for other types of
industrial wastewater even to a scale-up level. There was 50%
of color removal in the dairy effluent, which can also be used
in the treatment of dye industry effluents.

The AOP using ZnO photoirradiated can be associated
with membranes and be an instrument in H

2
O treatment

for industries’ own water reuse, especially those like dairy
industries in which water consumption is extremely high.
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An experiment of hydrogen preparation from steam-carbon reaction catalyzed by K
2
CO
3
was carried out at 700∘C, which was

driven by the solar reaction system simulated with Xenon lamp. It can be found that the rate of reaction with catalyst is 10 times
more than that without catalyst. However, for the catalytic reaction, there is no obvious change for the rate of hydrogen generation
with catalyst content range from 10% to 20%. Besides, the conversion efficiency of solar energy to chemical energy ismore than 13.1%
over that by photovoltaic-electrolysis route. An analysis to the mechanism of catalytic steam-carbon reaction with K

2
CO
3
is given,

and an explanation to the nonbalanced [H
2
]/[CO + 2CO

2
] is presented, which is a phenomenon usually observed in experiment.

1. Introduction

Hydrogen is an important energy material to fuel cell and
various chemicals such as methanol, dimethyl ether, and
synthetic gasoline. The traditional way to obtain hydrogen is
to decompose the methane and water, which consumes a lot
of other powers such as electricity. Therefore, the technical
improvements to make hydrogen generation a cost-effective
reality have become challenging subjects.

The sunlight is an inexhaustible and cost-free source of
energy. The direct use of solar energy to obtain hydrogen
is the most desirable way that has drawn wide attention
from energy scientists all over the world [1–4]. There
were three ways in the past decades to produce hydro-
gen by solar energy: photovoltaic-electrolysis (PVE), photo-
electrochemistry (PEC), and photo-thermochemistry (PTC).
PVE makes use of solar cell to drive electrolysis of water,
which is a way to directly convert solar energy into chemical
energy [5]. Since the water electrolysis has been a mature
technology, PVE process is maturer than the other two solar-
to-hydrogen processes currently. The PEC makes use of
electrochemical reactions [6–8] driven by quantum effects
of photoirradiation on semiconductor metal oxide (SMO)
catalytic anode which is connected to an external circuit. On

the base of optical excitation, the excited electrons on SMO
are removed from the anode to cathode through external
circuit.The four holes were left in the catalytic anode of SMO,
where the water can be split as follows.

2H
2
O → O

2
+ 4H+ + 4𝑒 𝐸 = 0.82V at pH = 7. (1)

At cathode the H+ is reduced:

2H+ + 2𝑒 → H
2
𝐸 = 0.41V at pH = 7, (2)

where 𝐸 is the reduction potential. The production of hydro-
gen by PTC uses concentrated solar radiation as the energy
source to drive cycle redox reaction at more than 1500K [9–
11], such as the pyrogenation of ZnO solar

→ Zn + (1/2)O
2
and

the oxidation of Zn +H
2
O → H

2
+ ZnO by turn.

The energy conversion efficiency (ECE) of solar-to-
hydrogen is defined as [6]

𝜂solar-fuel =
Δ𝐻

𝑄solar
, (3)

where 𝑄solar is the solar energy input (in kJ) and Δ𝐻 is
the high heating value (HHV) of the fuel produced. The
ECE of solar-to-hydrogen by PVE is about 10%, which is
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Figure 1: Schematic of the main part in experiment.

determined by the efficiencies of solar-to-electricity (17%)
and the water electrolysis (60%). For photo-electrochemistry,
the ECE is determined by the photon energy level in which
the electron in catalytic anode is pumped from a donor to
an acceptor. The quantum effects to excite electron result
in a poor utilization of the solar spectrum and low solar
energy conversion efficiency (less than 2%). In conclusion,
the hydrogen production from solar thermochemical cycles
is the most desirable path, but the products Zn(g) and O

2

must be quickly quenched at high temperature to avoid their
recombination, which inevitably bring the heat loss and result
in ECE lower than 10% in experimental operations.

In fact, there are more simple ways to produce hydrogen
by solar energy, for example, the endothermic reactions of

CH
4
+ CO
2
→ 2CO + 2H

2
Δ𝐻
298K = 247 kJ/mol (4)

C +H
2
O → CO +H

2
Δ𝐻
298K = 119 kJ/mol. (5)

These reactions can be achieved at temperature about 700∘C
by catalyst, which ismore easily carried outwith concentrated
solar reactor. Wörner and Tamme [12], Kodama et al. [13],
and Berman et al. [14] had achieved many encouraging
progresses in the carbon dioxide reforming of methane
driven by concentrated solar. They had obtained the solar-
hydrogen ECE of 45% on MW levels of solar concentrator
with efficiency of solar to heat by 85%.

In this study, the hydrogen was prepared by catalytic
steam-carbon reaction at 700∘C, which was driven by a
concentrated solar reactor. The generation rate of hydrogen
has been investigated with different contents of potassium
carbonate. A special attention was paid to the impact of
catalyst content and the reaction mechanism onto the energy
conversion efficiency over the process.

2. Experimental

2.1. Preparation of Feedstock. The feedstock was prepared
with equivalent-volume impregnation method. The pre-
weighed potassium carbonate was dissolved with deionized
water to obtain the impregnation solution; then the pre-
weighed granular activated carbon with the size of 20∼
40meshes (0.38mm∼0.83mm) was then impregnated in the
configured solution for four hours. After that, it was tran-
spired by water bath at 80∘C and then dried at 110∘C for

more than ten hours to thoroughly remove the moisture. A
series of feedstock was prepared with potassium carbonate
contents of 0%, 10%, 15%, and 20% in weight. The phase and
morphology of the typical feedstock were characterized by
X-ray diffraction (XRD, Dandong, China, Cu/K𝛼 radiation,
voltage: 40 kV, current: 25mA; scanning rate: 2∘/min; scan
range: 2𝜃 = 30∘∼80∘) and transmission electron microscopy
(Tecnai G2 F20 S-TWIN, USA, voltage: 200KV).

2.2. Experimental Arrangement. Figure 1 shows themain part
of the experimental facility; it consists of the simulated solar
concentrator and the reactor.The reactor included a tundish-
like reaction bed in diameter of 40mm, where the feedstock
was filled. Temperature in reaction bed was monitored by
a thermocouple. The solar concentrator was simulated by
focusing Xe-lamp irradiation. The facular diameter at reac-
tion bed was about 3 cm. The energy flux onto the reaction
bedwasmeasured by LJ-II laser powermeter (Chinese testing
technology research institution). Changing the input power
of Xenon lamp could adjust the value of energy flux. The
typical average energy flux of 120.1 KW/m2 could be obtained
with the Xenon lamp powered 1000W, at which the reaction
bed temperature was about 700∘C for experiments.

Figure 2 is the flow chart of the experiment. After argon
of 60mL/min purged the air in reaction bed filled with
feedstock, heating the temperature of reactor to 700∘C. Then
the micropump was turned on, and the water was fed into
steam generator. The steam carried by argon of 60mL/min
was fed into reaction bed, where the steam-carbon reaction
took place. The exiting gases through washing, condensa-
tion, and drying were then analyzed by gas chromatograph
(GC7900, using TDX-01 packed column 3mm × 2mm and
TCD detector). The gas flow was measured by a bubo soap-
film flowmeter.

Each experiment with different potassium carbonate was
carried out at the same conditions: temperature of 700∘C,
water rate of 0.27mL/min, feedstock of 1.2 g, and reaction
time of 45 minutes.

2.3. Data Treatment. Themain reaction of steam with active
carbon is

C +H
2
O → CO +H

2
Δ𝐻
298K = 119 kJ/mol, (6)
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and the incidental reactions are

CO +H
2
O → CO

2
+H
2
Δ𝐻
298K = −42 kJ/mol (7)

C + CO
2
→ 2CO Δ𝐻

298K = 162 kJ/mol. (8)

The conversion rate of carbon was defined as

𝑋 (C) =
(𝑁CO + 𝑁CO

2

)

𝑁C.in
× 100%, (9)

where𝑁CO and𝑁CO
2

are the releasing cumulants (in moles)
of CO and CO

2
with reaction process, respectively, and the

𝑁C.in is the primary moles of activated carbon. To estimate
the efficiency of optical energy served in chemical energy,
according to reference [6], the energy conversion efficiency
of the present process is redefined as

𝜂 =
∑𝐻
𝑖

out − ∑𝐻
𝑖

in
𝜌 ⋅ 𝑆 ⋅ 𝑡

, (10)

where𝐻𝑖out,𝐻
𝑖

in are the high heating values (HHVs) of the fuel
produced and exhausted in reaction process, respectively; 𝜌
the average energy flux at catalysis bed; 𝑆 the facular area; 𝑡,
the reaction time.

