
Research Article
Kinetic pH Titration to Predict the Acid and Hydrothermal
Conditions for the Hydrolysis of Disaccharides: Use of a
Microcapillary System

Toshinori Shimanouchi ,1 Ryota Mano,1 Yu Yoshioka,1 Ayaka Fukuda,1

Kyung-Min Park ,2 and Yukitaka Kimura 1

1Graduate School of Environment and Life Science, Okayama University, 3-1-1 Tsushimanaka, Okayama 700-8530,
Okayama, Japan
2Wonkwang University, Iskan, Republic of Korea

Correspondence should be addressed to Yukitaka Kimura; yktkkimu@cc.okayama-u.ac.jp

Received 21 September 2018; Accepted 27 November 2018; Published 2 January 2019

Academic Editor: Josefina Pons

Copyright © 2019 Toshinori Shimanouchi et al..is is an open access article distributed under the Creative CommonsAttribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

.e hydrolysis of disaccharides was conducted using a microcapillary system under hydrothermal conditions (up to 190°C at
10MPa and pH 4–11). .e hydrolysis reaction showed a sigmoidal progression with time, especially under alkaline conditions.
Analysis using a kinetic model yielded the reaction induction period..e specific pH value (pHamb) at the induction time, which is
the pH value corresponding to the progression of disaccharide hydrolysis, was peculiar to each disaccharide. Finally, the cal-
culation of the electron density around the oxygen atom of the glycosidic bond between saccharides was found to roughly predict
the pHamb value required for the progression of hydrolysis.

1. Introduction

Sugar production is an indispensable technology in food and
chemical engineering. Many researchers have reported that
cellulose and oligo- and disaccharides are hydrolyzed to
monosaccharides [1–7]. Because cellulose is present in plant
biomass [1], it is a useful resource for the preparation of
sugars and other value-added materials. .e hydrolysis of
cellulose is, in principle, based on the cleavage of the gly-
cosidic bond between monosaccharides and requires acidic
conditions [8]. In recent years, a variety of methods in-
cluding the use of metal catalysts, enzymatic treatment in
ionic liquids [9–11], and hydrothermal treatment [1–3, 6, 7]
have been reported to improve hydrolysis. However, the
deterioration of metal catalysts and their poor reusability
limit their use. In addition, enzymes and ionic liquids are
expensive. .us, the hydrolysis of sugar is not always an
environmentally benign process and can be economically
risky.

Water that maintains its liquid state under pressurized
conditions in the temperature range of 100–374°C is called
subcritical water. Subcritical water has two unique features:
(i) a low relative dielectric constant [12–14] and (ii) a high
ion product [15]. Because there is evidence of a high hy-
droxide ion concentration in supercritical water [16], the
concentrations of hydrogen and hydroxyl ions in subcritical
water should be also higher than those in water at room
temperature. .erefore, subcritical water has been in-
vestigated for its application as acid and base catalysts
[17–19]. However, there is no direct evidence of the phys-
icochemical properties of subcritical water mentioned
above, and the further application of subcritical water re-
quires the clarification of its physicochemical property.

Recently, it has been reported that subcritical water can
catalyze the hydrolysis [2–4, 6, 7, 20–24] and isomerization
[25] of saccharides, as well as the hydrolysis of vegetable oil
[26]. .ese findings demonstrate the use of subcritical water
for the treatment of biomass. Further clarification of the
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physicochemical properties of subcritical water would result
in the effective treatment of solid biomass, such as used
wood. .e decomposition mechanism of sucrose has been
clarified to some extent, and the decomposition of sucrose is
affected by the acidity of the reaction medium [21]. It is
expected that the variation in the hydrolysis behavior of
disaccharides under hydrothermal conditions at different
pHs is related to the physicochemical property of subcritical
water.

.e hydrothermal process can be carried out in a
microcapillary system. Microcapillary systems permit the
rapid shifting of the liquid temperature between room
temperature and hydrothermal temperature [20–22, 27–29].
.erefore, the monitoring of the reaction under the hy-
drothermal conditions can be achieved. In particular, a shift
in the pH to the acidic region occurs with increasing hy-
drolysis. If the pH that induces the hydrolysis of materials
can be predicted from the physicochemical properties, the
use of excess acid could be avoided.

