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Abstract

We developed a simple process for the preparation of crystal flakes of p-coumaric and ferulic acids from an extract
obtained after the alkali pretreatment of Erianthus arundinaceus culms and leaves for the calcium-capturing-by-carbonation
(CaCCO) process for cellulosic-ethanol production. These phenolic acids were moderately extracted by calcium hydroxide
and purified by adsorption to the synthetic adsorbent SP700 with subsequent elution by 60% (v/v) ethanol solution. After
concentrating the eluate by evaporation and allowing the resultant murky solution to settle, yellow crystal flakes mainly
consisting of p-coumaric acid (82.0% of the total weight) and ferulic acid (7.4 % of the total weight) were obtained,
corresponding to recoveries of 46.3 % and 13.1 %, respectively. Thus, we demonstrated a new side process for phenolic acid
recovery by simple purification steps. The integration of this side process into the main cellulosic-ethanol production stream
could not only save eluent (ethanol) but also enable the ethanol in the eluate to be reused with the aid of a distillation facility

in the main stream, thereby strengthening the ability of the bio-refinery industry to produce cost-competitive valuables.
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barriers (especially the high manufacturing costs) to its
Introduction commercialization are greater than the initial, optimistic

forecast. Recently, the USA down-regulated its target

Second-generation fuel ethanol (bioethanol) production
using lignocellulosic biomass, such as agricultural residues
and energy crops, is extremely important to avoid conflict
with food supplies and provide a possible solution for

global warming." However, it is becoming clear that the

values for cellulosic ethanol productive capacity, indicating

that the future for this technology will be challenging.””

Consequently, the recovery of high-value by-products from

the feedstock during the process of bioethanol production

3)~5)

has recently emerged as a research focus, in addition
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Fig.1. Structures of p-coumaric acid (A) and ferulic
acid (B).

to other issues, such as enzyme cost reduction and process
optimization for the feedstock.””

Phenolic acids, which occur in both free form and
covalently linked forms to other components in plant
cell walls, are considered to be valuable by-products.”
p-Coumaric (4-hydroxycinnamic) acid (Fig. 1A) and
ferulic (4-hydroxy-3-methoxycinnamic) acid (Fig. 1B)
are the major phenolic acids that exist in ester-linked and
ether-linked forms.”'” These phenolic acids also exhibit
beneficial physiological effects, such as antimicrobial,

12 and ferulic

anti-thrombosis, and anticancer activities,
acid has been extracted from rice bran and used as a food
ingredient with antioxidant activity at a price of 10,000 yen/
kg.” Some phenolic acids, especially those that are ester
linked, are readily extracted by alkali hydrolysis; however,
their separation and purification from alkaline hydrolysis
solution remains problematic, although many methods have
been tested."”™'® The extraction and purification of these
phenolic acids from lignocellulosic biomass has not yet
been commercialized. Indeed, the process remains affected
by problems, such as the low contents of these acids in
herbaceous feedstock (no more than 2% of the dry weight,
in our personal experience); the high cost of the extraction
reagents (e.g., alkali and organic solvent); the generation
of large amounts of wet, alkaline, fibrous residues after the
phenolic-acid extraction process; and the unsatisfactory
purity of the isolated product.'”'® However, as part of an
integrated fraction scheme, the extraction of these phenolic
acids would be expected to be economically feasible.

To overcome the barriers to the commercialization of
second-generation bioethanol production and simultaneously
achieve efficient phenolic acid recovery from lignocellulosic
feedstock, we proposed a new integrated process: the
simultaneous recovery of by-products (SRB)-calcium-
capturing-by-carbonation (CaCCO) process '”. A step for
by-product recovery was integrated with the bioethanol

production process (the CaCCO process), in which the

Ca(OH), treatment of a lignocellulosic feedstock serves
not only as a pretreatment that promotes the enzymatic
saccharification of polysaccharides but also alkaline
hydrolysis to facilitate phenolic acid extraction. In our
previous report, we confirmed that phenolic acids could
be successfully extracted by Ca(OH), pretreatment and
recovered by washing the pretreated feedstock via the
SRB-CaCCO process. However, a simple and economical
procedure for the separation and purification of the extracted
phenolic acids has not yet been developed.