3. Results and Discussion

3.1. Performance of Steam-Carbon Reactions with Different
Catalyst Contents. In order to evaluate the catalytic perfor-
mance of potassium carbonate in steam-carbon reaction, the
experiments with different catalyst contents of 0, 10%, 15%,
and 20% were carried out; the results are shown in Figure 3.

It can be found that there is an obvious difference
between noncatalytic steam-carbon reaction and catalytic
reaction. In the initial stage, the generation rate of hydrogen
and carbon monoxide is about ten times to that without
potassium carbonate, but there is less difference among that
with potassium carbonate contents of 10%, 15%, and 20%.
Similar results were also found in steam gasification of coal
char catalyzed with K

2
CO
3
by Wang et al. [15], where, at

catalyst loading lower than 7.5%, the gasification was slow
even with prolonged gasification time. Both observations are
in agreement with that the catalyst is activated in steam-
carbon reaction only when the initial potassium carbonate
loading is larger than a threshold value, above which the
catalytic activity is obvious, but less difference in its content

larger than 10% [16]. The changes of generation rates with
time can be explained by the model of core shrinkage. In
the initial stage of reaction, the surface of solid reactant is
bigger than that in the later stage because of the carbon
exhausted.There are moremolecular contacts between steam
and carbon, which leads to more reactions.

By Figures 3(b) and 3(c), though the generation rate of
CO
2
takes on the trend of initial increase and then decrease,

the ratio of CO
2
/CO increases throughout the reaction pro-

cess. This can be understood with the competition between
(7) and (8). It can be conjectured that (7) is a gaseous volume
reaction, in which the reaction possibility is constant; while
(8) is a surface reaction on carbon, its reaction possibility is
impacted by the surface of solid reactant. In the initial stage,
there is more carbon existent; it makes reaction (8) consume
CO
2
and the reaction possibility of (8) become less and less

in the later stage of reaction because of the carbon exhausted.
It is worth noticing the ratio of [H

2
]/[CO + 2CO

2
] from

experimental results. Assuming that all H
2
is generated via

reactions (6) and (7), the ratio would be equal to 1.The actual
ratio estimated in Figure 3 is somewhat greater than 1 in the
initial 20 minutes, only in the middle stage is matching in
the estimation, and then below the estimation in the last
stage. However, the average [H

2
]/[CO + 2CO

2
] ratios are

close to the estimation as reported by [15].The reason for this
observation will be discussed in Section 3.3.

Figures 4(a) and 4(b) show the carbon conversion and
hydrogen yield calculated by cumulant with time over the
reaction process, respectively. Figure 4(c) is the energy con-
version efficiency calculated by (10). At the initial stage, the
ECE is 27.6%. With time passing, the carbon exhausted and
the reaction rate decreased, the ECE reached and 13.1% in the
end of experiments. However, it is still larger than 10.89% by
photovoltaic-electrolysis method.

3.2. TEM and XRD Analysis of Reactants. The TEM and
XRD results were shown in Figures 5 and 6, respectively.
The dark part in Figure 5 is regarded as K

2
CO
3
crystalloid,

which was randomly distributed in or on the active carbon
clusters. Because the active carbon is amorphous, only the
characteristic diffraction of K

2
CO
3
can be detected with the

samples before and after reactions. It proves the K
2
CO
3
acts

as a catalyst in experiments.

3.3. Mechanism of Steam-Carbon Reaction Catalytic by
K
2
CO
3
. Moulijn and Kapteijn [17] have presented a theory
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Figure 3:The generation rate versus time in experiments with different catalyst contents. (a) Hydrogen, (b) carbonmonoxide, and (c) carbon
dioxide.

to describe themechanism of noncatalytic gasification of car-
bon. They considered that there were some chemically active
sites formed by the lacunas or unsaturated carbon chains
on carbon surface, which had ability to adsorb oxygenic
atoms. In the steam-carbon reaction, the H

2
Omolecular was

adsorbed by those active sites to form Cr(O) intermediates
and release H

2
. Then the Cr(O) intermediates ran away from

solid carbon by their thermal motion at high temperature,
and a newborn site was left. The process can be expressed as
follows:

Cr +H2O → Cr (O) +H2 (11)

Cr (O) + C → CO + Cr. (12)

The calculation of quantum mechanics by Wjgmans et
al. [18] should told that there would be formed C–O–M
clusters when alkali metals oxides (AMO) were soaked on
carbon surface by the function of AMO attracted electron.
The valence electron of carbon atom close to AMO would
tend to AMO and then result in those carbons with positive
electricity to trap chemically oxygenated chemicals to form
Cr(O) intermediates.

Considering from the above, the catalytic reaction of
steam-carbon by K

2
CO
3
can be conjectured. During the

reactor bed at 700∘C, the K
2
CO
3
firstly decomposed intoK

2
O

and CO
2
; K
2
O then functioned according to the route shown

in Figure 7 when steam was added in.
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Figure 4: (a) Carbon conversation; (b) hydrogen production; (c) energy conversation efficiency during reaction.

Therefore, the catalytic process can be expressed as
follows:

K
2
CO
3
+ Cr → K

2
O + CO

2
+ Cr (13)

Cr +H2O
K
2
O
→ Cr (O) +H2 (14)

Cr (O) + C → CO + Cr. (15)
By this way, the catalytic effects of K

2
O on steam-carbon

reaction could be concluded in two aspects: one is to provide
the amount of active sites on carbon surface; another is to
decrease the activated energy to form Cr(O) intermediates.

The steam-carbon gasification is a heterogeneous cat-
alytic reaction. It involves the adsorption, diffusion, reaction,
and desorption on gas-solid surface. In the initial stage, the
bigger precursor surface can provide many active sites. It
makes chemical adsorption for H

2
O molecular at these sites

to release oxygen atoms and H
2
. The Cr(O) intermediates

were formed by these oxygen atoms and left from surface
by their thermal motion. If the reaction temperature is not
high enough, the Cr(O) intermediates could not leave in
time. Therefore, the ratio of [H

2
]/[CO + 2CO

2
] is larger

than 1 in the initial stage. When the Cr(O) intermediates
reached saturation on carbon surface, the ratio is less than
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Figure 5: TEM images of feedstock.
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1 in the latter stage. This can be the reason why the Cr(O)
intermediates run away from surface in the controlling step
of steam-carbon reaction, which was observed in many
experiments.

4. Conclusions

The hydrogen preparation experiment was carried out with
catalytic steam-carbon reaction driven by simulated solar
energy, and the observations in experiments were analyzed.

There is something that can be concluded: with the K
2
CO
3

catalyst, the reaction is achieved at temperature of 700∘C, and
the conversion efficiency of optical energy to chemical energy
is more than 13.1% over that by photovoltaic-electrolysis
route. The catalytic mechanism of steam-carbon reaction
with K

2
CO
3
was that the K

2
CO
3
firstly decomposed into

K
2
O at higher temperature; then the K

2
O−C+ clusters were

formed by the charge center displacement which was caused
by electron interaction between K

2
O and neighboring C

atom. The H
2
O was chemically adsorbed at K

2
O−C+ sites to

form Cr(O) intermediates and released H
2
at the same time,

and the Cr(O) intermediates were broken loose from carbon
chain by their thermal motion; then a newborn site was left.
This cycle repeated itself until the end of reaction.
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The increasing energy demand and reduction in the availability of nonrenewable energy sources, allied with an increase in
public environmental awareness, have stimulated a search for alternative energy sources. The present study was aimed at
producing biomass from the microalga Spirulina platensis and at assessing in situ synthesis of alkyl esters via acid transester-
ification/esterification of biomass to produce biodiesel. Two alcohols (ethanol and methanol) and two cosolvents (hexane and
chloroform) were tested, at different temperatures (30, 45, 60, 75, and 90∘C) and reaction times (10, 20, 30, 60, and 120min).
The factorial analysis of variance detected an interaction between the factors (𝑃 < 0.05): temperature, reaction time, alcohol,
and cosolvent. The best yields were obtained with the combination ethanol and chloroform at 60∘C, after 30min of reaction, and
with hexane at 45∘C, after 10min of reaction. In situ transesterification/esterification of alga biomass to form esters for biodiesel
production adds unconventional dynamics to the use of this feedstock.

