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bstract

The effect of heating rate on the liquefaction of a microcrystalline cellulose particle was investigated by using a batch type reactor with
temperature controller. Experiments were carried out over the temperature range of 443–553 K. The temperature profile of the heating was

ontrolled to obtain a proportional relationship with time. Heating rates ranged from 0.0167 to 0.167 K/s. The resulting concentration profiles

f cellulose, oligosaccharides, monosaccharides and pyrolysis products were analyzed using a theoretical model which considered temperature
ariation during the reaction. The calculated results exhibit a reasonable fit to the experimental data. The predicted cellulose concentration profiles
ver a wide range of heating rates indicate that liquefaction of cellulose is affected when the heating rate is below 1 K/s. It is concluded that
onsideration of the heating process is necessary in the modeling of liquefaction when using reactors which cannot achieve fast heating.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Supercritical, subcritical and hot compressed water have been
idely investigated and developed as technologies for convert-

ng wood biomass with high moisture contents to fuels [1–7].
ne advantage of these technologies is that they do not require a
rying process for wood biomass. Because the water contained
n wood biomass is used as a solvent as well as a reactant in these
echnologies, the drying process, which is required in the con-
entional gasification process and has a high energy cost, is not
equired for the conversion of wet biomass. The other advantage
s that water results in a faster reaction under high temperature
nd high-pressure conditions. The reaction rate is easily and con-
inuously controlled by controlling the temperature and pressure
f the system. These technologies are also advantageous from
n environmental point of view. Conventional manufacturing
echniques for wood biomass treatment are not environmentally
riendly as they use alkali and acid aqueous solutions for pulping
nd bleaching treatments, and special solvents for dissolution.

n the other hand, in the technologies using supercritical, sub-

ritical and hot compressed water, the complete decomposition
f wood biomass and its related organics is achieved without
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ny additives or catalysts by controlling the operating conditions
uch as temperature and residence time [8–11]. Only water is
ecessary for these technologies.

Wood biomass is typically composed of cellulose, hemicel-
ulose and lignin. A variety of aqueous processes have been
eveloped to separate these components from whole biomass
12–15]. It has been reported that hemicellulose and lignin
ndergo solvolysis with hot compressed water at temperatures
bove 463 K [12]. Cellulose is one of the most difficult compo-
ents to dissolve in hot water. Cellulose is a homopolymer, in
hich 100–3000 glucose residues are linearly combined. The

ellulose molecules are bound to each other by intermolecular
nd intramolecular hydrogen linkages through their hydroxyl
roups. Therefore, cellulose molecules form crystal structures
nder normal conditions and crystalline cellulose is difficult
o decompose. Even for such stable crystalline cellulose, how-
ver, both supercritical water and hot compressed water produce
ignificant gasification and liquefaction. Minowa et al. inves-
igated the liquefaction and gasification of cellulose by hot
ompressed water [10]. They investigated the effect of tem-
erature on cellulose decomposition and reported that cellulose
as completely decomposed at 553 K. Sasaki et al. investigated
ellulose reforming with subcritical and supercritical water
16–20]. They achieved remarkably rapid decomposition of cel-
ulose, in the order of several seconds or less, without using
atalysis.

mailto:okamura@hi-tech.ac.jp
dx.doi.org/10.1016/j.cej.2007.05.007
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Nomenclature

Cb concentration of water monomer in the bulk
(mol/m3)

Ce concentration of chemicals after the reaction
(mol/m3)

Ci concentration of chemicals (mol/m3)
Cs concentration of water monomer at the surface of

cellulose particle (mol/m3)
D diffusion coefficient of water (m2/s)
DP degree of polymerization
Eai activation energy (kJ/mol)
h time interval set for the calculation of the fourth-

order Runge–Kutta method (s)
k0i frequency factor for reactions (9)–(11) (s−1)
k0s frequency factor for reaction (8) (m/s)
k1 apparent rate constant of cellulose decomposition

(mol1/3/(m s))
k2 rate constant of Eq. (2) (1/s)
k3 rate constant of Eq. (3) (1/s)
k4 rate constant of Eq. (4) (1/s)
kc mass transfer coefficient of water monomer

through the aqueous film surrounding a cellulose
particle (m/s)

ks first-order rate constant of hydrolysis reaction for
cellulose decomposition (m/s)

m recovered weight of cellulose particle (g)
m0 loaded weight of cellulose particle (g)
r radial position of cellulose surface (m)
rA apparent reaction rate of water monomer for unit

cellulose particle (mol/s)
rB apparent reaction rate of cellulose molecule for

unit cellulose particle (mol/s)
rCel decomposition rate of cellulose particle

(mol/(m3 s))
rOligo,d2 decomposition rate of oligosaccharides to

monosaccharides (mol/(m3 s))
rOligo,d4 decomposition rate of oligosaccharides to pyrol-

ysis products (mol/(m3 s))
rPyro,f3 formation rate of pyrolysis products from

monosaccharides (mol/(m3 s))
rPyro,f4 formation rate of pyrolysis products from

oligosaccharides (mol/(m3 s))
ri overall reaction rate of chemicals (mol/(m3 s))
ri,d total decomposition rate of chemicals

(mol/(m3 s))
ri,f total formation rate of chemicals (mol/(m3 s))
r0 radius of unreacted cellulose particle (m)
r1 reaction rate of elementary process shown as Eq.