In this study, we selected disaccharides as the target
materials because the minimum unit process in cellulose
hydrolysis is considered to be the hydrolysis of di-
saccharides. .en, we examined the hydrolysis behavior of
disaccharides at various pHs and temperatures. From the
kinetic analysis of hydrolysis under the hydrothermal
conditions involving hydrochloric acid, the apparent de-
composition rate constant was estimated to determine the
specific pH value for hydrolysis. As a related parameter, the
hydration structure of disaccharides was examined using
dielectric measurements. Moreover, the relationship be-
tween the pH value and the hydration structure of di-
saccharides is discussed.

2. Materials and Methods

2.1. Materials. Sucrose, palatinose monohydrate, meribiose,
cellobiose, turanose, trehalose, maltose, and lactose were
used as disaccharides, and their general formula is
C12H22O11 (Mw � 342.296 g/mol). .e disaccharides and
other chemicals were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan), except trehalose, which was
obtained from Hayashibara Co. Ltd. (Okayama, Japan).
Other chemicals were of analytical grade.

2.2. /ermogravimetric Analysis. .e thermogravimetric
analysis was carried using a TG-60A (Shimadzu, Kyoto,
Japan). A platinum crucible loaded with 2 to 3mg of sucrose
was first heated to 300°C from the room temperature at a
heating rate of 20°C/min. N2 gas was used as carrier gas at a
flow rate of 100mL/min.

2.3. Preparation of the Disaccharide Solutions. .e di-
saccharides were dissolved in distilled water to adjust the
final concentration to 0.5–5wt%. To adjust the pH of the
disaccharide solution, either HCl or NaOH was used. .e
disaccharide solution without pH adjustment had a pH of 6.
.e disaccharide solution was degassed for 10min and

purged with nitrogen gas to avoid the variation in pH caused
by dissolving carbon dioxide in the disaccharide solution.

2.4. Apparatus of the Flow-type Reactor. A continuous flow-
type reactor (Figure 1) was used to monitor the de-
composition of the disaccharides following a previous report
[21]. .e reactor was made of stainless steel (SUS 316, GL
Science, Tokyo, Japan) tubing (1.6mm o.d. × 0.8mm i.d.)
and was immersed in an oil bath (160–190°C). .e tem-
perature of the oil bath was monitored using a thermal
detector TXN-400 (AS ONE, Osaka, Japan). To terminate
the reaction rapidly, the reaction mixture leaving the reactor
was passed through a water bath. .e pressure in the system
was regulated at 10MPa by a valve (P-880, Upchurch Sci-
entific). .e effluent was collected in a sampling vessel to
analyze the sucrose concentration by high-performance
liquid chromatography (HPLC).

To investigate the pH decrease during the hydrolysis, the
pH of the reactor effluent of all samples was measured using
a pH meter.

2.5. HPLC Analysis. .e concentration of the remaining
sucrose in the effluent was determined by a liquid chro-
matograph (LC-20AD, Shimadzu, Kyoto, Japan) equipped
with a refractometer RI-8010 (TOSO, Osaka, Japan). A
COSMOSIL Sugar-D packed column (4.6mm i.d. ×

250mm) was used for the analysis of the sucrose and its
hydrolysates. .e 20 μL sample was injected into the column
and incubated at 38°C by the column oven..e eluent was an
acetonitrile/water mixture (80/20 v/v), and its flow rate was
1.6mL/min. .e determination was repeated at least three
times and then averaged.

2.6. Dielectric Measurement. Dielectric dispersion analysis
permits the monitoring of the dipole moment such as that of
water. A network analyzer (Agilent, N5230C; 500MHz to
50GHz) was used to monitor the bulk water and the water
bound to disaccharides. .e sample solution at a constant
mixing ratio of water to disaccharide was used and main-
tained for 30min at a constant temperature before starting
the measurement. .ereafter, the relative permittivity (ε′)
and dielectric loss (ε′′) of the liposome suspension were
measured as a function of frequency at each temperature
following previous reports [30–32]. .e frequency de-
pendence of ε′ and ε′′ (500MHz to 50GHz) was analyzed
using Debye’s equations:

ε′ − εh
′ � 

2

i�1

Δεi

1 + f/fci( 
2, (1)