1. Introduction

The global concern about future availability of energy comes
fromnational security, economic stability, and environmental
sustainability issues [1, 2]. In this context, the demand for
petroleum derivatives has increased, but the current concern
about reduction in pollution and the energy crisis has
stimulated the global biofuel market. The global economy
keeps increasing and so does the need for clean, renewable
energy sources [3].

In the sector of automotive fuels, the inclusion of renew-
able fuels, such as biodiesel, has several advantages, such as
a reduction in pollution caused by exhaust emissions. Fur-
thermore, biodiesel is an alternative to petroleum and con-
tributes to regional development and social security, mainly
in developing countries [4, 5].

A wide variety of feedstocks are currently used for bio-
diesel production, and microalgae have been considered a
potentially useful and promising biodiesel source, because
they are photosynthesizing organisms very efficient in the
process of converting light into chemical energy [6–8]. In
addition, microalgae stand out for presenting high produc-
tivity, exceeding that of any commercially produced plant in
theworld [9–11].Microalgae have a life cycle of a few days and
they may use CO

2
from polluting companies as an input for

photosynthesis, which helps decrease the emission of green-
house gases; hence, microalgae may contribute significantly
to the global energy matrix [9–11].

Microalgae contain lipids and fatty acids as membrane
components, storage products, metabolites, and energy sou-
rces. Each microalga species produces different proportions
of lipids, carbohydrates, and protein. Algal lipids are typically
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composed of glycerol, sugars or esterified bases, and fatty
acids, which may be saturated or mono/polyunsaturated.
Fatty acids correspond to the highest proportion of lipids, and
in some species, polyunsaturated fatty acids (PUFA) repre-
sent between 25% and 60% of the total lipids [12, 13]. The oil
from microalgae is similar to fish and plant oils.

One of the challenges of usingmicroalgae is the complex-
ity of lipid extraction with organic solvents, whose extract
can be used in the process of transesterification to obtain bio-
diesel [14, 15]. In situ (direct) transesterification has been used
with success to produce biodiesel from materials for which
traditional extraction with solvents is not efficient [15–18].

In situ transesterification/esterification refers to the con-
version of alkyl esters from free fatty acids and triacylglyc-
erides present in biologicalmaterial. In situ transesterification
not only simplifies the production process but also improves
the yield of alkyl esters compared to conventional extraction
[17]. Reactions conducted in thisway are simple and comprise
the addition of one alcohol, one catalyst, and a lipid at
moderate atmospheric pressure and temperature. In these
reactions, the produced esters diffuse into the liquid phase,
from which they can be easily recovered [18].

Biofuels are a viable alternative to fossil fuels and were
consolidated by an intensive search for new feedstock in
the past years. Microalgae biomass is among the feedstocks
considered as promising energy sources. However, con-
sidering the current technological development, biodiesel
production from algae biomass has several disadvantages
in comparison to conventional feedstocks, such as soy [19].
Taking into account the technological development needed
for an efficient and sustainable biofuel production from algae
biomass, it is necessary to develop and control a technological
route for this promising feedstock.

Hence, the present study was aimed at producing biomass
from the microalga Spirulina platensis and at assessing the
synthesis of alkyl esters via in situ acid transesterification/
esterification of the biomass. Two alcohols (ethanol and
methanol) and two cosolvents (hexane and chloroform) were
tested, at different temperatures and reaction times.

2. Material and Methods

2.1. Kinetics of Growth and Recovery of Biomass. The mic-
roalga Spirulina platensis was grown in a standard synthetic
medium (Zarrouk) for this type of microalga [9, 20–22].
Cultivation was carried out in laboratory at controlled tem-
perature (25∘C), in a photoperiod of 24 h and illuminance of
5,000 Lux. The volume ratio of medium:inoculum:water was
1 : 1 : 8 (v/v/v).

The increase in biomass or cell density in the alga culture
was monitored through cell concentration, and a prede-
termined correlation (standard-curve) was used between
biomass and absorbance at 670 nm [12, 23]. Measurements
were taken in a Shimadzu UV-vis 1203 spectrophotometer.
Population growth was calculated as the exponential growth
rate (𝑟), following the equation

𝑟 =
ln (𝑁/𝑁

0
)

Δ𝑡
. (1)

Since microalgae growth in cultures results from the
binary division of mother cells, the increase in the microalga
population was expressed in log base 2. Hence, the growth
rate was converted into duplications per day (𝑘):

𝑘 =
𝑟

ln 2
=
𝑟

0, 6931
. (2)

Biomass productivity (𝑃) was calculated with the formula

𝑃 =
(𝑋
𝑡
− 𝑋
0
)

(𝑡 − 𝑡
0
)
. (3)

Recovery of biomass from the culture was made with the
addition of the cationic flocculant in order to promote the
decantation of biomass, which was then filtered and dried in
an oven at 60∘C for 24 h. The dry biomass was ground and
stored at −8∘C, until being used.

2.2. Determination of the Acidity Index. Two grams of the oil
sample was diluted in 25mL of an ether : alcohol solution at
the volumetric proportion of 2 : 1 (v/v). Next, 2 drops of the
indicator phenolphthalein 1% were added, and the sample
was titrated with a solution of sodium hydroxide 0.01mol L−1
until it turned pink, a coloration that persisted for approxi-
mately 30 s. Hence, the acidity value (mgKOHg−1) was given
by

Acid Value =
𝑉𝑓5.61

𝑚
. (4)

2.3. Fatty Acid Profile of the Oil. Sincemicroalgae oil has high
acidity content, an acid esterification of lipids was made to
determine the fatty acid profile [24]. In a test tube, 100mg
of oil was weighed, and 4mL of NaOH solution in methanol
(0.5 eq L−1) was added. The tube was closed and heated in
water bath until the oil globules were dissolved, and the
solution became transparent. Then, the tube was cooled, and
5mL of the esterifying reagent (methanol) was added. Next,
the tubewas heated again inwater bath, and 4mLof saturated
solution of sodium chloride and 5mL of the solvent (n-
heptane) were added. The tube was stirred for 30 s, and then
it was left to stand for approximately 90min at 10∘C. The
supernatant was used for the analysis of the oil through gas
chromatography.

2.4. Molecular Mass of the Oil. With the formation of the
triglyceride molecule facilitated by the combination of fatty
acid molecules and amolecule of glycerol with the condensa-
tion of three molecules of water, the average molecular mass
of the microalgae oil (MMoil) can be calculated using [25, 26]

MMoil = 3 × (%MMfatty acids) +MMglycerol − 3 ×MMwater.

(5)

2.5. Ester Synthesis via In Situ Transesterification/Esteri-
fication. The synthesis of alkyl esters from the biomass of
the alga Spirulina platensis was performed as proposed by
Lewis et al. [17]. Hence, 20mg of dry biomass was weighed
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Table 1: Productivity, growth rate, and duplications per day in the microalgae culture.

Interval (day) Productivity (mg L−1day−1) 𝑟 (day−1) 𝑘 (day−1)
1-2 35.52 ± 8.57 0.451 0.65
2–4 91.98 ± 2.93 0.703 1.01
4–7 4.91 ± 13.07 0.020 0.03
7–9 67.99 ± 43.71 0.211 0.31
9–11 18.99 ± 11.34 0.046 0.07
11–14 40.41 ± 15.41 0.082 0.12
14–16 48.76 ± 15.87 0.081 0.12

in 10mL stoppered test tubes. Next, 3mL of a solution
containing alcohol, a catalyst (HCl at 37%), and the cosolvent
at the volume ratio of 10 : 1 : 1 (v/v/v) was added to the
tube. The biomass was suspended in the solution through
manual stirring and immediately placed in water bath, at a
predetermined temperature. After the appropriate reaction
time, tube was removed from the water bath and cooled
at ambient temperature in a cold water bath, and 1mL of
deionized water was added to it.

Next, 2mL of a hexane and chloroform mixture at the
proportion 4 : 1 (v/v) was added. After the separation of
phases, the supernatant was collected with another tube.
This process was repeated three times to assure the complete
removal of the esters formed. Then, the solvent was evapo-
rated and the produced esters were diluted in a solution of
hexane and tricosanoic acid methyl ester, used as an internal
pattern (IP).The sample was stored in a freezer at −8∘C, until
being analyzed.