(1) (mol/(m3 s))
r2 reaction rate of elementary process shown as Eq.

(2) (mol/(m3 s))
r3 reaction rate of elementary process shown as Eq.

(3) (mol/(m3 s))
r4 reaction rate of elementary process shown as Eq.

(4) (mol/(m3 s))

R gas constant (J/(mol K))
t time (s)
tm time when T reaches Tmax (s)
T temperature (K)
Tinit initial temperature (K)
Tmax maximum temperature set as an experimental

condition (K)
vT heating rate (K/s)
V volume of the reactor (m3)
WA mass transfer rate of water monomer (mol/s)
WB hydrolysis reaction rate at the surface of a cellu-

lose particle (mol/s)
x decomposition ratio of unit cellulose particle

Greek letters
δ thickness of aqueous film surrounding a cellulose

particle (m)
ρ molar density of the cellulose particle (mol/m3)

Subscripts
Cel cellulose
d decomposition
DP degree of polymerization
f formation
Fru fructose
Glu glucose
Mono monosaccharides
Oligo oligosaccharides
Pyro pyrolysis products
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1–4 reaction described in Eqs. (1)–(4)

The practical use of technologies using supercritical, sub-
ritical and hot compressed water for reforming wood biomass
hould be possible in the near future. However, there are still
ome difficulties that need to be overcome before these tech-
ologies can be adopted into practical use. One of the most
mportant subjects in this respect is the development of ade-
uate modeling for the processes. Although many researchers
ave been investigating gasification and liquefaction of wood
iomass using these technologies, to our knowledge, only a
ew studies on the modeling of these processes have been car-
ied out. Kabyemela et al. tried modeling the decomposition
f wood biomass-related water soluble organics such as glu-
ose, dihydroxyacetone and glyceraldehyde in subcritical and
upercritical water [21,22]. In their research, they used an exper-
mental setup with a compact flow-type reactor. The compact
eactor simplifies the modeling of the process: a steady state is
asily created, because rapid heating and quick quenching can
e achieved. The model they proposed is very useful. However,
ractical use of a compact reactor for reforming wood biomass
as one important shortcoming: solid wood biomass having a

arge particle diameter cannot be fed into the narrow channel.
n the other hand, in a practical operation for the treatment
f solid wood biomass, a batch type reactor is preferable from
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the pre-set temperature program. In this study, the heating rate
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n aspect of a treatment of solid wood biomass with an easy
peration and a simple model. In this study, we examine liq-
efaction of a solid sample by using a batch reactor. Once the
olid sample is liquefied, we can adopt a compact device for
ubsequent treatment. However, in the actual process of lique-
action of solid biomass by batch reactor, it is difficult to achieve
uick heating and rapid quenching. Although it is important to
now the reaction profile which accompanies the heating and
uenching processes in a batch reactor, there is no study mod-
ling such a system. The aim of this study is to estimate the
eaction profile of solid cellulose, as a model sample of wood
iomass, in a batch reactor under various heating rates. The batch
eactor equips a temperature controller but cannot achieve quick
eating and rapid quenching. The effect of the heating rate on
he liquefaction of solid cellulose particles in hot compressed
ater is measured experimentally and predicted theoretically.
he fundamental findings from this investigation should help

n the design of not only batch reactors but also flow-type
eactors.

. Experimental

.1. Reagents

The cellulose used in this work was de-ashed microcrys-
alline cellulose (Avicel No. 2331; average particle diameter
0–100 �m) purchased from Merck. The reagents used
or the high performance liquid chromatography (HPLC)
nalysis were as follows: cellobiose (>99%), cellotriose
>98%), cellotetraose (>95%), cellopentaose (>95%), ery-
hrose (50%), pyrvaldehyde (40%), glyceraldehyde (>95%)
nd 5-hydroxymethyl-2-furaldehyde (5-HMF) (>99%) (from

igma–Aldrich Japan K.K. Co. Ltd., Tokyo); and glucose
>99%) and fructose (>99%) (from Wako Pure Chemicals Indus-
ries Ltd. (Osaka)).

Fig. 1. Schematic of bat

o
0
w
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.2. Cellulose liquefaction experiments and product
nalysis

A schematic of the batch reactor system is presented in Fig. 1.
standard 9.7 × 10−5 m3 reactor fabricated from Hastelloy C-

2 and equipped with a stirring shaft and four cartridge heaters
as used. The reactor had two type K thermocouples, to measure

he temperature of the inner aqueous phase and that of the reactor
all in which the cartridge heaters were stuck. The thermo-

ouples and the cartridge heaters were connected to the system
ontroller. The temperature was controlled by PDI according to
he temperature profile which was set by a computer program.
he monitored temperatures were recorded in a notebook PC.
he reactor was also equipped with a pressure indicator and a N2

ine to purge the air. The system was configured with pressure
nd temperature alarms which turned off the furnace if the pres-
ure or temperature exceeded the preset limit. The batch system
as also equipped with a gas sampling system. After the reac-

ion, the gas produced was collected with a diaphragm pump and
nalyzed by gas chromatography (Shimadzu, GC-2014). Carbon
ioxide and oxygen gas were detected when the maximum tem-
erature was over 533 K, but their quantities were extremely
ow (below 7 × 10−4 mol even when the maximum temperature
as set at 553 K). Therefore, in this study, the gas produced was
eglected in the data treatment.