ε″ −
Gdc

2πfC0
� 

2

i�1

Δεi f/fci( 

1 + f/fci( 
2, (2)

where εh
′ andGdc are the limit of relative permittivity at higher

frequency and direct current conductivity of the solutions,
respectively. C0 is the cell constant obtained by calibration
using distilled water. It has been reported that aqueous
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solutions have two different characteristic relaxations of water
molecules: the water bound to saccharides (i � 1; third step,
1–3GHz) and bulk water (i � 2, second step, ca. 20GHz)
[30, 32]..erefore, equations (2) and (3) were assumed to be a
summation of the two relaxation terms. Samples were pre-
pared by mixing 0.5 g of disaccharide with 0–1.3 g of water.
.e number of water molecules to disaccharide is defined as
Nw. Nw � (mw/Mw)/(md/Md), where mw and md are the
masses of water and disaccharide (g), respectively. Mw and
Md are the molecular weights of water and disaccharide,
respectively.

3. Results and Discussion

3.1. /ermal Stability of Disaccharides. In the first series of
experiments, the thermal stability of the disaccharides was
investigated to rule out the possibility of the thermal de-
composition of the disaccharides. For this, differential
scanning calorimetry (DSC) and thermal gravimetric (TG)
analysis were used. Figure 2(a) shows typical DSC and TG
curves for sucrose. In the temperature range between 150
and 170°C, an endothermic heat flow was observed, but no
weight change was observed. .e sucrose was considered to
be melted in this temperature range. .e weight change in
sucrose was observed above 200°C from the TG curve. .e
DSC curve shows an endothermic adsorption in the same
temperature range. .ese results indicated that the sucrose
thermally decomposed above 220°C. .e temperatures re-
quired to induce the decomposition for other disaccharides
were measured to be 270°C (maltose), 24°C (trehalose),
240°C (cellobiose), 195°C (turanose), and 215°C (meribiose).
For lactose, the decomposition temperature has been re-
ported to be 220°C [33]. .us, it is considered that the
hydrolysis of disaccharides should be examined below
190°C, although data for palatinose was not obtained in this
study.

3.2. Influence of Inorganic Acids on Hydrothermal Hydrolysis
Behavior of Disaccharides. To select the acid in this study,
sucrose was examined as a typical disaccharide. It has been
reported that sucrose is susceptible to hydrolysis by acids
because it has a glycosidic oxygen atom with a large elec-
trostatic potential charge [21].

To confirm the influence of the acid species, HCl, H2SO4,
and HNO3 were used to induce the hydrolysis of sucrose.

Each acid was mixed with sucrose to adjust the pH to 5 to
initiate hydrolysis under the hydrothermal condition (185°C
and 10MPa). .e change in the remaining sucrose (C/C0)
with time in the presence of each acid is shown in
Figure 2(b). It is obvious that the changes in C/C0 with time
in the presence of each acid are identical. .e same was true
for the variation of pH (Figure 2(c)). In general, all the strong
acids form H3O+ (H+), known as the leveling effect.
.erefore, the results in Figures 2(b) and 2(c) strongly in-
dicate that the protons dissociated from the inorganic acids
triggered the hydrolysis of sucrose. .us, HCl was used for
the hydrolysis of disaccharides.

3.3. Kinetic Analysis of the Hydrolysis of Disaccharides.
Sucrose solutions at various pH values, adjusted by HCl,
were prepared to investigate its hydrolysis under subcritical
conditions (180°C and 10MPa)..e change in the remaining
sucrose concentration was monitored at various pHs
(Figure 3(a)). Sigmoidal curves were observed above pH 4.
.is indicates the presence of an induction period [34].
Following previous reports [34], we analyzed the change in
the remaining sucrose (C/C0) with time using the following
equation:

C

C0
� 1−

1
1 + exp − t− tm( /τ( 

, (3)

where the induction time is td � tm − 2τ and the apparent
rate constant is kapp � τ−1. In Figure 3(a), td � 25 –160 s and
kapp � 0.01 – 0.058 s−1 were estimated from the curve fitting
of equation (3) with the experimental data obtained in this
study. Overall, the induction time, td, increased with the
increasing pH. .e corresponding apparent rate constant,
kapp, also reduced with the increasing pH.