In this study, we investigated the conditions necessary
for the efficient recovery of phenolic acids as mixed flakes
with a synthetic adsorbent. We also adopted ethanol (the
main product of the SRB-CaCCO process) as the eluent for
phenolic acid purification to decrease the cost of the solvent
by producing it on-site and utilizing the distillation facility
in the integrated bioethanol production system. Additionally,
a simple crystallization method was developed to obtain
mixed flakes of phenolic acids and recover the ethanol
simultaneously. Erianthus arundinaceus, which is one of
several main cellulosic energy crops in Japan, was used as
the feedstock. It has a high dry matter production potential
of approximately 40 tons/ha. Furthermore, it has a relatively
long harvest period from winter to spring, which supports

the establishment of an intensive and stable feedstock

supply. ¥

2. Materials and Methods

(1) Materials

An E. arundinaceus clone was grown in our
experimental field in Koshi, Kumamoto, Japan, and
harvested with a forage harvester (Kemper Champion
3000, Maschinenfabrik KEMPER GmbH & Co. KG,
Stadtlohn, Germany) in April, 2012. The harvester cut the E.
arundinaceus sample (culms and leaves) into 15-mm-long
pieces, which were subsequently dried in a greenhouse to
a moisture content of less than 100 g/kg dry biomass. The
dried pieces were further chopped into 3-mm lengths with
a cutter (Zac-750, Shincowa Co., Ltd., Mishima, Shizuoka,
Japan), and the resultant chips were ground with a Willey
mill (AP-1, Ikeda Scientific Co., Ltd., Chiyoda, Tokyo,
Japan) to pass through a 500-um mesh sieve. The ground
sample was stored in a desiccator at room temperature for

further experiments and component analysis.



(2) Extraction of ester-linked p-coumaric and

ferulic acids

The ester-linked p-coumaric and ferulic acids in the
ground sample were extracted for quantification using the
modified method by Sun et al. '” The ground sample (50
mg) was saponified with 5 mL of 1-M NaOH and 0.5 mg
of NaHSO; (to prevent phenolic acid oxidation) in a 15-mL
centrifuge tube with shaking (200 rpm) for 18 h at 30 °C.
The suspension was subsequently centrifuged at 10,000 x g
for 5 min. After centrifugation, an aliquot of the supernatant
was sampled, and the amounts of p-coumaric and ferulic
acids were determined as described in the Analytical

methods section.

(3) Extraction of p-coumaric and ferulic acids by

Ca(OH), treatment

p-Coumaric and ferulic acids were extracted after
Ca(OH), treatment under the extraction conditions
developed in our laboratory for the CaCCO process.'” The
ground E. arundinaceus sample (150 g) was mixed with
Ca(OH), (15 g) and distilled water (1,350 mL) in a 2-L
Duran bottle (GLS-80, Duran Group GmbH, Wertheim,
Germany), and the mixture was heated at 100 °C in an
autoclave for 3 h to release the p-coumaric and ferulic
acids in free forms. After the reaction, the mixture was
cooled to room temperature and then centrifuged at 10,000
x g for 5 min. The supernatant (pretreatment liquor) was
collected, and the precipitate was then washed with 750 mL
of distilled water using a magnetic stirrer for 10 min. The
washing mixture was centrifuged again at 10,000 x g for 5
min, and the supernatant was collected and mixed with the
pretreatment liquor. The mixed solution (extraction solution)
was placed into a brown polypropylene bottle (Monotaro
Co. Ltd, Hyogo, Japan) to shield it from light and kept at
4 °C until use. The amounts of liberated p-coumaric and
ferulic acids in the extraction solution were measured as

described in the Analytical methods section.