The liquefaction experiment was carried out as follows. A
.7 g sample of cellulose and 69.3 g of ultra pure water were
ntroduced into the reactor cell. The reactor cell was attached
o the system and sealed. The reactor was purged, pressurized
ith N2 gas to 1 MPa, and checked for leaks. This high loading
f N2 gas prevented evaporation of water. The stirrer was then
tarted, and the reactor and its contents were heated according to
ch reactor system.

f the aqueous medium, vT , was set at 0.0167, 0.0333, 0.050,
.0667, 0.10 or 0.1667 K/s. The maximum temperature, Tmax,
as set at 443, 473, 493, 503, 513, 523, 533 or 553 K. As soon
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Fig. 2. Comparison of experimental and calculated temperature profile of the
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are shown in Fig. 4(a). That of vT = 0.05 K/s at Tmax = 523 K is
also shown in Fig. 4(b) with the retention times of the pure chem-
icals, which are indicated by vertical broken lines. As shown in
Fig. 4(a), the concentration of glucose increased when the heat-
queous phase inside the cell. Plots: experimental data, solid lines: calculated
ata. The heating rate is 0.0167–0.167 K/s. The quenching is done by natural
ooling.

s the medium temperature reached the maximum temperature,
he heating was stopped. The reactor was subsequently cooled
y air-cooling at room temperature. Fig. 2 shows the tempera-
ure profiles of the aqueous media for each vT at Tmax = 523 K.
fter the reactor contents were fully cooled, the reactor cell was

eparated from the system. The entire contents of the reactor
ell were collected. The collection ratios were over 99% for all
xperiments. The collected sample was then filtered through a
TFE membrane filter with a pore size of 0.5 × 10−6 m. The
olid residue was dried at room temperature in a vacuum des-
ccator, and weighed. The decomposition ratio of the cellulose
article, x, was calculated from the mass balance of the solid
ample before and after reaction:

= m0 − m

m0
(1)

here m0 is the total amount of cellulose introduced and m
s the amount of cellulose recovered after the experiment. The
omposition of the liquid filtrate was analyzed by HPLC (Shi-
adzu Co. Ltd.). The HPLC equipment consisted of an isocratic

ump (LC-10ADvp), an autosampler (SIL-10ADvp), and a sys-
em controller (SCL-10Avp). The column used for the analysis
as a Shim-pack SPR-Ca. The HPLC was operated at an oven

emperature of 358 K, with the flow of the water solvent being
.0 × 10−8 m3/s. The detector was a refractive index detector
RID-10A). Peak identification was established by using stan-
ard solutions of the pure compounds. Peak calibration was
erformed by using standard solutions of varying concentra-
ions to develop a linear relationship between the peak areas and
he corresponding concentrations.

We carried out all experiments twice and confirmed that the
hromatogram and the obtained concentrations of each chemical
re almost equal.
. Results and discussion

Fig. 3 shows the relationship between x and Tmax for var-
ous heating rates. Fig. 3 clearly indicates that the smaller

F
v

t

ig. 3. Relationship between the decomposition ratio of cellulose and Tmax for
arious vT .

he heating rate, the more cellulose is decomposed. That is
o say, under the experimental conditions we investigated,
he heating rate strongly affects the cellulose decomposi-
ion rate. The HPLC chromatograms of the products at vT =
.0167, 0.033, 0.067, 0.10 and 0.167 K/s with Tmax = 523 K
ig. 4. HPLC chromatograms of recovered liquid samples. (a) Results for several

T at Tmax = 523 K. (b) Result at vT = 0.05 K/s and Tmax = 523 K and retention
imes of pure chemicals.
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ig. 5. Relationship between the concentration of products and Tmax for various

T : (a) oligosaccharides, (b) monosaccharides and (c) pyrolysis products.

ng rate was decreased from 0.167 to 0.033 K/s, but decreased
hen the heating rate was decreased from 0.033 to 0.0167 K/s.
n the other hand, the concentrations of glyceraldehydes and
-HMF, which are written as pyrolysis products in this study,
onotonously increased with decreasing heating rates under

he experimental conditions investigated. Variations in the con-
entrations of oligosaccharides, monosaccharides and pyrolysis
roducts are summarized in Fig. 5(a)–(c), respectively. In these
gures, COligo, CMono and CPyro on the vertical axis are the
oncentrations of oligosaccharides, monosaccharides and pyrol-
sis products, respectively. They are defined by the following
quations:

Oligo =
∑5

DP=2(DP · COligo,DP)