To confirm the general relationship between both, the
kapp values were plotted against the corresponding td value
obtained under various temperatures and pH conditions. A
good correlation between both was observed at all pH values
and temperatures (Figure 3(b)), which is a typical re-
lationship often seen in the time development involving an
induction period. .e negatively correlated relationship
between td and kapp implies a lag time for the hydrolysis of
sucrose.

In a previous report, a production of organic acids such
as formic acid and acetic acid associated with the hydrolysis
of sucrose resulted in a pH reduction [21]. .e pH variation
during sucrose hydrolysis was monitored at various initial
pH values..e pH converged to pH 4 regardless of the initial
pH (Figure 3(c))..e reason for the convergence to the same
pH appears to be due to the production of organic acids, as
previously reported [21]. .e pH corresponding to the in-
duction time (td) is denoted as pHamb. pHamb was then
plotted against the corresponding td value (Figure 3(d)). It
was found that the pHamb was 5 at all temperatures and
initial pHs, suggesting that proton accumulation is required
for the progression of sucrose hydrolysis. .e pHamb value
for other disaccharides was also measured, as shown in
Figure 4. .e pH condition required to progress hydrolysis
depended on the disaccharides. Overall, the pHamb values

Sample
collector

Water bathOil bathSucrose
solution

Pump

N2 bag
Back pressure

valve

Figure 1: Schematic illustration of the reaction system for sucrose
decomposition under hydrothermal conditions.
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ranged between 4 and 5, suggesting that the hydrolysis of
disaccharides occurred under acidic conditions in the hy-
drothermal reaction.

3.4. Simple Implications for the Hydrolysis Mechanism of
Disaccharides. To clarify the hydrolysis mechanism of
sucrose associated with the accumulation of protons, the
activation energy of the sucrose hydrolysis at various pHs
was investigated. Figure 5(a) shows the temperature de-
pendencies of sucrose hydrolysis at pH 6. When the
temperature was increased to 190°C, a rapid hydrolysis of
sucrose was observed with a corresponding decrease in the
induction period. .e apparent rate constant (kapp) at
various temperatures was estimated using equation (3) and
plotted against the corresponding temperature, as shown in
Figure 5(b). .e slope of the plot of ln kapp − 1/Tgives ΔE/R
(Arrhenius plot), and the ΔE value was subsequently
plotted against the initial pH of the sucrose solution

(Figure 5(c)). Overall, the ΔE values are below 100 kJ/mol.
.e ΔE values for radical reactions have been reported to be
about 400 kJ/mol [35]. .ese results indicate that the su-
crose was hydrolyzed via an ionic reaction. In addition, in
the range below pH 5, the ΔE value was reduced as
compared with those above pH 5. .e accumulation of
protons appeared to be advantageous for the hydrolysis of
sucrose. .e same was true for other disaccharides re-
garding the pH dependency of the ΔE value (data not
shown).

From the results, the electronic environment of the
oxygen atom in the glycosidic bond of the disaccharide
(where the cleavage of disaccharides occurred) played an
important role in the hydrolysis reaction.

3.5. Dielectric Measurement. .e hydration of disaccharides
is a possible factor affecting their hydrolysis. Dielectric
measurements under an alternating electric field are a
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powerful tool to estimate the hydration structure [30–32].
.e frequency range between 500MHz and 20GHz was
selected because this range involves the relaxation origi-
nating from hydration [30, 32].

Typical dielectric spectra between 500MHz and 20GHz
measured at 25°C are shown in Figures 6(a) and 6(b). In the
cases of sucrose and maltose, dielectric relaxation was ob-
served at around 1–3 and 8–20GHz, respectively. .e
former relaxation was attributed to the bound water to
disaccharide and the latter to that of bulk water [30, 32]. On

varying the water to disaccharide content (Nw � 6.84–30.7),
definite relaxation was observed for both disaccharides. .e
relaxation amplitude at around 1–3GHz (Δε) was estimated
by fitting Debye-type equations (1) and (2) to the experi-
mental data. For sucrose, the first relaxation, Δε � 20.3 and f
� 1.2GHz, and the second relaxation, Δε � 16 and f � 8GHz,
occurred at Nw � 6.84 (r2 � 0.960); the first relaxation, Δε �

21.5 and f � 1.2GHz, and the second relaxation, Δε � 23; and
f � 8GHz, occurred at Nw � 13.6 (r2 � 0.955); and the first
relaxation, Δε � 11.3 and f � 1.5GHz, and the second
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relaxation, Δε � 57 and f � 12GHz, occurred at Nw � 30.7 (r2
� 0.982). As Nw increased beyond 13.6, the characteristic
frequency increased from 8 to 12GHz, indicating the
generation of free bulk water. In addition, the increase in
water content increased the Δε value of the second

relaxation..is resulted from the contribution of bulk water.
.e same was true for maltose.