(4) Separation of p-coumaric and ferulic acids
(i) Adsorbent conditioning

The synthetic adsorbent (SP700, Mitsubishi Chemical
Corporation, Tokyo, Japan) was soaked in sufficient
distilled water overnight at room temperature to ensure
wetting of the adsorbent. Subsequently, the water was

removed by decantation, and the adsorbent was washed
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with a sufficient amount of methanol for solvent exchange.
Then, the adsorbent was soaked in methanol for 1 h at
room temperature. Finally, the methanol was removed by
decantation, and the adsorbent was thoroughly washed to
exchange the solvent with distilled water.
(ii) Adsorption/elution experiments

The extraction solution was acidified to pH 2 with
5-M HCI to generate an acidified extraction solution. The
conditioned adsorbent (10 mL of wet volume, corresponding
to 2.25 g of dry adsorbent) and the acidified extraction
solution (250 mL) were added into a 500-mL brown
polypropylene bottle, and the mixture was incubated at 30
°C with shaking at 200 rpm for 1 h. This adsorbent was then
used as a carrier resin for chromatography. After incubation,
the adsorbent was packed into a chromatography column
(Econo-Pac, 1.5 x 12 cm, Bio-Rad, California, USA) that
was wrapped with aluminum foil to shield it from light.
After packing, the column was washed with 5 column-bed
volumes (50 mL) of distilled water at a flow rate of 1 mL/
min at room temperature to remove unbound p-coumaric
and ferulic acids, and 10 mL of eluent was collected as
one fraction. Subsequently, the bound p-coumaric and
ferulic acids were extracted by two elution methods: (1)
The linear gradient elution method was designed using an
ethanol solution (50 mL) with a gradually increasing ethanol
concentration from 0 to 100 % (v/v) followed by washing
with 100 % ethanol (30 mL) at a flow rate of 1 mL/min. A
smooth gradient was achieved with the help of a gradient
maker (BioLogic LP, Bio-Rad Laboratories Japan, Tokyo,
Japan). Fractions were collected every two minutes, and
the concentrations of p-coumaric and ferulic acids, total
fatty acids, acetic acid, and lactic acid were estimated. (2)
The isocratic elution method for the phenolic acids was
designed using an ethanol solution (100 mL) with an ethanol
concentration of 30, 40, 50, 60, 70, 80, or 90 % (v/v) at
a flow rate of 1 mL/min. The eluate was collected every
10 min, and the concentrations of p-coumaric and ferulic
acids in each fraction were determined as described in the
Analytical methods section. These values were then applied
to calculate the elution efficiency using the equation shown
below.

The elution efficiency of p-coumaric (or ferulic) acid
(%) = the amount of p-coumaric (or ferulic) acid in the
eluate / the total amount of bound p-coumaric (or ferulic)

acid on the adsorbent x 100.
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(5) Phenolic acid crystallization

The adsorbent in the aluminum foil-wrapped
chromatography column described in Materials and Methods
section (4)-(ii) was washed with 5 column-bed volumes (50
mL) of distilled water, 3 column-bed volumes (30 mL) of
60 % ethanol, and 5 column-bed volumes (50 mL) of 90%
ethanol in sequence at a flow rate of 1 mL/min at room
temperature. After 60% ethanol was applied for elution, the
eluate was collected and subsequently evaporated under
vacuum at 40 °C by a rotary evaporator (EYELA N1000,
Tokyo Rikakikai Co., Ltd., Tokyo, Japan). The evaporation
was stopped when the clear eluate became murky. Then, the
murky solution (30 mL) was transferred into a clean brown
glass bottle. This solution was allowed to settle at room
temperature, and aliquots (9.3 mL) of the liquid on the top
were sampled after 2, 4, 6, 8, 12, and 24 h. The p-coumaric
and ferulic acid content of these aliquots were analyzed as
described in the Analytical methods section. Finally, the
crystals precipitated from the solution were recovered by
filtration using filter paper (Advantec No. 2, ADVANTEC
MEFS, INC., California, USA) and dried in a desiccator at

room temperature.