3
(2)

here DP means the degree of polymerization and COligo,DP
ives the concentrations of cellobiose (DP = 2), cellotriose
DP = 3), cellotetraose (DP = 4) and cellopentanose (DP = 5).

hen calculating the oligosaccharide concentrations, we
ssumed that oligosaccharides consist of an average of three
lucose units:

Mono = CGlu + CFru (3)

here CGlu and CFru are the concentrations of glucose and fruc-
ose, respectively:

Pyro = Cpyrvaldehyde + Cglyceraldehyde + Cerythrose + C5-HMF(4)

In this study, we defined pyrolysis products as a generic term

f products generated from the reactions except for hydrolysis
eaction: pyrvaldehyde, glyceraldehydes, erythrose and 5-HMF.
herefore, CPyro can be defined as being the sum of those con-
entrations, as shown in Eq. (4). Although the dependence of

q

g Journal 137 (2008) 328–338

he formation and decomposition of oligosaccharides on the
eating rate as shown in Fig. 5(a) is not clear because of the
xperimental error in the HPLC analysis, the dependence of
he reaction of monosaccharides and pyrolysis products on the
eating rate, shown in Fig. 5(b) and (c), is evident. Under low
max conditions, when Tmax is below 533 K, the smaller the
eating rates are, the more formation of monosaccharides and
yrolysis takes place. Around a Tmax of 533 K, CMono resulting
rom a heating rate under 0.10 K/s shows a maximal value, but
hat using a heating rate of 0.167 K/s shows no peak. CPyro also
hows a maximal value around a Tmax of 533 K when the heat-
ng rate is below 0.033 K/s, but increases monotonically when
he heating rate is above 0.05 K/s. These findings clearly indi-
ate that the reaction rates of oligosaccharides, monosaccharides
nd pyrolysis products as well as the decomposition rate of cel-
ulose are affected by the heating rate. In addition, by comparing
ig. 5(a)–(c), a simple and rough reaction pathway for cellulose
ecomposition using hot compressed water can be estimated.
he cellulose particle decomposes according to the following
tepwise processes—1, solid cellulose particle is hydrolyzed to
ligosaccharides; 2, formed oligosaccharides decompose to both
onosaccharides and pyrolysis products; 3, monosaccharides

ecompose to pyrolysis products; and 4, pyrolysis products are
olymerized and form tar or char products. This suggested reac-
ion pathway for cellulose decomposition with hot compressed
ater is the same as that in the model reported by Minowa et

l. [10]. Under the experimental conditions investigated in this
tudy, tar and char products were formed above a Tmax of 533 K,
ut the quantities were quite small. As we cannot analyze the
oncentrations of tar and char products formed because of their
mall quantities and their complex chemical structures, we dis-
egarded step 4 in the modeling of cellulose decomposition. In
he following sections, we try to derive a mathematical model
or the decomposition of cellulose with hot compressed water,
ased on the stepwise processes of steps 1–3. It should be noted
hat we propose a mathematical model which takes the depen-
ence of the rate constants on the temperature validation during
he heating and quenching processes into account: we represent
he rate constant for each reaction as a function of temperature
y using Arrhenius’ law:

i = k0i exp

(
−Eai

RT

)
(5)

here ki is the rate constant of the formation and decomposi-
ion reaction, and k0i and Eai are the general expressions for the
requency factor and the activation energy of the reaction. R is
he gas constant, and T is the temperature, which is expressed
s a function of time. To calculate the temperature profile, the
ollowing equations were used:

eating process : T = v t + T (6)
uenching process :

T = 6000(Tmax − 273.15)

t − ((Tmax − Tinit)/vT ) + 6000
+ 273.15 (7)
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ig. 6. Representation of the reacting cellulose particle proposed in this study.

here t is the time and Tinit is the initial temperature, which is
et at 303 K as an experimental condition. For Eq. (7), there is no
ctual physical inference, since this equation is used to describe
he quenching profile by natural cooling. The solid lines in Fig. 2
re the temperature profiles calculated with Eqs. (6) and (7) for a
max of 523 K. In the calculation, Eq. (6) is immediately changed

o Eq. (7) when the temperature reaches Tmax. As shown in Fig. 2,
he calculated temperature profile describes the experimental
ata well.

In the derivation of the theoretical model, we assumed the
ollowing stoichiometric relationships:

ellulose(s) + 75.7H2O(l) → 76.7oligomer(l); r1 (8)

ligomer(l) + 2H2O(l) → 3monomer(l); r2 (9)

onomer(l) + H2O(l) → pyrolysis(l); r3 (10)

ligomer(l) + 2H2O(l) → 3pyrolysis(l); r4 (11)

In these equations, (s) and (l) mean the state of the mate-
ials: (s) is solid state and (l) is liquid state. Cellulose means

crystalline cellulose particle, which consists of an average
f 230 molecules of glucose, because the crystalline cellulose
sed in this study has a viscosity averaged degree of polymer-
zation of 230. It exists in an aqueous phase as a solid state.
ligomer, monomer and pyrolysis products mean the general

erm for oligosaccharides which consist of an average of three
nits of glucose, monosaccharides which consist of glucose and
ructose, and pyrolysis products, respectively. r1–r4 are the reac-
ion rates of each of the elementary processes. A first-order rate
quation can be used for the chemical reactions of each process
19,21,22].