.e Δε value at the first relaxation, in principle, depends
on the number and strength of the dipole moment derived
from the bound water. .e strength of the dipole moment
of water reflects the extent of polarization of water. .us,
the Δε value as an index for the bound water was plotted
against the Nw value. .e Δε value monotonously increased
up to Nw � 10–15 and, subsequently, decreased in the case
of sucrose, turanose, and meribiose (Figure 6(c)). On the
contrary, the Δε value monotonously increased up to Nw �

20–30 and then plateaued in the case of the other di-
saccharides (Figure 6(d)). .us, the critical point in the Δε
vs. Nw curve might correspond to the number of bound
water molecules; thus, the critical Nw value is 15–30.
However, computational studies [36, 37] have indicated
that a hydration number of 13–16 is lower than the critical
Nw value. .is difference in the number of bound water
molecules might result from the principle of the dielectric
measurements: both strongly and weakly bound water are
detectable. Alternatively, considering that Δε depends on
the number and strength of dipole moment, a Δε/Nw value
in the range between 0 and 10 might be defined as the
hydration structure. .e Δε/Nw value indicates the average
strength of the dipole moment (polarization) of bound
water. .is definition is similar to the conventional method
used to discuss the hydration of substrates, e.g., a plot of the
melting enthalpy of substrates to the water content of the
substrate (mol/mol) [38]. .ereby, the Δε/Nw values for
each disaccharide are summarized in Figure 6(e). Four
disaccharides (sucrose, turanose, meribiose, and maltose)
had significantly higher Δε/Nw values than the other di-
saccharides. .erefore, these four disaccharides could have
strongly bound hydration structures.

3.6. Implications for the pH Condition Required for the Hy-
drolysis of Disaccharides. It is considered that a hydration
structure is formed at the hydroxyl group of mono-
saccharides and the glycosidic bond. .e glycosidic bond is
affected by hydrolysis under hydrothermal conditions. If the
hydration is caused by the water bound to the glycosidic
bond, the hydration structure can be considered to be related
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to the electronic charge in the glycosidic bond (oxygen
atom). �us, theoretical calculations using the molecular
orbital calculation program MOPAC 2000 were performed
according to a previous report [21], and the results are
summarized in Figure 7(a). Sucrose had the most negative Q
value of the disaccharides used, indicating the high electron
charge in the glycosidic bond of the electron-rich α-glucose-
(1⟶4)-α-fructose bond [21]. Trehalose, cellobiose, lactose,
and palatinose had relatively low Q values. �e obtained
order of Q values is likely comparable to the trend in hy-
drolysis (Figure 4).

To check the e�ect of the electronic charge of the gly-
cosidic bond on the hydrolysis, both the pHamb and Δε/Nw
values for each disaccharide were plotted against the cor-
responding Q value. Figure 7(b) shows that a decrease in Q
resulted in an increase in pHamb, suggesting that the negative
charge of the glycosidic bond is closely related to the pro-
gression of the hydrolysis reaction. �e Δε/Nw value also
indicates a negative correlation with the Q value, although
some data were scattered away from the trendline
(Figure 7(c)). �is scattering might result from the con-
�guration of water around the saccharides, which is de-
pendent of the conformation of the disaccharides. Based on

Figures 7(b) and 7(c), the Q value of a disaccharide could be
used to determine the critical pH condition for the pro-
gression of hydrolysis.