(6) Analytical methods

p-Coumaric and ferulic acids were determined by ultra-
performance liquid chromatography (UPLC, Acquity TM,
Nihon Waters K.K., Tokyo, Japan) equipped with a tunable
UV (TUV) detector and a photodiode array (PDA) detector
(Nihon Waters K.K.). The mobile phase consisted of 50 %
(v/v) acetonitrile with 0.02 % (v/v) H2S0O4 (solution A) and
0.08-mM NaOH (solution B). The separation of p-coumaric
acid from ferulic acid was performed on an Acquity UPLC
BEH C18 column (2.1x100 mm, 1.7 mm, Nihon Waters
K.K.) at 40 °C at a flow rate of 0.45 mL/min with a linear
gradient as follows: from 10 % to 80 % A within 5 min,
then back to 10 % A within 2 min, and isocratic at 10 % A
for 3 min. Total fatty acids were determined by an NEFA
C test kit (Wako Pure Chemical Industries, Ltd., Osaka,
Japan). Acetic acid and lactic acid were quantified using a
high-performance liquid chromatography (HPLC) system
(SPD-20A, Shimadzu Corporation, Kyoto, Japan) equipped
with a Aminex HPX-87H column (300%7.8 mm, Bio-
Rad Laboratories Japan) with a mobile phase of 5-mmol/L
H2S04 and a flow rate of 0.6 mL/min at 50 °C.

(7) Statistical analysis
Analysis of variance (ANOVA) was conducted using
Microsoft Excel (Microsoft Japan Co., Ltd., Tokyo, Japan),

and the level of significance was P<0.05.

3. Results and Discussion

(1) Extraction of phenolic acids by Ca(OH), treatment

The ester-linked p-coumaric and ferulic acids in the
ground E. arundinaceus sample accounted for 17.8 g/kg
and 4.6 g/kg dry weight biomass, respectively, according
to the NaOH hydrolysis experiment. In contrast, Ca(OH),
hydrolysis at 100 °C for 3 h liberated only 12.6 g of
p-coumaric acid and 4.1 g of ferulic acid from 1 kg of dry
biomass. These lower recoveries may be attributed to the
poor solubility of Ca(OH), in water (1.73 g/L at 20 °C and
0.77 g/L at 100 °C).***" In the SRB-CaCCO process, for
which a phenolic-acid purification step is developed in
this study, the main stream is bioethanol production from
biomass (Fig. 2). Therefore, the severity of the Ca(OH),
treatment of the biomass should be optimized based not only
on the recovery of phenolic acids but also on the efficiency
of the subsequent enzymatic saccharification step and
the costs of Ca(OH),, heat energy, and equipment. In our
previous study, in which rice straw was used as feedstock,
we confirmed that ferulic acid is rapidly liberated after a
pretreatment time of 1 h but partially decomposes after
prolonged reaction at 100 °C."” In contrast, p-coumaric acid
exhibits better heat stability and a lower liberation velocity.
The same trends were observed for E. arundinaceus,
although the cell walls were more recalcitrant to lime
pretreatment for fermentable sugar recovery, indicating
that more severe pretreatment conditions can be adapted
with minimum loss of ferulic acid. Finally, we set the
pretreatment/extraction conditions for E. arundinaceus as
100 °C for 3 h after considering the efficiencies of both
treatments (data not shown).

After Ca(OH), treatment of the ground E. arundinaceus
sample, 90% of the total alkaline-extracted p-coumaric and
ferulic acids were recovered by washing the precipitate from
the extraction solution. The concentrations of p-coumaric
acid and ferulic acid in the extraction solution were 1.02 and
0.31 g/L, respectively. Additionally, some carboxy group-
containing compounds, such as acetic acid (3.75 g/L), lactic
acid (0.90 g/L), and unknown fatty acid(s) (0.2 mEq/L),
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Process A
Biomass Milling/Alkali > Saccharification/ B Distillati > Cellulosic
Feedstock Pretreatment Fermentation Distillation Ethanol
Process B
Biomass > Milling/ > Extraction/ > Crystalliza > Phenolic
Feedstock Alkali Hydrolysis Purification tion Acids
Process C
Biomass Milling/Pretreatment Saccharification/ B! Distillati > Cellulosic
Feedstock (Alkali Hydrolysis) Fermentation Distillation Ethanol
@Ethanol Reuse
Extraction/ Crystalliza > Phenolic
Purification tion Acids

Fig.2. Flow charts of three biomass utilization processes.