In the study of the in situ reaction, two alcohols were
assessed, ethanol and methanol, and two cosolvents, hexane
and chloroform. Do not miss the reaction was performed at
five temperatures: 30, 45, 60, 75, and 90∘C, and the reaction
times analyzed were 10, 20, 30, 60, and 120min. All reactions
were performed in triplicate.

2.6. Chromatographic Analysis. The esters produced were
determined in a Varian chromatograph, model CP-3800,
using a flame ionization detector (FID) with a capillary
column BP-X70-SGE of 30m × 0.25mm and using helium as
a carrying gas at a split ratio of 1 : 10. The temperatures in the
detector and injector were 220 and 260∘C, respectively. The
initial temperature in the columnwas 140∘C and was warmed
at a rate of 5∘C min−1 until reaching 250∘C.

The esters were identified by external comparison with
the pattern FAME Mix (fatty acid methyl ester), and the
tricosanoic acid methyl ester was quantified with the internal
pattern (IP) 99%. Then, the mass of produced ester was
calculated per gram of dry biomass (mg of ester/g biomass)
[27].

2.7. Data Analysis. A repeated measures analysis of variance
(ANOVA) was applied to the culture parameters, followed by
aTukey post hoc test. To the process of ester synthesis, a facto-
rial ANOVAwas applied, being the factors: (a) type of alcohol
(ethyl, methyl), (b) cosolvent used (hexane, chloroform), (c)
reaction time (10, 20, 30, 60, and 120min), and (d) reaction

Table 2: Fatty acid profile of the Spirulina platensismicroalga oil.

Fatty acids Composition∗ (%)
C4:0 6.52
C8:0 3.40
C10:0 38.7
C16:0 11.5
C18:0 2.66
C18:1 14.0
C18:2 13.7
C18:3 9.56
∗Oil composition in mass percentage.

temperature (30, 45, 60, 75, and 90∘C), followed by a Tukey
post hoc test. The statistical analysis was performed in the
program Statistic 7.1 [28].

3. Results and Discussion

3.1. Microalgae Cultivation. The productivity, growth rate,
and duplications per day obtained in the culture of Spirulina
platensis are presented in Table 1. A growth induction phase
(1-2 days) was observed, which is characterized by cell
adaptation to the new environment, and during this phase,
the increase in biomass may be imperceptible.

After the adaptation phase, an increase in biomass con-
centration was observed, phase of exponential growth. The
highest productivity occurred on 2–4 days as well as 7–9 days.
It was possible to notice that the growth rate and, conse-
quently, the number of duplications decreased with time,
until reaching a minimum value.

Whenever a component of the culture medium becomes
limiting, the exponential growth phase ends and a growth at
reduced rate takes place. This reduced growth is frequently
provided by the consumption of cell reserves (lipids and fatty
acids). Hence, it is important to recover the biomass at the
exponential growth phase [9, 12].

In the culture of Spirulina platensis, it was possible to
obtain good biomass productivity in a relatively short time;
these values are close to those reported in the literature, using
the medium Zarrouk [21].

3.2. Analysis of the Microalga Oil. The fatty acid profile of the
Spirulina platensismicroalga oil is presented in Table 2.
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Figure 1: Mass of methyl ester obtained in the in situ reaction with chloroform (a) and hexane (b).

Table 3: Characteristics of the of the Spirulina platensis microalga
oil.

Characterization Result
Average molecular mass of fatty acids 235 gmol−1

Average molecular mass of the oil 742 gmol−1

Acidity 14.3mgKOHg−1, 7.2%

There is a predominance of saturated fatty acids; among
those; a high concentration of C10:0 stands out.Therefore, we
expect the biodiesel produced from the oil of this microalga
to present high oxidative stability and cetane number [29],
as well as low viscosity. Regarding cold flow properties, it is
Difficult to define the tendency, since on the oil is saturated
but has larger Also contains Amounts of short-chain fatty
acids.

Based on the results of the fatty acid profile, the average
molar mass of the fatty acids obtained and the average molar
mass of the oil were calculated (Table 3). The values obtained
corroborated the data found in the literature [23, 30].

The acidity value of the oil is important to define the route
to obtain biodiesel, and the acidity of the oil is higher than
0.5% (m/m).This characteristic indicates that the best process
for the production of esters aiming at biodiesel production is
via acid transesterification/esterification [17].

3.3. Ester Synthesis. The mass of methyl ester obtained in
the in situ reaction in relation to the reaction time for the

cosolvents chloroform and hexane at different temperatures
is presented in Figure 1.

Apparently, the reactions withmethanol weremore stable
throughout time than the reactions with ethanol, with similar
ester yields at different reaction times. In the methanol and
chloroform mixture, the esters had the best yields at 60 and
90∘C (Figure 1(a)). When the cosolvent hexane was used, the
best yields were obtained at 45 and 75∘C (Figure 1(b)).

The mass of ethyl ester obtained in the in situ reaction
in relation to the reaction time for the cosolvents chloroform
and hexane at different temperatures is presented in Figure 2.

In the reactions carried out with ethanol and chloroform,
there was no effect of temperature. However, the best yields in
esters were observed at 60∘C (Figure 2(a)). In addition, it was
also possible to observe high yields at 30∘C after only 10min
of reaction.When ethanol andhexanewere used, therewas an
increase in the ester yield with time, except for the reaction at
45∘C (Figure 2(b)), which presented the best yields at shorter
reaction times.

The factorial analysis of variance detected an interaction
among temperature, reaction time, alcohol, and cosolvent
(𝑃 < 0.05). Hence, interaction among factors was used for
the Tukey test. Based on the Tukey test applied to the ester
yield, the best yields were obtained with the combinations
of ethanol and chloroform at 60∘C, for 30min, and ethanol
and hexane at 45∘C, during the first 10min of reaction.
Although there was no significant difference between the
two conditions, the reaction with the combination ethanol
and hexane at 45∘C, for 10min, seems to be better in terms
of sustainable energy production, since it is carried out at
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Figure 2: Mass of ethyl ester obtained in the in situ reaction with chloroform (a) and hexane (b).

a milder temperature and for a shorter time, consequently
leading to a reduction in costs.

Themixability of triacylglycerides in the cosolvent allows
an efficient extraction of oil from the microalga biomass, and
the mixability of the solvent in alcohol favors the occurrence
of in situ reaction in a homogeneous environment and also
increases the production of esters during in situ reaction [15,
31].

Alcohol plays an important role in the in situ transes-
terification process, acting in the extraction of lipids from
the biomass and also in the conversion of esters from fatty
acids [32].When ethanol was used in the in situ reactions, the
kinetics of reaction was slower, and this result corroborates
the literature [5, 33]. This result may be explained by a
higher reactivity of methoxide radicals compared to ethoxide
radicals, since the carbon chain length is larger for ethanol
and the nucleophilicity of the alkoxide anion decreases,
leading to a decrease in reactivity [32].

In the in situ reactions with alga biomass (Figures 1 and
2), ester production reaches a peak followed by a decrease and
stabilization with time. This result suggests that, in addition
to acid transesterification/esterification, other reactions may
occur. It is known that ester formation via acid catalysis
is reversible, but the amount of alcohol in excess tends to
limit the reverse reaction, moving the direction of reaction
to products. However, under these reaction conditions, in
which there are triacylglycerides, water alcohol, and an acid
catalyzer in the same system, secondary reactions, such as tri-
acylglyceride hydrolysis combined with the hydrolysis of the
esters produced,may occur. In the reaction of triacylglyceride

hydrolysis, diacylglycerols, monoacylglycerols, and free fatty
acids are formed, whereas in the reaction of ester hydrolysis,
carboxylic acid and alcohol are produced. Hence, until a
balance is reached in the system, the kinetics of esterification
undergoes changes in time, as observed in the behavior of the
reactions obtained (Figures 1 and 2) [33, 34].

4. Conclusion

The production of biomass from microalgae is relatively
simple, requires light and a nutrient source, and reaches high
productivity in a short time. Microalgae oil may be converted
into esters through in situ transesterification/esterification
of the biomass. In the present study, ester synthesis from
the biomass of Spirulina platensis showed the best result
when ethanol was used as alcohol and hexane was used
as a cosolvent. In situ transesterification/esterification for
ester formation, aiming at producing biodiesel, adds an
unconventional dynamics to the use of this feedstock, in
particular due to the reduction in reaction time and volume
of solvents used in the process.