4. Conclusion

A kinetic model taking into consideration the induction
period was adopted to analyze the hydrolysis of di-
saccharides. �ereby, using our analysis technique, the pH
value required to initiate the hydrolysis of disaccharides
(pHamb) can be calculated. �e activation energy for the
hydrolysis of disaccharides under hydrothermal conditions
was calculated, and the reactions were found to be ionic
reactions. �erefore, possible parameters relating to ionic
reactions are (i) the hydration structure of disaccharides and
(ii) the electronic charge of oxygen in the glycosidic bond.
�e hydration structure was determined using dielectric
measurements. It was found that sucrose, turanose, and
meribiose were well-hydrated relative to the other di-
saccharides. In addition, the calculations using MOPAC can
give the Q value, and the hydration structure is roughly
comparable to the Q value, although some deviations were
observed. It is likely that the electronic environment of the
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oxygen atom in the glycosidic bond is related to the hy-
drolysis of disaccharides. Finally, the pHamb value was
roughly correlated with the Q value. .erefore, the method
only requires knowledge of the electronic charge of the
oxygen atom in the glycosidic bond of disaccharides ob-
tained from calculation to predict the pHamb of the target
disaccharide..e prediction of pHamb would avoid the use of
excess quantities of acid to adjust the initial pH, which is of
significant environmental benefit. Furthermore, a micro-
capillary system can be used to monitor the change in the pH
with time to obtain the pHamb value for the hydrothermal
hydrolysis of disaccharides.
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liquefaction of cellulose in subcritical water-the role of
crystallinity on the cellulose reactivity,” RSC Advances, vol. 3,
no. 27, pp. 11035–11044, 2013.

[7] W. Yang, T. Shimanouchi, S. Wu, and Y. Kimura, “In-
vestigation of the degradation kinetic parameters and
structure changes of microcrystalline cellulose in subcritical
water,” Energy and Fuels, vol. 28, no. 11, pp. 6974–6980, 2014.

[8] A. S. Amarasekara and B. Wiredu, “Degradation of cellulose
in dilute aqueous solutions of acidic ionic liquid 1-(1-Propyl
sulfonic)-3-methylimidazolium chloride, and p-toluene
sulfonic acid at moderate temperatures and pressures,”
Industrial and Engineering Chemistry Research, vol. 50,
no. 21, pp. 12276–12280, 2011.

[9] M. G. Adsul, J. E. Ghule, H. Shaikh et al., “Enzymatic hy-
drolysis of delignified bagasse polysaccharides,” Carbohydrate
Polymers, vol. 62, no. 1, pp. 6–10, 2005.

[10] P. Kumar, D. M. Barrett, M. J. Delwiche, and P. Stroeve,
“Methods for pretreatment of lignocellulosic biomass for
efficient hydrolysis and biofuel production,” Industrial and
Engineering Chemistry Research, vol. 48, no. 8, pp. 3713–3729,
2009.

[11] B. A. Z. Amin, B. Chabbert, D. Moorhead, and I. Bertrand,
“Impact of fine litter chemistry on lignocellulolytic enzyme
efficiency during decomposition of maize leaf and root in
soil,” Biogeochemistry, vol. 117, no. 1, pp. 169–183, 2013.

[12] Y. Yang, M. Belghazi, A. Lagadec, D. J. Miller, and
S. B. Hawthorne, “Elution of organic solutes from different
polarity sorbents using subcritical water,” Journal of Chro-
matography A, vol. 810, no. 1-2, pp. 149–159, 1998.

[13] C. A. Eckert, D. Bush, J. S. Brown, and C. L. Liotta, “Tuning
solvents for sustainable technology,” Industrial and Engi-
neering Chemistry Research, vol. 39, no. 12, pp. 4615–4621,
2000.

–0.2

–0.1

0

(a)

Q
 (C

)

Suc Tura Meri Mal Trh Cel Lac Pal

(b)
3

4

5

6

pH
am

b  (—
)

(c)
Q (C)

–0.2 –0.1 0
0

2

4

∆ε
/N

w 
(—

)

Figure 7: (a) Electronic charge around oxygen in the glycoside
bond of disaccharides. Q dependency of (b) pHamb and (c) Δε/Nw.
Suc: sucrose; Tura: turanose; Meri: meribiose; Mal: maltose; Trh:
trehalose; Cel: cellobiose; Lac: lactose; Pal: palatinose.

8 Journal of Chemistry

http://www.editage.jp


[14] D. D. Wagman, W. H. Evans, V. B. Parker et al., “.e NBS
tables of chemical thermodynamic properties,” Journal of
Physical and Chemical Reference Data, vol. 18, no. 4, 1982.