Process A is mainly used to produce cellulosic ethanol by the CaCCO process. Process B is used to obtain phenolic acids
by chemical extraction. Process C (i.e., the SRB-CaCCO process) is the integration of processes A and B and is used for the

simultaneous recovery of cellulosic ethanol and phenolic acids.

were also detected in the extracted solution.

(2) Conditions for phenolic acid adsorption and elution

Several types of adsorbents, including activated
charcoal, ion exchange resin, and synthetic adsorbent, were
preliminarily evaluated for the purification of p-coumaric
and ferulic acids from alkaline extracted solution. SP700
showed the highest adsorption capacity and has been shown
to have excellent handling properties for the purification of
organic compounds mainly via hydrophobic interactions.” >’
In addition, the use of ethanol to elute the phenolic acids
from SP700 is desirable for rapid evaporation/concentration
without desalting and efficient crystallization because
this solvent is more non-polar than water. Therefore, the
adsorption of each phenolic acid should be ideal when both
the phenol moiety and carboxy group in the molecule are
protonated. The extraction solution was acidified to pH
2s, which is lower than the pK,, values of both p-coumaric
acid (pK,,=4.51) and ferulic acid (pK,=4.72).** In our
preliminary experiments, the adsorption capacities of SP700
for p-coumaric and ferulic acids in the acidified extraction

solution were 121 g/kg dry adsorbent and 51.0 g/kg dry

adsorbent in 1 h, respectively.

Fig. 3 illustrates the elution patterns of the adsorbed
components (p-coumaric acid, ferulic acid, acetic acid, lactic
acid, and total fatty acids) in the acidified extraction solution
from SP700 by the linear gradient elution method. Acetic
acid and lactic acid did not interact with the adsorbent. In
contrast, most of the p-coumaric and ferulic acids (85.7 %
and 83.2 % of the total quantities, respectively) and 68.0 %
of the total fatty acids in the acidified extraction solution
adsorbed to SP700, and the phenolic acids started to desorb
from the adsorbent when the ethanol concentration reached
30 % (v/v). The fatty acid elution peak appeared when
the ethanol concentration exceeded 80 % (v/v). Under the
tested conditions, 54.8 % of the adsorbed fatty acids were
released into the eluent, and all of the phenolic acids were
recovered from SP700. The elution patterns of p-coumaric
and ferulic acids were quite similar, reflecting the difficulty
of separating these two acids with this purification step.

Next, the isocratic elution method was adopted to
investigate the sharpness of the elution of the phenolic acids
from the SP700 onto which the acidified extraction solution

was loaded. The influence of the ethanol concentration
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Elution patterns of p-coumaric acid, ferulic acid, and other compounds adsorbed on SP700 by a
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Fig.4. Effect of ethanol concentration (v/v) on the elution of p-coumaric acid and ferulic acid from SP700.

on the desorption patterns of p-coumaric acid and ferulic
acid from the adsorbent is shown in Figs. 4A and 4B,
respectively. The elution of both acids became more rapid
as the ethanol concentration increased, and when the ethanol
concentration exceeded 60 % (v/v), almost all of the bound
acids were recovered using 3 column-bed volumes of

eluent. To minimize the eluent volume, ethanol usage, and

elution time, isocratic elution with 60% ethanol solution
was adopted for the recrystallization experiment. In this
test, the concentrations of p-coumaric acid and ferulic acid
in the eluate increased by 5-fold and 8-fold, respectively,
compared to those in the acidified extraction solution. SP700
purification recovered 85.5 % of the p-coumaric acid and

83.2 % of the ferulic acid in the acidified extraction solution.