First we derived a mathematical expression for the cellulose
ecomposition. As reported by Sasaki et al. [17], a crystalline
ellulose particle gradually shrinks at temperatures below 523 K.
hat is to say, the decomposition reaction of cellulose to
ligosaccharides occurs at the particle surface of microcrys-
alline cellulose. It is a heterogeneous reaction. Therefore, the
urface reaction model is used to describe the first process. A rep-
esentation of the reacting cellulose particle as proposed in this

tudy is shown in Fig. 6. In the mathematical derivation of the
inetic model, it is assumed that a cellulose particle is a spherical
hape with an initial particle diameter of r0. The chemical reac-
ion of cellulose decomposition to oligosaccharides occurs at

d
b
i
c
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he surface of the cellulose particle [17,18]. The decomposition
eaction of cellulose is hydrolysis by a water monomer. Water
onomers are formed in both the aqueous bulk and the aqueous
lm near the cellulose particle, but are consumed in hydrolysis
eactions at the surface of the cellulose particle. Therefore, a
oncentration gradient of water monomers is formed near the
urface of the cellulose particle. A crystalline cellulose particle
as no pores, so a water monomer cannot diffuse into the particle
nd the concentration of water monomers becomes 0 mol/m3 at
he cellulose particle surface. The following two steps occur in
uccession during decomposition of a cellulose particle: (A) dif-
usion of a water monomer through the aqueous film surrounding
cellulose particle to the surface of the particle, (B) hydroly-

is reaction of a water monomer with a cellulose molecule at
he surface of a cellulose particle. For the first mass-transfer
tep of the water monomer, we assumed a linear driving force
pproximation for the transportation of a water monomer from
he bulk of the water to the surface of a cellulose particle. The

ass transfer rate of the water monomer through the aqueous
lm is as follows:

A = 4πr2 · kc(Cb − Cs) (12)

here WA is the mass transfer rate of the water monomer, Cb
nd Cs are the concentrations of water monomers in the bulk and
t the surface of a cellulose particle, respectively, kc the mass
ransfer coefficient of a water monomer through the aqueous film
urrounding a cellulose particle, and r is the radial position of the
ellulose surface after the reaction has started, which decreases
s the hydrolysis reaction progresses. For the second hydrolysis
eaction step, we assumed that the hydrolysis reaction rate could
e expressed as a first-order reaction for water monomers. The
ydrolysis reaction rate is expressed as follows:

B = 4πr2ks · Cs (13)

here WB is the hydrolysis reaction rate at the surface of a
ellulose particle and ks is the first-order rate constant, which
aries during the reaction according to Eqs. (5)–(7). By assum-
ng a quasi-steady state for the overall process of this cellulose
ecomposition, it is considered that Eqs. (12) and (13) are equal.
n addition, they are considered to be equal to the apparent reac-
ion rate of water monomer for one cellulose particle. Therefore,
he following expression can be used:

rA = 4πr2 · kc(Cb − Cs) = 4πr2ks · Cs (14)

here rA is the apparent reaction rate of water monomer for one
ellulose particle. Eq. (14) can then be rewritten as the following
quation:

rA = 4πr2Cb

1/kc + 1/ks
(15)

Meanwhile, the decomposition rate is assessed by consider-
ng the mass balance of a cellulose particle. At a certain period

uring the reaction, the radial position of the cellulose surface
ecomes r, and the molar amount of cellulose particle remaining
s 4�r3·ρ/3, where ρ is the molar density of the cellulose parti-
le. At that time, the mass balance of the unit cellulose particle
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d
imental data and the calculated results. In Table 2, activation
energies reported in or determined from previously reported
papers are shown. The activation energies used in this study,
which are listed in Table 1, show a reasonable agreement with

Table 1
Parameters used in calculating the concentration of each chemical

Parameters Set value Unit

Eas 141 kJ/mol
Ea2 101 kJ/mol
Ea3 129 kJ/mol
Ea4 141 kJ/mol
k0s 7.3 (×106 m/s)
k02 6.0 (×107 s−1)
k03 1.0 (×107 s10)
k04 3.0 (×107 s11)
kc 0.001 m/s
Tinit 303.15 K
Tmax 423.15–573.15 (changed in steps of 1 K) K
CCel0 0.241 mol/m3

r0 8.0 (×10−5 m)
ρ 555 mol/m3

m0 0.7 g
34 E. Kamio et al. / Chemical Engi

s written as follows:

d

dt

(
4

3
πr3 · ρ

)
= −rB (16)

here rB is the apparent reaction rate of the cellulose molecule
or a unit cellulose particle. From the stoichiometric relationship
f Eq. (8), rA = 75.7rB. Therefore, from Eqs. (15) and (16), the
ollowing differential equation can be obtained:

4πr2 · ρ
dr

dt
= 4πr2Cb

75.7(1/kc + 1/ks)
(17)