Nomenclature

𝑓: Correction factor of the solution of NaOH
(0.01mol L−1)
𝑘: Duplications per day (day−1)
𝑚: Mass of the sample (g)
𝑁: Cell density or biomass (gmL−1) at any

time 𝑡



6 International Journal of Chemical Engineering

𝑁
0
: Initial cell density or biomass (gmL−1)

at time 𝑡 = 0
𝑃: Productivity (mg L−1 day−1)
𝑟: Exponential growth rate
𝑡: Time (day)
𝑡
0
: Initial time (day)
𝑉: Volume of the solution of NaOH

0.01mol L−1 used in titration (mL)
𝑋
𝑡
: Cell density at time 𝑡 (g L−1)
𝑋
0
: Cell density at time 𝑡

0
(g L−1)

MMfatty acids: Molecular mass of fatty acids (g gmol−1)
MMglycerol: Molecular mass of glycerol and water

(g gmol−1)
MMwater: Molecular mass of water (g gmol−1).
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The applicability of ionic liquid-methanol cosolvent system to both extract bio-oil and simultaneously pretreat the carbohydrate
fraction of jatropha and safflower biomass for enzymatic hydrolysis to fermentable sugars is presented. Although pretreatment with
either the cosolvent or pure ionic liquid yielded comparable hydrolysis kinetics and fermentable sugar yields on safflower whole
seeds, the addition of alcohol to the ionic liquid was necessary to optimally recover both bio-oil and fermentable sugars. The ionic
liquid [C2mim][Ac] was far more effective than [C2mim][MeSO

4
] with optimum processing conditions occurring at a cosolvent

concentration of 70–30wt% of [C2mim][Ac] to methanol and a processing temperature of 120∘C. Under these conditions, the
majority of the bio-oil was extracted and 25.4 wt% (safflower) and 14.3 wt% (jatropha) of the whole seed biomass were recovered
as fermentable sugars. The recovery of fermentable sugars from the carbohydrate fraction was as high as 74% and 78% for jatropha
and safflower seeds, respectively, when using [C2mim][Ac] cosolvent. A preliminary theoretical analysis of two potential oil seed
processing pathways using the cosolvent system suggested that the corecovery of bio-oil, fermentable sugars, and a protein rich
meal can recover a majority of the energy contained in the original biomass—a result that improves upon the traditional approach
of solely extracting bio-oil.

1. Introduction

Fuel from biomass technology has embraced the application
of green chemistry to increase utilization of biomass, mini-
mize production of waste product, and improve recovery of
nontoxic solvents. Many efforts have focused on processes
that recover single components, for example, the recovery of
lipids from oil bearing biomass or carbohydrates from lig-
nocellulosic biomass [1–3]. With respect to oil-seed biomass,
however, few reports have focused on treatments that recover
both components [4]. From this perspective, the recovery of
both fermentable sugars and bio-oil from oil-seed biomass
using a single application of a common “green” solvent
would represent a significant contribution to the sustainable
utilization of biomass resources.

The extraction of bio-oil from oil-bearing biomass using
solvent or mechanical extraction techniques has been well
investigated [2, 4, 12, 13]. Mechanical extraction comprises
pressing the oil seed with a screw press to expel the oil

and leave behind a carbohydrate- and protein-rich seed
cake. Solvent extraction of bio-oil has traditionally been
applied with organic solvents such as hexane under low to
moderate temperatures and pressure [4]. Solvent extraction
generally achieves extraction efficiencies as high as 98%
whilst mechanical processes generally achieve efficiencies of
less than 80% although improvements have occurred over
the last decade [5]. Solvent extraction is generally considered
more economical when the volume of biomass processed
exceeds 250 tons per day [12].

The production of fermentable sugars from lignocellulos-
ic biomass has also been well studied and largely focused on
chemical pretreatment with dilute acids, steam explosion, or
organic solvent pretreatments [1, 14–16]. These pretreatment
steps are aimed at disrupting the biomass cell wall structure
as a means to increase accessibility of hydrolysis enzymes
[3, 17, 18]. Unfortunately, most suffer low efficiencies, require
high energy use, cause loss of fermentable sugars, or form
inhibitory products which affect downstream processing [3,
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14, 15]. From this perspective, a more efficient and inexpen-
sive pretreatment process with less impact on downstream
processing would improve commercial viability. Recently,
room temperature ionic liquids have been proposed to fill this
void [3, 19, 20] due to their observed solvating power and per-
ceived minimal impact upon the environment. Specifically,
ionic liquids have been applied in the dissolution of cellulose,
lignin, and lignocellulosic biomass [16, 19, 21–23].

More recently, ionic liquid based cosolvents have been
shown in our lab to efficiently extract bio-oil and amphiphilic
molecules from oil-seed biomass [24, 25]. In the specific case
of jatropha biomass, the cosolvent was shown to extract and
solubilize phorbol esters while partitioning the extracted bio-
oil to its own separate immiscible phase. Given the reported
qualities of pure solutions of ionic liquids to pretreat biomass,
the questionwas raised as towhether the cosolvent extraction
process could also pretreat the carbohydrate fraction of
the biomass for subsequent enzymatic hydrolysis to recover
simple sugars. To this end, this work reports on the capacity
of the cosolvent to concomitantly recover both bio-oil and
fermentable sugars from jatropha and safflower biomass.
Commentary is given on the input-output efficiency of the
cosolvent extraction system as well as how the cosolvent
disrupts the various components of the biomass and how this
relates to the efficiency of enzymatic hydrolysis.

2. Experiment

2.1. Materials and Chemicals. Methanol (Fisher scientific),
1-ethyl-3-methylimidazolium acetate ([C2mim][Ac]), 90%
(Aldrich), 1-ethyl-3-methylimidazolium methyl sulfate
([C2mim][MeSO

4
]), 98% (Aldrich), sulfuric acid (Fisher

Scientific), hexane (Fisher scientific), CTec2 enzyme solution
(Novozymes Inc.),HTec2 enzyme solution (Novozymes Inc.),
glucose (Sigma Aldrich), and xylose (Sigma Aldrich) were
used as received from manufacturer. 18MΩ cm deionized,
filtered water was used tomake aqueous solutions (Barnstead
E-pure water purification system). Jatropha seeds were
obtained from University of Hawaii, Department of Tropical
Plant and Soil Science and safflower seeds were obtained
from Pacific Biodiesel Inc. The safflower whole seeds were
ground as received with a blender. The jatropha whole
seeds (kernel plus shell) were either ground as received
with a blender or deshelled and the separated shells and
kernels weighed and ground separately using a blender. The
composition of safflower seeds was 14% crude protein, 39%
bio-oil, 29% carbohydrates, 6% moisture, and 12% lignin.
Jatropha whole seed had 20% crude protein, 31% bio-oil, 22%
carbohydrates, 8% moisture, and 19% lignin. The protein
content was determined by Kjeldahl method, bio-oil by
solvent extraction method, carbohydrate by difference (100
- bio-oil (%) - proteins (%) - lignin (%) - moisture (%)) and
lignin by pyrolysis method.

2.2. Ionic Liquid Pretreatment prior to Carbohydrate Hydroly-
ses. Ionic liquid pretreatment of biomass comprised heating
the biomass in sealed glass tubes filled with the ionic liquid
based cosolvent at temperatures between 64 and 120∘C. The
ionic liquid ([C2mim][MeSO

4
] or [C2mim][Ac]) was mixed

with methanol at different weight ratios to a final total mass
of 3.2 grams. The jatropha kernel was treated at 120∘C for
5 hours. The safflower whole seed was treated at 64, 100,
and 120∘C for 5 hours. The jatropha whole seed (i.e., kernel
and shell) and shell were treated for 5 hours at 120∘C, 100,
and 120∘C, respectively. In all cases at least 0.8 grams of
biomass was used with the 3.2 grams of cosolvent to yield a
solids loading of approximately 20% (w/w). Upon completion
of the pretreatment process, the mixture was centrifuged at
6260 rpm for 10 minutes producing three phases: a bottom
biomass phase, a middle cosolvent phase, and a top lipid
phase. The only exception to this observation was with the
treatment of shell biomasswhich did not produce a top bio-oil
(lipid) phase. The top lipid phase was recovered as reported
previously [24, 26]. Approximately 10mL of methanol was
added to the combined bottom biomass and cosolvent phases
in order to ensure complete precipitation of the carbohydrates
and the mixture was centrifuged at 6260 rpm for 10 minutes.
The bottom biomass phase was then separated from the
middle cosolvent phase by decantation andwashed two times
with 10mL of water and a final third time with 10mL of
50mM citrate buffer at pH 4.8.