(3) Phenolic acid crystallization

After purification by SP700, p-coumaric and ferulic
acids in the eluate were crystallized based on their lower
solubility in water than in ethanol solution. Buranov
and Mazza reported that the solubility of ferulic acid is
highly dependent on the ethanol concentration and that
this compound is nearly insoluble in 30 % (v/v) ethanol
solution."” At the end of the evaporation of ethanol from
the eluate, the ethanol concentration decreased to 0.2% (v/
v), and the concentrations of p-coumaric and ferulic acids
reached 13.7 g/L and 4.6 g/L, respectively. After transferring
the murky solution obtained in the evaporation step to a
glass bottle, yellow crystals started to precipitate out of the
solution. The concentration of p-coumaric acid in the murky
solution rapidly decreased in the first 4 h of crystallization (P
< 0.05), and 60 % of the total p-coumaric acid precipitated
after 24 h (Fig. 5). In contrast, only 15 % of the total
ferulic acid in the solution crystallized within 24 h. The
different behaviors of the two acids may be attributable
to their different initial concentrations in the solution; the
final concentrations after 24 h of crystallization were very
similar: 4 g/L. To maximize the yield of high-purity crystals,
the crystallization process was allowed to proceed for 6 h.
After filtrating and drying the precipitates, slightly brown
crystals were obtained. The recoveries from the acidified
extraction solution were 46.3 % for p-coumaric acid and
13.1 % for ferulic acid, and the purities reached 82.0 % and
7.4 % of the total weights of the crystals, respectively. The
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residual solution, which contained approximately 8-g/L
phenolic acids, could be re-concentrated for recrystallization
to increase the yields (data not shown).

This simple purification method provides crystals of a
mixture of p-coumaric and ferulic acids. However, whether
the co-crystallization of p-coumaric acid and ferulic acid
occurs remains unclear. Although the moderate purity
and mixed form of these acids would restrict their direct
application in industry, the recovery of these compounds as
crystals is desirable for concentration, stabilization, storage,
and transportation. Depending on the intended applications
of these phenolic acids, the necessity of and detailed
processes for further purification would likely differ. For
example, Salgado et al. used a crude product of ferulic
acid and p-coumaric acid extracted from agro-industrial
waste to produce styrene derivatives via microorganisms.'®
Additionally, hydrophobic adsorption chromatography can
be used to separate and purify these two phenolic acids,*?
which would facilitate their application as individual
phenolic acids based on their unique functionalities.

The purification process of p-coumaric and ferulic
acids can be integrated as a side process in the CaCCO
process for the conversion of herbaceous feedstock to
cellulosic bioethanol.'” Assuming that 1 L of bioethanol can
be prepared from 4 kg of dry E. arundinaceus culms and
leaves, 24 g of phenolic acid flakes could be simultaneously
obtained as a by-product. In addition to phenolic acids, plant
culms and leaves contain valuable natural compounds, such
as unique lipids, bio-functional carbohydrates, and various
secondary metabolites.” In the course of maximizing
the feedstock value via the bio-refinery approach, the
side process described in this study could be further
adapted for the extraction and purification of valuables
other than phenolic acids, thereby strengthening the cost-

competitiveness of the main process.””

4. Conclusion

In this study, we developed a simple process for
preparing crystal flakes of phenolic acids. Integrating this
process into the CaCCO process is expected to save costs
for feedstock, reagents, and equipment for conversion and
to strengthen the whole process by producing multiple
valuables instead of a single valuable, bioethanol. The

flakes of phenolic acids possess fundamental value as
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an environmentally friendly, natural product, and the
commercial value of these flakes will vary based on their
purities and the prices of the compounds. Therefore, this
side process should be further improved by increasing the

purity, recovery, and production efficiency.

Acknowledgements

We are grateful to M. Tabuse, K. Yamanaka, X.F. Lv, Y.
Miyamoto, X.J. Geng, and Y. Nishiguchi for their excellent
technical assistance. This work was supported by a grant
from the Ministry of Agriculture, Forestry, and Fisheries of
Japan (Rural Biofuel Research Project).

References

1) Gupta, R., Sharma, K.K. and Kuhad, R.C., Separate
hydrolysis and fermentation (SHF) of Prosopis juliflora,
a woody substrate, for the production of cellulosic
ethanol by Saccharomyces cerevisiae and Pichia
stipitis-NCIM 3498. Bioresour. Technol., 100, 1214-
1220 (2009).

2) Luo, L., Voet, E. and Huppes, G., Biorefining of

lignocellulosic feedstock — Technical, economic and

environmental considerations. Bioresour. Technol., 101,

5023-5032 (2010).