This equation is the differential equation which expresses
he variation of the radial position of the surface of a cellulose
article over time. We can transform Eq. (17) to a differential
quation which expresses the variation in the decomposition
atio of the cellulose particle over time. When the radial position
f the surface becomes r, the decomposition ratio of a cellulose
article is written as follows:

− x = 4/3πr3 · ρ

4/3πr3
0 · ρ

=
(

r

r0

)3

(18)

here x is the decomposition ratio of a unit cellulose particle. By
ifferentiating Eq. (18) with respect to t, we obtain the following
elationship:

dx

dt
= 3

r3
0

r2 dr

dt
(19)

y substituting Eqs. (18) and (19) into Eq. (17), we get the
ollowing differential equation which expresses the variation in
he decomposition ratio of a cellulose particle over time:

4πr3
0

3
ρ

dx

dt
= 4πr2

0(1 − x)2/3Cb

75.7(1/kc + 1/ks)
(20)

The decomposition ratio of a cellulose particle can be
xpressed by the concentration of cellulose molecules according
o the following relationship:

= CCel,0 − CCel

CCel,0
(21)

here CCel,0 and CCel are the concentrations of cellulose
olecules at t = 0 and t, respectively. By substituting Eq. (21)

nto Eq. (20) and after simplification, we derive the decomposi-
ion rate equation of a cellulose particle as follows:

Cel = −r1 = dCCel

dt
= −k1C

2/3
Cel (22)

here rCel is the decomposition rate of a cellulose particle
nd k1 is the apparent rate constant of cellulose decomposition
escribed as follows:

1 = 3C
1/3
Cel,0 · Cb

(23)

75.7ρ · r0(1/kc + 1/ks)

In the calculation, it should be noted that the calculated con-
entration of cellulose is set at 0 mol/m3 after it has obtained a
egative value over time.

V
C
R
h
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The mathematical expressions for oligomer, monomer, and
yrolysis products can now be derived. The reaction rates for
qs. (9)–(11) can be expressed as first-order equations for the
oncentrations of oligomer and monomer. Therefore, the varia-
ions in the concentrations of oligomer, monomer and pyrolysis
roducts with reaction time can be expressed by the following
quations:

Oligo = dCOligo

dt
= 76.7r1 − (r2 + r4)

= 76.7k1C
2/3
Cel − (k2 + k4)COligo (24)

Mono = dCMono

dt
= 3r2 − r3 = 3k2COligo − k3CMono (25)

Pyro = dCPyro

dt
= r3 + 3r4 = k3CMono + 3k4COligo (26)

here rOligo, rMono, and rPyro are the overall reaction rates of
ligomer, monomer and pyrolysis products, respectively. k2–k4
re the rate constants for Eqs. (9)–(11), respectively. The rate
onstants k2–k4 also vary during the reaction according to Eqs.
5)–(7).

Variations in the concentrations of each product over time
an be calculated by solving the obtained equations. However,
t is impossible to solve the obtained equations analytically.
herefore, in this study, we solved the obtained equations numer-

cally. In the numerical calculation, we adopted the fourth-order
unge–Kutta method. The parameters set in the calculation are

hown in Table 1.
In Table 1, Eai and k0i are the fitting parameters which were

etermined so as to obtain a reasonable fit between the exper-
7 (×10−5 m3)

b 7.0 (×103 mol/m3)
8.314 J/(K mol)
1 s
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Table 2
Activation energies as obtained from a literature study

Reaction ‘Pressure
(MPa)

Ea

(kJ/mol)
Literature

Cellulose decomposition 30 136* Sasaki [20]
Cellobiose hydrolysis 25 91** Sasaki et al. [19]
Glucose decomposition 25–30 96 Kabyemela et al. [21]

25 88 Amin et al. [23]
25 121 Bobleter and Pape [24]
25–30 133.6***

Cellobiose pyrolysis 25 122.6 Sasaki et al. [19]

* Calculated from given data in Sasaki [20].
** Calculated from given data in Sasaki et al. [19].

*
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An example of a calculated result by Eqs. (22), (24)–(26)
is shown in Fig. 7. In Fig. 7, we set Tmax = 523 K and vT =
0.05 K/s. Since we could not obtain the reactant concentrations
** Determined from the Arrhenius plot in which all data presented by Kabymela
t al. [21], Amin et al. [23], and Bobleter and Pape [24] are plotted.

hose from the literature, except for Ea3. The activation energy
or glucose decomposition presented by Kabyemela et al. [21] is
maller than the Ea3 used in the current study. However, when all
alues determined by Kabyemela et al. [21], Amin et al. [23] and
obleter and Pape [24], which are shown in the figure presented
y Kabyemela et al. [21], are used to determine the activation
nergy, we get 133.6 kJ/mol as the activation energy for glucose
ecomposition. This value is considerably closer to the Ea3 used
n this work. We also evaluated the validity of the frequency fac-
or as well as the activation energy. The k0s calculated from the
iven data in Sasaki [20] is 7.28 × 106 m/s. The k02 calculated
rom the given data in Sasaki et al. [19] is 2.83 × 107 s−1. The
03 provided in Matsumura et al. [25] is 1.33 × 1010 s−1. The
04 provided in Sasaki et al. [19] is 1.26 × 1011 s−1. These val-
es are almost the same as our setting values (k0s = 7.3 × 106,
02 = 6.0 × 107, k03 = 1.0 × 1010 and k04 = 3.0 × 1011).