[15] M. Uematsu and E. U. Franck, “Static dielectric constant of
water and steam,” Journal of Physical and Chemical Reference
Data, vol. 9, no. 4, pp. 1291–1306, 1980.

[16] H. Oka, S. Yamago, J. Yoshida, and O. Kajimoto, “Evidence
for a hydroxide ion catalyzed pathway in ester hydrolysis in
supercritical water,” Angewandte Chemie International Edi-
tion, vol. 41, no. 4, pp. 623–625, 2002.

[17] P. Kramer and H. Vogel, “Hydrolysis of esters in subcritical
and supercritical water,” Journal of Supercritical Fluids,
vol. 16, no. 3, pp. 189–206, 2000.

[18] B. Kuhlmann, E. M. Arnett, and M. Siskin, “Classical organic
reactions in pure superheated water,” Journal of Organic
Chemistry, vol. 59, no. 11, pp. 3098–3101, 1994.

[19] H. P. Lesutis, R. Gläser, C. L. Liotta, and C. A. Eckert, “Acid/
base-catalyzed ester hydrolysis in near-critical water,”
Chemical Communications, vol. 35, no. 20, pp. 2063-2064,
1999.

[20] C. Usuki, Y. Kimura, and S. Adachi, “Degradation of pentoses
and hexouronic acids in subcritical water,” Chemical Engi-
neering and Technology, vol. 31, no. 1, pp. 133–137, 2008.

[21] T. Oomori, S. H. Khajavi, Y. Kimura, S. Adachi, and
R. Matsuno, “Hydrolysis of disaccharides containing glucose
residue in subcritical water,” Biochemical Engineering Journal,
vol. 18, no. 2, pp. 143–147, 2004.

[22] S. Haghighat Khajavi, S. Ota, R. Nakazawa, Y. Kimura, and
S. Adachi, “Hydrolysis kinetics of trisaccharides consisting of
glucose, galactose, and fructose residues in subcritical water,”
Biotechnology Progress, vol. 22, no. 5, pp. 1321–1326, 2008.

[23] C. Turner, P. Turner, G. Jacobson et al., “Subcritical water
extraction and β-glucosidase-catalyzed hydrolysis of quer-
cetin glycosides in onion waste,” Green Chem, vol. 8, no. 11,
pp. 949–959, 2006.

[24] S. Haghighat Khajavi, Y. Kimura, T. Oomori, R. Matsuno, and
S. Adachi, “Kinetics on sucrose decomposition in subcritical
water,” LWT Food Science and Technology, vol. 38, no. 3,
pp. 297–302, 2005.

[25] C. Usuki, Y. Kimura, and S. Adachi, “Isomerization of hexoses
in subcritical water,” Food Science and Technology Research,
vol. 13, no. 3, pp. 205–209, 2007.

[26] T. Saito, M. Sasaki, H. Kawanabe, Y. Yoshino, and M. Goto,
“Subcritical water reaction behavior of D-glucose as a model
compound for biomass using two different continuous-flow
reactor configurations,” Chemical Engineering and Technol-
ogy, vol. 32, no. 4, pp. 527–533, 2009.

[27] T. Shimanouchi, S. Ueno, K. Shidahara, and Y. Kimura,
“Rapid conversion of glycerol to lactic acid under alkaline
hydrothermal conditions, by using a continuous flow reaction
system,” Chemistry Letters, vol. 43, no. 4, pp. 535–537, 2014.

[28] T. Shimanouchi, Y. Kataoka, T. Tanifuji, Y. Kimura,
S. Fujioka, and K. Terasaka, “Chemical conversion and liquid-
liquid extraction of 5-hydroxymethylfurfural from fructose by
slug flow microreactor,” AIChE Journal, vol. 62, no. 6,
pp. 2135–2143, 2016.

[29] T. Shimanouchi, T. Tanifuji, S. Fujioka, K. Terasaka, and
Y. Kimura, “Water/methyl isobutyl ketone (MIBK) biphasic
system in slug flow under high temperature and pressure
conditions,” Solvent Extraction Research and Development,
Japan, vol. 21, no. 2, pp. 201–209, 2014.

[30] M. Noda, T. Shimanouchi, H. Suzuki, M. Okuyama, and
R. Kuboi, “Analysis of complex permittivity of liposome for its

biochemical dynamics up to 30GHz range,” IEEE Transactions on
Microwave /eory and Techniques, vol. 54, pp. 1983–1986, 2006.