Matsushita, Y., Jo, E.Y., Inakoshi, R., Yagami,

S., Takamoto, N., Fukushima, K. and Lee, S.C.,

Hydrothermal reaction of sulfuric acid lignin generated

3

~

as a by-product during bioethanol production using
lignocellulosic materials to convert bioactive agents.
Ind. Crops Prod., 42, 181-188 (2013).

4) Buruiana, C.T., Vizireanu, C., Garrote, G. and Parajo,
J.C., Optimization of corn stover biorefinery for
coproduction of oligomers and second generation
bioethanol using non-isothermal autohydrolysis. Ind.
Crops Prod., 54, 32-39 (2014).

5) Cotana, F., Cavalaglio, G., Nicolini, A., Gelosia, M.,
Coccia, V., Petrozzi, A. and Brinchi, L., Lignin as co-
product of second generation bioethanol production
from ligno-cellulosic biomass. Energy Procedia, 45, 52-
60 (2014).

6) Kataria, R. and Ghosh, S., Saccharification of Kans
grass using enzyme mixture from Trichoderma reesei

for bioethanol production. Bioresour. Technol., 102,

9970-9975 (2011).

7) Cardona, C.A. and Sanchez, 0O.J., Fuel ethanol
production: Process design trends and integration
opportunities. Bioresour. Technol., 98, 2415-2457
(2007).

8) Graf, E., Antioxidant potential of ferulic acid. Free
Radical Bio.Med., 13, 435-448 (1992).

9) Smith, M.M. and Hartley, R.D., Occurrence and nature
of ferulic acid substitution of cell-wall polysaccharides
in graminaceous plants. Carbohyd. Res., 118, 65-80
(1983).

10) Tiyama, K., Lam, T.B.T. and Stone, B.A., Phenolic acid
bridges between polysaccharides and lignin in wheat
internodes. Phytochem., 29, 733-737 (1990).

11) Buranov, A.U. and Mazza, G., Extraction and
purification of ferulic acid from flax shives, wheat
and corn bran by alkaline hydrolysis and pressurised
solvents, Food Chem., 115, 1542-1548 (2009).

12) Soto, M.L., Moure, A., Dominguez, H. and Paraj6, J.C.,
Recovery, concentration and purification of phenolic
compounds by adsorption: a review. J. Food Eng., 105,
1-27 (2011).

13) Tilay, A., Bule, M., Kishenkumar, J. and Annapure, U.,
Preparation of ferulic acid from agricultural wastes: its
improved extraction and purification. J. Agric. Food
Chem., 56, 7644-7648 (2008).

14) Bauer, J.L., Harbaum-Piayda, B. and Schwarz, K.,
Phenolic compounds from hydrolyzed and extracted
fiber-rich by-products. LWT-Food Sci. Technol., 47,
246-254 (2012).

15) Zhao, J., Ou, S., Ding, S., Wang, Y. and Wang, Y., Effect
of activated charcoal treatment of alkaline hydrolysates
from sugarcane bagasse on purification of p-coumaric
acid. Chem. Eng. Res. Des., 89,2176-2181 (2011).

16) Salgado, J.M., Max, B., Rodriguez-Solana, R. and
Dominguez, J.M., Purification of ferulic acid solubilized
from agroindustrial wastes and further conversion into
4-vinyl guaiacol by Streptomyces setonii using solid
state fermentation. Ind. Crops Prod., 39, 52-61(2012).

17) Zhao, R., Yun, M., Shiroma, R., Ike, M., Guan, D. and
Tokuyasu, K., Integration of a phenolic-acid recovery
step in the CaCCO process for efficient fermentable-
sugar recovery from rice straw. Bioresour. Technol., 14,
422-427 (2013).

18) Uwatoko, N. and Gau, M., Breed development of



cellulosic energy crop — Erianthus. J. Jpn. I. Energy (in
Japanese), 92: 571-576 (2013).