2.3. Carbohydrate Hydrolyses Assay. The application of enzy-
matic hydrolysis across samples differed depending upon
the manner in which the biomass was originally processed.
Untreated biomass (i.e., controls) and biomass samples (pre-
treated as described in Section 2.2) were suspended in 50mM
citrate buffer at pH 4.8 at a solids loading of about 5%
(w/w). To these biomass-citrate buffer mixtures dosages of
Novozymes’ CTec2 (for cellulose digestion) and Htec2 (for
hemicellulose digestion) hydrolysis enzyme solutions were
added to a final weight percent (relative to the biomass)
of 12.5%. The sample mixtures were then agitated slowly
between 45 and 50∘C for 72 hours after which time aliquots
of themixture were syringe filtered through 0.22 umpore size
filters and frozen until subsequent HPLC analysis of glucose
and xylose sugar content.

2.4. HPLC Analyses of Hydrolyzed Sugars. The hydrolyzed
samples fromSection 2.3were injected onto a Bio-Rad (HPX-
87H) column using 5mM H

2
SO
4
as the mobile phase.

The separation was achieved at 55∘C using a flow rate of
0.4mLmin−1. Calibration curves were made with aqueous
standard solutions of glucose and xylose.The retention times
of glucose, and xylose were 13.3 and 14.3min, respectively.
Unless otherwise stated, carbohydrate yields are reported as
weight percent fermentable sugars, glucose and xylose, rela-
tive to the initialmass of the biomass (that is whole seed, shell,
or kernel) which includes the bio-oil, protein, and carbohy-
drate fractions. As such that carbohydrate yields may appear
low relative to the literature-reported values for biomass that
were almost entirely cellulosic in nature (i.e., woods).

2.5. Scanning Electron Microscopy. Dried specimens of
hydrolyzed biomass were mounted on aluminum stubs using
silver paste and sputtered with gold/palladium in a Hummer
6.2 sputter coater. Images were viewed using a Hitachi
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Table 1:Weight percent fermentable sugars recovered from safflower whole seeds pretreated with [C2mim][Ac]-MeOH at 64, 100, and 120∘C.
Yields are reported relative to weight of whole seed.

wt% [C2mim][Ac]
Safflower whole seed (wt% glucose, xylose)a

64∘C 100∘C 120∘C
glucose xylose glucose xylose glucose xylose

45% 11.8 (0.1) 3.1 (0.0) 13.7 (0.2) 5.4 (0.5) 15.4 (0.4) 7.3 (0.2)
60% — — — — 16.4 (0.5) 7.3 (0.4)
70% 11.2 (0.3) 3.5 (0.0) 15.4 (0.3) 7.0 (0.1) 17.4 (0.2) 8.0 (0.2)
80% — — — — 17.3 (0.3) 7.6 (0.1)
100% 12.1 (0.0) 3.5 (0.2) 14.5 (0.2) 5.9 (0.2) 16.7 (0.2) 7.5 (0.1)
aThe reported values are averages of at least two samples. The values in brackets are the deviations of the measured values from the mean.

S-4800 field emission scanning electron microscopy at an
acceleration voltage of 10 kV.

3. Results and Discussion

3.1. Effect of Pretreatment on Enzymatic Hydrolysis. The saf-
flower whole seeds possessed a total of 29wt% carbohy-
drates relative to total biomass available for hydrolysis to
fermentable sugars. The efficiency of pretreating safflower
whole seeds with [C2mim][Ac]-methanol cosolvent corre-
lated better with process temperature than with the relative
proportion of [C2mim][Ac] to methanol (Table 1). Glucose
and xylose yields at 64∘C were similar to those obtained on
untreated safflower whole seed (i.e., 13.1 and 4wt%, resp.,
relative to weight of whole seed, data not presented in Table 1)
indicating that the pretreatment process was inefficient at
this temperature. Pretreatment at 120∘C, however, increased
glucose and xylose yields by approximately 56% and 112%,
respectively (e.g., from 11.2% to 17.4% between 64∘C and
120∘C for glucose at a [C2mim][Ac] to methanol ratio of
70 : 30). The inefficient digestion of safflower whole seed
at low temperature (i.e., 64∘C) in either cosolvent or pure
ionic liquid likely resulted from the fact that the safflower
whole seeds have a high lignocellulose composition that
requires higher temperatures to initiate the breakage of the
intermolecular hydrogen bonding.

With respect to the relative ratio of [C2mim][Ac] to
methanol, the fermentable sugar yields slightly increasedwith
increasing concentration of [C2mim][Ac], with a maximum
of yield 25.4 wt% (relative to weight of whole seed) achieved
at a [C2mim][Ac] to methanol weight ratio of 70–30 after
which only a slight drop off in yield was observed as the
[C2mim][Ac] concentration increased from 70wt% to purity
(Figure 1).Themaximum yield achieved at a [C2mim][Ac] to
methanol of 70wt% is attributed to the impact of methanol
dilution and the more efficient mixing that occurs at lower
viscosity [24, 27].

Given the small difference in yields between 70 and
100wt% [C2mim][Ac] to methanol, the rate of the hydrol-
ysis was studied at 120∘C (Figure 2) in order to determine
if pretreatment with 70wt% [C2mim][Ac] would produce
much shorter hydrolysis times. The results indicate that
pretreatment of safflower whole seed with [C2mim][Ac] at
both 70 and 100wt%, however, yielded similar hydrolysis
rates for cellulose and hemicellulose (Table 2), suggesting
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Figure 1: Total fermentable sugar yields relative to weight of whole
seed from enzyme hydrolysis of safflower whole seed pretreated at
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0

2

4

6

8

10

12

14

16

18

0 6 12 18 24

w
t%

 fe
rm

en
ta

bl
e s

ug
ar

s

Time (hours)

Glucose Glucose
Xylose Xylose

Pure IL 70 wt% IL

Figure 2: Effect of ionic liquid concentration on hydrolysis kinetics
of safflower whole seed, using pure and 70wt% [C2mim][Ac] at
120∘C.



4 International Journal of Chemical Engineering

Table 2: Initial rates of fermentable sugar formed during hydrolysis
of safflowerwhole seeds. Initial hydrolysis rateswere calculated from
the data obtained during the first 10 minutes of hydrolysis.

wt% [C2mim][Ac] Initial rate of formation (mg/mL/min)a

70% 100%
glucose 0.43 (0.007) 0.44 (0.002)
xylose 0.12 (0.022) 0.12 (0.019)
aThe reported values are averages of two samples. The values in brackets are
the deviations of the measured values from the mean.

that the dilution of [C2mim][Ac] with methanol did not
significantly reduce the rate of hydrolysis.

Pretreatment of safflower whole seed with methyl sulfate
as the anion, however, was ineffective. Pretreatment with
[C2mim][MeSO

4
] at temperatures ranging between 64 and

120∘C resulted in yields similar to those of untreated saf-
flower whole seed at all temperatures, Table 3, confirming
the literature-reported efficacy of acetate anion to pretreat
biomass prior to enzymatic hydrolysis. The acetate anion is
better able to hydrogen bondwith the cellulose and to disrupt
its crystalline structure, making the bonds more susceptible
to enzymatic hydrolysis [20]. As such, the lower yields
associated with the methyl sulfate anion are attributed to the
inability of the [MeSO

4
] anion to effectively interact with

the cellulosic component of the biomass despite the fact that
the [C2mim][MeSO

4
] based cosolvent is reported to support

excellent bio-oil extraction from oil-bearing biomass [24, 25].
Following the pretreatment of safflower whole seed

biomass, the effect on jatrophawhole seed was similarly eval-
uated at 120∘C but using only acetate as the anion (Figure 3).
The efficiency of fermentable sugar production increased
slightly as the relative concentration of [C2mim][Ac] was
increased from 40 to 70wt%, with a step jump observed
between 70 and 80wt% followed by a gradual linear increase
until pure [C2mim][Ac] was achieved. This result contrasted
against the slight decrease in yield found for safflower whole
seed biomass as the relative concentration of [C2mim][Ac]
was increased above 70 weight percent. It was hypothesized
that the variation in yield response was a result of the jatropha
whole seeds possessing a much harder and thicker shell as
compared to safflower whole seeds which possess a thin shell
that is difficult to separate from the kernel.