For the calculation, we set the concentration of water
onomer at 7000 mol/m3. Walrafen et al. measured the Raman
H stretching peak frequencies from water vapor below 647 K

26]. They concluded that the molar ratio of water monomer
nd dimmer at the critical point were ∼0.3 and ∼0.7, respec-
ively. If the monomer ratio is 0.3, and there are only monomers
nd dimmers in the system, Cb is estimated about 9800 mol/m3.
nder the conditions investigated in this study, the tempera-

ure is below the critical point. Therefore, it is suggested that
b is lower than 9800 mol/m3. In another paper, Ohtomo et al.
roposed a tetrahedrally coordinated pentamer–monomer model
o estimate the liquid structure of water [27]. They concluded
hat the molar ratio of the water monomer and pentamer at
68 K were 0.45 and 0.55, respectively. If the monomer ratio
s 0.45, and there are only monomers and pentamers in the sys-
em, Cb is estimated about 7000 mol/m3. Under the conditions
nvestigated in this study, the temperature is higher than 368 K.
herefore, it is suggested that Cb is higher than 7000 mol/m3.
rom these estimations, it can be assumed that 7000 mol/m3

s adequate for the monomer concentration of water. In the pre-
alculation, we calculated the concentration profiles of cellulose,
ligomer, monomer and pyrolysis for the range of C between
b
000 and 10,000 mol/m3 to compare the effects of Cb. As the
esult, we confirmed that the concentration profile varies just a
ittle.
g Journal 137 (2008) 328–338 335

The other parameter kc, which is the mass transfer coefficient
f water monomer, was set at 0.001 m/s. The reason is as follows.
he diffusion coefficient of water, D, is determined to about
× 10−8 m2/s at 423 K and about 2.5 × 10−8 m2/s at 523 K by
oshida et al. with a high-resolution NMR probe method and
D simulation [28]. The kc is the mass transfer coefficient which

an be expressed as D/δ, where δ is thickness of the aqueous
aminar film. In general, δ is estimated as 100 �m or less. In our
xperiment, we used microcrystalline cellulose particle having
ts diameter of about 80 �m. Therefore, it is considered that the
is thinner than 80 �m. We assumed δ as 10 �m, therefore kc is

et at 0.001 m/s.
We compared the experimental results with the calculated

nes for the proposed model. The theoretical calculation was
arried out according to the following processes. At first, the cel-
ulose concentration at t = t1 and T = T1, CCel,1, was calculated
ith CCel,0 and Eq. (22) in which Eqs. (5), (6) and (23) were

ubstituted. With the obtained CCel,1, the oligomer concentra-
ion at t = t1 and T = T1, COligo,1, was calculated with Eq. (24)
n which Eqs. (5) and (6) were substituted. Similarly, CMono,1
nd CPyro,1 were calculated in turn with Eqs. (25) and (26) in
hich Eqs. (5) and (6) were substituted, respectively. Subse-
uently, with the obtained CCel,1, the cellulose concentration at
= t2 and T = T2, CCel,2, was calculated in the same way for the
alculation of CCel,1. In the calculation, we set the time inter-
al, h = tn+1 − tn, at 1 s. The COligo,2, CMono,2 and CPyro,2 were
lso calculated in the same way for the calculation of COligo,1,
Mono,1 and CPyro,1, respectively. Similarly, the CCel,i, COligo,i,
Mono,i and CPyro,i were calculated one by one until tm. The tm
as the time when Ti becomes Tmax,1. After t = tm+1, CCel,m+1
as calculated with CCel,m and Eq. (22) in which Eqs. (5), (7) and

23) were substituted. The COligo,m+1, CMono,m+1 and CPyro,m+1
ere also calculated in turn with Eqs. (24)–(26) in which Eqs.

5) and (7) were substituted, respectively. The same calculation
as continued until t became te which is the time when Ti value

eturned to Tinit. The final concentrations of chemicals at t = te,
Cel,e, COligo,e, CMono,e and CPyro,e, were obtained for Tmax,1. A

eries of calculations were carried out for various Tmax,i from
Fig. 7. An example of a calculated result. Tmax = 523 K, vT = 0.05 K/s.
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ig. 8. Effect of Tmax on Ce: (a) vT = 0.0167 K/s, (b) Magnified part of the ve

T = 0.10 K/s and (f) magnified part of the vertical axis in (e).