19) Sun, R.C., Sun, X.F. and Zhang, S.H., Quantitative
determination of hydroxycinnamic acids in wheat, rice,
rye, and barley straws, maize stems, oil palm frond
fiber, and fast-growing poplar wood. J. Agric. Food
Chem., 49, 5122-5129 (2001).

20) Chang, V.S., Nagwani, M. and Holtzapple, M.T., Lime
pretreatment of crop residues bagasse and wheat straw.
Appl. Biochem. Biotech., 74, 135-159 (1998).

21) Kamiharako, T., Morphology of calcium hydroxide
prepared by solution-reprecipitation. Dissertation,
Hosei University (in Japanese) (2008).

22) Wang, X., Isolation and purification of Anthocyanins
from black bean canning wastewater using macroporous
resins, All Graduate Theses and Dissertations, Paper
1523, Utah State University (2012).

23) Shan T., Sun W., Wang X., Fu X., Sun W., Zhou L.,
Purification of ustiloxins A and B from rice false smut
balls by macroporous resins, Molecules, 18, 8181-8199
(2013).

24) Arni, S.A., Drake, A.F., Borghi, M.D. and Converti, A.,
Study of aromatic compounds derived from sugarcane

bagasse. Part I: effect of pH. Chem. Eng. Technol., 33,

27

895-901(2010).

25) Maillard, M.N. and Berset, C., Evolution of antioxidant
activity during kilning: role of insoluble bound phenolic
acids of barley and malt. J. Agric. Food Chem., 43,
1789-1793(1995).

26) Yao, W. and Nokes, S.E., First proof of concept of
sustainable metabolite production from high solids
fermentation of lignocellulosic biomass using a
bacterial co-culture on cycling flush system. Bioresour:
Technol., 173, 216-223 (2014).

27) Orikasa, T., Tokuyasu, K., Ike, M., Zhao, R., Gau,
M., Koide, S. and Shiina, T., Cost, CO, emission and
energy consumption of bioethanol production from
a lignocellulosic energy crop, Erianthus sp. by SRB-
CaCCO process. p. 084, Paper presented at the 11"
international conference on Ecobalance, Tsukuba
(2014).

i) EPA finalizes 2011 renewable fuel standards. http://
yosemite.epa.gov/opa/admpress.nsf/6424ac1caa800aab
85257359003f5337/779271988090015e852577¢a006e9
ac9!opendocument (2015.9.10).

ii ) Production techniques of ferulic acid from rice bran
(in Japanese). http://inouesho.jp/jusyougijutu/28/doc/
komenuka.pdf (2016.2.1).



28

tO—-XRI &/ —IVELERFDEITIE & U T DErianthus arundinaceus
ZERLLPSDp-7TIVBRRV 7 IV FBROBREMARDOAE

g, e o, IRyl i EMY B b e
Al W, e

TESLOFZERSE RN RS - AR BN A T O AT SR Y
EINIRFFEBSE RN B - A SO A R LN MRS E e v 4 —

® B

CaCCO (Calcium Capturing by Carbonation)ii & Hl\W 72V 7 U X EE,LOL Y ) - VEET O L XITEBW
T EIAETZ2 72— VIR (p— 7 VIRED 7 2V F ) ZiLBERY & LTy %7200 THEZHE L7z,
CaCCOET DKL A IV ¥ 7 A FIALERIREIZ VA L L 72T 7 = 7 — VIR, A g AN W 7. 60 % (viv)— 8 /) —
WAZ X ) BB U7z EER 2 B - fE L7228, I 6 BRREE LIRS S5 2 & TIRTE R OB ASHT H
L7ze RILBEWOTDOp— 7 < VIBE 7 2 VIBOEAERIT. ELBYWERICH L TENZEN82.0%L74%TH D,
BPIRIEZNZEN463 % L131 % THhHho72e ZDLHI, L7 7 —VEGETIRIZE W TIELS 2 B EY % fif
FLHLTHETHE - HUTEH I EERFEI L7, TNIIMA T, RLETE, FEWE Ry /) — V%2 T/ —
VIR OB L O LTHEHL, =8 ) — VERTEZHEHLTCINZHENICHETLZ LT, N
AFN 774 F) —LREERORBEITEE LD D LIS,