[31] T. Shimanouchi, M. Sasaki, A. Hiroiwa et al., “Relationship
between the mobility of phosphocholine headgroups of li-
posomes and the hydrophobicity at the membrane interface: a
characterization with spectrophotometric measurements,”
Colloids and Surfaces B: Biointerfaces, vol. 88, no. 1,
pp. 221–230, 2011.

[32] H. T. Vu, T. Shimanouchi, D. Ishikawa et al., “Effect of li-
posome membranes on disaggregation of amyloid β-fibrils by
dopamine,” Biochemical Engineering Journal, vol. 71,
pp. 228–236, 2013.

[33] Y. Listiohadi, J. A. Hourigan, R. W. Sleigh, and R. J. Steele,
“.ermal analysis of amorphous lactose and α-lactose
monohydrate,” Dairy Science and Technology, vol. 89, no. 1,
pp. 43–67, 2008.

[34] T. Shimanouchi, N. Kitaura, R. Onishi, H. Umakoshi, and
R. Kuboi, “Secondary nucleation of Aβ fibrils on liposome
membrane,” AIChE Journal, vol. 58, no. 12, pp. 3625–3632,
2012.

[35] N. K. Kai, /e Chemical Handbook Standard Edition 2,
Kagakubinran Kisohen 2, Maruzen, Tokyo, Japan, 4th edition,
2001.

[36] A. Lerbert, P. Bordat, F. Affouard, M. Descamps, and
F. Migliardo, “How homogeneous are the trehalose, maltose,
and sucrose water solutions? An insight from molecular
dynamics simulations,” Journal of Physical Chemistry B,
vol. 109, no. 21, pp. 11046–11057, 2005.

[37] S. L. Lee, P. G. Debenedetti, and J. R. Errington, “A com-
putational study of hydration, solution structure, and dy-
namics in dilute carbohydrate solutions,” Journal of Chemical
Physics, vol. 122, no. 20, article 204511, 2005.

[38] D. Bach and I. R. Miller, “Hydration of phospholipid bilayers
in the presence and absence of cholesterol,” Chemistry and
Physics of Lipids, vol. 136, no. 1, pp. 67–72, 2005.

Journal of Chemistry 9



Tribology
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 International Journal ofInternational Journal ofPhotoenergy

Hindawi
www.hindawi.com Volume 2018

Journal of

Chemistry

Hindawi
www.hindawi.com Volume 2018

Advances in
Physical Chemistry

Hindawi
www.hindawi.com

 Analytical Methods  
in Chemistry

Journal of

Volume 2018

Bioinorganic Chemistry 
and Applications
Hindawi
www.hindawi.com Volume 2018

Spectroscopy
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Medicinal Chemistry
International Journal of

Hindawi
www.hindawi.com Volume 2018

Nanotechnology
Hindawi
www.hindawi.com Volume 2018

Journal of

Applied Chemistry
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Biochemistry 
Research International

Hindawi
www.hindawi.com Volume 2018

Enzyme 
Research

Hindawi
www.hindawi.com Volume 2018

Journal of

SpectroscopyAnalytical Chemistry
International Journal of

Hindawi
www.hindawi.com Volume 2018

Materials
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International Electrochemistry

International Journal of

Hindawi
www.hindawi.com Volume 2018

N
a

no
m

a
te

ri
a

ls

Hindawi
www.hindawi.com Volume 2018

Journal ofNanomaterials

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/at/
https://www.hindawi.com/journals/ijp/
https://www.hindawi.com/journals/jchem/
https://www.hindawi.com/journals/apc/
https://www.hindawi.com/journals/jamc/
https://www.hindawi.com/journals/bca/
https://www.hindawi.com/journals/ijs/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ijmc/
https://www.hindawi.com/journals/jnt/
https://www.hindawi.com/journals/jac/
https://www.hindawi.com/journals/bri/
https://www.hindawi.com/journals/er/
https://www.hindawi.com/journals/jspec/
https://www.hindawi.com/journals/ijac/
https://www.hindawi.com/journals/jma/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/ijelc/
https://www.hindawi.com/journals/jnm/
https://www.hindawi.com/
https://www.hindawi.com/