rom our batch system in the middle of the operation, we had
o investigate the effect of Tmax and vT on the concentration of
hemicals after the reaction had stopped. Therefore, we calcu-
ated the concentration profiles (which are like those shown in
ig. 7) for various Tmax and vT values, and Ce values were deter-
ined for each set of Tmax and vT . These are plotted in Fig. 8

ogether with the experimental results. Parts (a), (c) and (e) of
ig. 8 show the relationship between the Ce of chemicals and
max for vT values of 0.0167, 0.05 and 0.10 K/s, respectively.
arts (b), (d) and (f) of Fig. 8 show magnified vertical axes of
ig. 8(a), (c) and (e), respectively. They elucidate the concen-

ration profiles of cellulose and oligomers. As shown in Fig. 8,
t a low Tmax, a reasonable agreement is obtained between the
alculated results and the experimental data. However, when

max is greater than 533 K, the calculated lines for the pyrolysis
roducts stray away from the experimentally obtained data. This
endency is more marked under lower vT conditions. It is thought
hat this gap between the experimental data and the calculated

m
u
a
t

axis in (a), (c) vT = 0.05 K/s, (d) magnified part of the vertical axis in (c), (e)

esult is caused by the formation of tar, which is disregarded in
he proposed model. The effect of tar formation on the modeling
f cellulose decomposition, which was not investigated in this
tudy which focused on the liquefaction of cellulose, is a subject
or further work. Although the calculated results for pyrolysis
roducts stray from the experimental data for Tmax values over
533 K, the calculated results are reliable in the range where

max is lower than 533 K. In addition, the calculated results for
ellulose, oligomer and monomer are reliable over the whole
ange of Tmax values investigated, because they probably do not
articipate in the formation of tar. The correlation coefficients
or all results at Tmax < 533 K investigated in this study are listed
n Table 3.

We next investigated the effect of the heating rate on the

odeling of cellulose liquefaction in hot compressed water by

sing the proposed mathematical model. As shown in Fig. 8,
s the heating rate becomes slow, both the calculated line and
he experimental data shift to the left. This indicates that the
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Table 3
Correlation coefficients between experimental data and calculated results on the
relationship between Ce,i and Tmax

vT (K/s) Cellulose Oligomer Monomer Pyrolysis

0.0167 0.987 0.382 0.905 0.872
0.033 0.956 0.581 0.992 0.877
0.05 0.985 0.660 0.997 0.932
0.067 0.906 0.933 0.993 0.861
0.10 0.941 0.876 0.993 0.970
0

p
r
d
t
l
r
i
b
r
i
v
a
w
m
o
o

i
p
r
r
m
p
i

p
w

F
v

4

c
f
h
l
c
d
t
p
o
w
o
a
c
a
i
p
p
h
t
s
w
m
f
f

A

M
o

R

.167 0.914 0.966 0.995 0.987

roposed model reflects the temperature dependence during the
eaction well. Fig. 9 shows the calculated results for cellulose
ecomposition at various heating rates when Tmax = 523 K. From
his figure, it is evident that the concentration profile of cellu-
ose is strongly affected by the heating rate when the heating
ate is below 1 K/s. A heating rate of 1 K/s is difficult to actual-
ze even in the process using in this study; a completely small
atch reactor with an electric heater. Although a large volume
eactor is necessary to treat wood biomass in large quantities, it
s more difficult to achieve rapid heating of contents with a large
olume. That is to say, in the practical operation, the heating
nd quenching processes significantly affect the liquefaction of
ood biomass. For such a large plant, by using the mathematical
odel proposed in this study, we can also predict the desirable

peration conditions and the concentration of chemicals of the
utput.

Meanwhile, the mathematical model proposed in this study
s also useful for a process with a flow-type reactor. If the tem-
erature distribution of fluid along the current in a tubular-flow
eactor is known, one can estimate the concentrations of the
eactants at any position in the reactor by using the proposed
athematical model. According to the estimated concentration

rofile, the concentration of products can be controlled by adjust-
ng the reactor length.

In either case, the mathematical model proposed in this study

rovides basic information for the design of hot compressed
ater liquefaction reactors.

ig. 9. Relationship between decomposition ratio of cellulose and Tmax for
arious heating rates.

[
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. Conclusion

In this study, we investigated cellulose liquefaction in hot
ompressed water by using a batch type reactor, which is pre-
erred for the treatment of solid wood biomass, but requires slow
eating and quenching processes. It was found that cellulose
iquefaction was affected by the heating rate. Under identi-
al maximum temperature conditions, the amount of cellulose
ecomposed increased as the heating rate decreased. This same
endency was observed for the reaction of monosaccharides and
yrolysis products. From the experimental data, the mechanism
f cellulose liquefaction was estimated to be as follows: step-
ise decomposition from 1, cellulose to oligosaccharides; 2,
ligosaccharides to monosaccharides and pyrolysis products;
nd 3, monosaccharides to pyrolysis products. A mathemati-
al model which calculated cellulose decomposition, taking into
ccount the temperature variation over time, was derived accord-
ng to the estimated reaction mechanism. The proposed model
rovided reasonable concentration profiles for maximum tem-
eratures below about 533 K. It also described the effect of the
eating rate on the overall result for the cellulose decomposi-
ion reaction well. The calculated results for various heating rates
how that it is necessary to consider the effect of the heating rate
hen the heating rate of the system is below 1 K/s. The mathe-
atical model proposed in this study provides basic information

or the design of batch type reactors as well as flow type reactors
or hot compressed water liquefaction.
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