To confirm this hypothesis, the jatropha shell and kernel
were independently pretreated and their hydrolysis yields
investigated. Yields from the kernel biomass (data not shown)
pretreated at 120∘C in 70 and 100wt% [C2mim][Ac] were
equivalent at 9 wt% total fermentable carbohydrates (relative
to weight of kernel), inferring that [C2mim][Ac] concen-
tration had negligible effect on the efficiency of subsequent
enzymatic hydrolysis. By contrast, pretreatment of the jat-
ropha shell with [C2mim][Ac] cosolvent (Figure 4) led to
fermentable sugar profile similar to that of the jatrophawhole
seed (i.e., shell plus kernel, Figure 3) confirming that the
presence of the jatropha shell is the source of the observed
variation in fermentable sugar yields.

As anticipated, the yield of fermentable sugars from
jatropha shell at 100∘Cwere lower than that observed at 120∘C
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pha shell released from jatropha shell at different temperatures after
pretreatment.

with the biggest changes in yields occurring after 70wt%
[C2mim][Ac]. Unlike the safflower biomass (which does not
contain a hard outer shell like jatropha), it appears that
[C2mim][Ac] concentrations above 70wt% are necessary
to effectively disrupt the intermolecular bonds in the hard
and thick jatropha shell [28]. The acetate anion enhances
the separation of carbohydrates from the lignin protective
matrix and also disrupts the hydrogen bonding between the
cellulose microfibrils [14]. This can cause partial dissolution
of the biomass into the solvent and, in expansion of the
biomass matrix, all of which enhance the penetrability of the
hydrolysis enzymes.

The xylose content from the jatropha shell for pretreat-
ments in both pure and 80wt% [C2mim][Ac] was quite
similar (Table 4), indicating that hemicellulose was also
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Table 3: Weight percent fermentable sugars (relative to weight of whole seed) released from safflower whole seed pretreated with the co-
solvent [C2mim][MeSO4]-MeOH.

Wt%
[C2mim][MeSO4]

Safflower whole seeds (wt% glucose, xylose)a

64∘C 100∘C 120∘C
glucose xylose glucose xylose glucose xylose

45% 10.5 2.3 9.9 2.4 — —
70% 10.8 2.3 11 2.2 10.6 2.5
100% — — — — 11.5 2.2
aThe reported values represent repeated HPLC measurements that have been verified to vary by no more than four percent of the reported values.

Table 4: Weight percent fermentable sugars (relative to weight of jatropha whole seed or jatropha shell) recovered from jatropha whole seed
and jatropha shell pretreated with the cosolvent [C2mim][Ac]-MeOH at 100 and 120∘C.

wt% ionic liquid
Jatropha whole seeda,c Jatropha shellb,d

120∘C 100∘C 120∘C
glucose xylose glucose xylose glucose xylose

45% 9.1 (0.1) 1.1 (0.0) 10.8 (0.3) 1.8 (0.1) 11.2 (0.1) 2.1 (0.0)
60% 10.8 (0.3) 2.1 (0.0) — — 12.6 (0.3) 3.1 (0.0)
70% 11.7 (0.0) 2.6 (0.1) 12.2 (0.1) 2.8 (0.1) 14.2 (0.6) 5.3 (0.2)
80% 14.1 (0.3) 4.1 (0.0) 13.3 (0.2) 3.2 (0.2) 17.7 (0.4) 9.3 (0.0)
100% 15.5 (0.3) 4.0 (0.3) 14.1 (0.1) 3.1 (0.1) 21.7 (0.7) 8.7 (0.2)
a,bThe reported data are averages of at least two samples. The values in brackets are the deviations of the measured values from the mean.
cJatropha whole seed fermentable sugar values are relative to weight of jatropha whole seed.
dJatropha shell fermentable sugar values are relative to weight of jatropha shell.

digested to the same extent.Thus, the slight difference in total
fermentable sugars (3.4 wt%) recovered from the jatropha
shell using pretreatments of pure or 80wt% [C2mim][Ac]
at 120∘C is predominately due to the incomplete utilization
of cellulose during the enzyme hydrolysis of the shell in
80wt% [C2mim][Ac]. That said, the small difference in yield
(i.e., 3.4 wt%) does suggest that the sole pretreatment of
jatropha shell can effectively be executed using only 80wt%
[C2mim][Ac] at 120∘C if one desire to use less ionic liquid.

To estimate the efficiency relative to the carbohydrate
fraction of the oil seed biomass (as opposed to the amount of
whole seed biomass as reported previously and in the tables)
the amounts of recovered fermentable sugars were converted
to hydrolyzed carbohydrates (cellulose and hemicellulose)
using 0.9 and 0.88 as conversion factors for glucose and xylose
concentrations to cellulose and hemicellulose, respectively.
These values were then used to estimate the carbohydrate
fraction of the whole seeds (i.e., 29 wt% and 22wt% for
safflower and jatropha, resp.). The calculations indicate that
the [C2mim][Ac] cosolvent yields carbohydrate recovery effi-
ciencies (relative to the baseline carbohydrate content of the
whole seeds) as high as 74% achieved at 80wt% [C2mim][Ac]
on jatropha and 78% with 70wt% [C2mim][Ac] on safflower
seeds.

3.2. Coextraction of Bio-Oil. Both safflower and jatropha
seeds contain significant amounts of bio-oil and its co-
extraction during the pretreatment step is desired. Previous
reports on the extraction of bio-oil from jatropha kernel [24]
using the cosolvent system at 64∘C have shown a nonlinear
response in yield to ionic liquid weight percent. Thus, we

Table 5: Bio-oil yields relative to weight of whole seed from saf-
flower whole seed treated with the cosolvent [C2mim][Ac]-MeOH
at 120∘C.

wt% ionic liquid Safflowera
(wt% bio-oil)

45% 37.5 (0.4)
70% 35.8 (1.5)
100% 30.5 (0.5)
aThe reported data are averages of two samples. The values in brackets are
the deviations of the measured values from the mean.

characterized the extraction of bio-oil from jatropha whole
seed biomass at a pretreatment temperature of 120∘C. As seen
in Figure 3,maximumoil yields are observed at [C2mim][Ac]
concentrations approaching 70wt% after which a significant
drop off in yield was observed. For the purpose of multi-
component extraction of bio-oil and recovery of fermentable
sugars, Figure 3 suggests an optimal [C2mim][Ac]-methanol
ratio of 70 : 30wt%.

Similar to that found previously for jatropha oil seeds
[24], pretreatments of safflower whole seed using [C2mim]
[Ac] concentrations between 45 and 70wt% produced the
highest extracted bio-oil yields (Table 5). Pure [C2mim][Ac]
provided the least efficient bio-oil yield at 30.5 wt% (relative
to whole seed) providing further confirmation that 70wt%
[C2mim][Ac] is more appropriate for the effective multicom-
ponent extraction of biooil and fermentable sugars from both
safflower and jatropha whole seeds.
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Figure 5: SEM images of jatropha shell taken at 100𝜇m, ((a)–(i)), 200𝜇m (j), and 400 𝜇m ((k)-(l)).

3.3. SEM Analysis of Pretreated Biomass. The jatropha shell
was found to be the most difficult component to enzy-
matically hydrolyze as evidenced by the large variation of
fermentable sugar yields with ionic liquid concentration.
To confirm this finding, the pretreated jatropha shell was
visualized using high-resolution imaging (Figure 5). The
micrographs of untreated shell (control) showed intact rod-
like fibril structure and smooth outside surface. A surface
layer covering the fibril cell structure can be seen from
the inside view of the shell. No singular or loose fibers
were observed in the untreated shell. SEM images of treated
shells showed significant difference between untreated and
pretreated (70wt% [C2mim][Ac] and pure [C2mim][Ac])
jatropha shell biomass. For example, the pure [C2mim][Ac]
pretreated shell possessed a loose distorted fiber structure and
pores (Figures 5(i) and 5(l)) likely due to the delignification
of the biomass. The inside surface layer of the jatropha
shell was entirely removed during pretreatment exposing

the top surface of the fibril structure (Figure 5(c)). The 70%
(w/w) [C2mim][Ac] pretreated jatropha shell showed similar
disruption of the biomass though to a slightly less extent than
pure [C2mim][Ac]. The SEM analysis supports the enzyme
hydrolysis data which showed high fermentable sugar yields
with 70wt% [C2mim][Ac] and pure [C2mim][Ac]. Improved
contact between the enzyme and biomass occurs due to the
disruption of the outer surface layers of the jatropha shell,
distortion and loosening of the fiber structure, and creation of
pore structure aids in enzyme hydrolysis of the jatropha shell.

4. Systems Analysis

The commercialization of a fuel from oil seed industry will
be enhanced by the utilization of multiple components such
as proteins, carbohydrates, and lignin to compensate for the
marginalmarket value of the bio-oil product. As the ionic liq-
uid cosolvent system reported in this work appears to support
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Stage number 1 2 3 4 5
Flaked 

Seed cake
Fermentable 

sugars
Protein-rich  

meal

Moisture 6 0 0

32 100 2 0 0

18 0 34 100 0
Protein 19 0 28 0 48
Lignin 17 0 24 0 41

Ash 6 0 8 0 10

Total 98 100 96 100 99

Whole seeds

extraction
Protein- 
rich meal

Bio-oil

Bio-oil

Bio-oil
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Bio-oil1 3
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Carbohydrate 
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Figure 6: Mass balances for solvent extraction of jatrophawhole seed and composition of the intermediate stages. Whole jatropha seed taken
to comprise moisture (6%), bio-oil (32%), total fermentable sugars (18%), protein (19%), lignin (17%), and ash (6%). The values in the tables
are averages taken from the literature and consequently do not always sum to precisely 100 [5–8].

pathways for additional byproducts, we have attempted a first
pass systems’ analysis that evaluates two specific pathways
to process jatropha oil seed into the following products: (1)
fermentable sugars, (2) bio-oil, and (3) protein-rich meal.

The first pathway begins with the flaking of the jatropha
whole seed (Figure 6). The flaked jatropha whole seed is
assumed treated with the ionic liquid based cosolvent as
discussed previously. The top bio-oil phase is assumed fully
recovered leaving behind the cosolvent and digested biomass.
The cosolvent phase is also recovered and recycled whilst
the cosolvent pretreated biomass (seed cake) is hydrolyzed
with enzymes to convert the structural carbohydrates into
fermentable sugars (e.g., glucose and xylose). The protein-
rich biomass remaining after carbohydrate extraction is
assumed desolvatized for use as a supplement to animal feed.
A mass balance (assuming complete recovery of the bio-
oil, carbohydrates, and protein-rich meal from the whole
seeds) applied to this pathway suggests that 1 pound of
jatropha whole seed yields approximately 0.18 pounds of
fermentable sugars, 0.32 pounds of bio-oil, and 0.50 pounds
of protein-rich meal. The analysis also assumes effective bio-
oil and carbohydrate recovery which is expected to occur
as a result of multiple cosolvent extraction cycles performed
in a multistage countercurrent extractor or by accelerated

solvent extraction techniques. A preliminary energy analysis
based on inputs (jatropha whole seeds) and outputs (bio-
oil, carbohydrates, and protein-rich meal) was performed to
ascertain the feasibility of jatropha processing. The results,
shown in Table 6, approximate a significant energy recovery
of 10,954 Btu and a positive cost analysis of $0.77 recovered
per pound of whole jatropha seed processed.The cost analysis
was estimated from the market prices of inputs and outputs
of soybean processing and is presented as an approximate
indicator of profitability (see Table 6).

Based upon the heats of combustion of the products from
the first pathway, roughly 99% of energy available in the
jatropha whole seed is recovered compared to only 49% if
only the bio-oil is recovered. The energy analysis does not
include the processing energy inputs for the pretreatment
and hydrolysis steps; thus, inclusion of this input energy
is anticipated to lower the overall system efficiency. More,
we propose the conversion of the carbohydrate fraction to
fermentable sugars (can be used for fermentation of bio-
oils or alcohols) as preferable to its use as an animal feed
(particularly given that the presence of any level of phorbol
ester toxins complicates its use in this manner) [29, 30].

The second pathway considered likewise begins with the
whole seed but processes only the kernel after it has been
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Table 6: Energy and price balances from jatropha whole seed processing using first and second pathways.

First pathway Second pathway
Heat of combustion inputs (Btu/lb whole seed)a 10963 10963
Heat of combustion outputs (Btu/lb whole seed)b 10954 7586
% recovery 99 69
costs of feedstock/lbc 0.22 0.22
market value of products/lb of whole seedd 0.99 0.55
% profit 350 150
aHeat of combustion of inputs stated as that of jatropha whole seed [9].
bHeats of combustion of outputs obtained from jatropha oil (17498 Btu/lb), fermentable sugars (glucose (6700 Btu/lb) and xylose (6710 Btu/lb) in 2 : 1 ratio) and
protein-rich meal (calculated from kernel cake (7825 Btu/lb) and seed cake (10791 Btu/lb) by substracting the contribution from carbohydrate components)
[5, 9, 10].
cCosts of inputs estimated from commodity price of soybean whole seed [11].
dPrice of protein-rich meal and bio-oil estimated from soybean and fermentable sugars from 25 kg glucose at Sigma Aldrich [11].

Stage number 1 2 3 4 5 6

Shell Kernel
Kernel 

cake
Fermentable 

sugars Protein meal

Moisture 9 4.5 0 0 0 0
1 48 100 2 0 0

32 9 0 18 100 0
Protein 4 32 0 69 0 86
Lignin 49 1 0 2 0 2.5
Ash 5 4 0 10 0 13

Totals 100 98.5 100 101 100 101.5

 Whole seeds

Carbohydrate
hydrolysis

Protein- 
rich meal

2

1 3

4 6

Shell Fermentable sugars

Oil-seed
deshelling extraction

2 4

5

6Bio-oil

Bio-oil

Bio-oil

Bio-oil

1 lbs

0.65 lbs 0.33 lbs 0.24 lbs

0.09 lbs0.32 lbs0.35 lbs

wt% lb lb−1
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Total fermentable sugarsa

Figure 7: Mass balances for solvent extraction of jatropha kernel and the composition of intermediate stages. Whole jatropha seed taken
to comprise moisture (6%), bio-oil (32%), total fermentable sugars (18%), protein (19%), lignin (17%), and ash (6%). The values in table are
averages taken from the literature and consequently do not always sum to precisely 100 [5–8].

separated from the shells (Figure 7). The separation of the
shell from the kernel theoretically improves the yield of bio-
oil recovered per unit volume of biomass processed but at
the cost of lowering the yield of fermentable sugars. In our
example, 1 pound of jatropha whole seed yields 0.65 pounds
of kernel which produces approximately 0.09 pounds of
fermentable sugars, 0.32 pounds of bio-oil, and 0.24 pounds
of protein-rich meal. As seen in Table 6, the second pathway
recovers a lower amount of energy (69% of caloric value of
whole seed) and our cost analysis suggests a profit of $0.33
per pound processed. However, the energy balance and cost
analysis improve if only the bio-oil is extracted.

5. Conclusions

In this study, an ionic liquid, methanol cosolvent was shown
for the first time to effectively extract bio-oil and recover
fermentable sugars from oil-seed biomass. This represents
an improvement over current approaches that have focused
solely on the recovery of bio-oil or fermentable sugars
[3]. Effective co-recovery of both bio-oil and fermentable
sugars was shown to require both cosolvent components
with an optimal concentration of 70–30wt% [C2mim][Ac] to
methanol ratio and a processing temperature of 120∘C. Under
these conditions, nearly all the bio-oil (35.8 and 24.1 wt%



International Journal of Chemical Engineering 9

relative to weight of whole seed) was extracted and autoparti-
tioned to a separate immiscible phase and approximately 25.4
and 14.3 wt% (relative to weight of whole seed) of fermentable
sugars were recovered from the safflower and jatropha whole
seeds, respectively.This constitutes a combined carbohydrate
and bio-oil co-recovery of 61.2 and 38.4 wt% of the safflower
and jatropha whole seeds, demonstrating a new pathway
for processing increased products from oil-seed biomass. A
first pass model analysis suggested that the most optimal
processing pathway would be to pretreat the jatropha whole
seed with the cosolvent and recover bio-oil, fermentable
sugars, and a protein-rich meal.
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