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bstract

Reaction of d-glucose in water to yield 5-hydroxymethylfurfural (5-HMF), 1,2,4-benzenetriol (BTO) and furfural was studied at high temperatures
up to 400 ◦C) and high pressures (up to 80 MPa) using a continuous flow reactor. Maximum temperature and pressure conditions gave maximum

urfural yield. Increasing pressure from 40 to 70 and 80 MPa enhanced dehydration reactions to 5-HMF, but also enhanced hydrolysis of 5-HMF
eading to the production of BTO and thus lead to lower yields of 5-HMF (below 10%). Remarkably, the dehydration reaction to 5-HMF and the
ydrolysis of 5-HMF were both enhanced by the increase in water density at 400 ◦C.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Biomass is an abundant carbon-neutral and renewable
esource which has the potential to produce energy [1,2] and
hemicals [3,4] for the future sustainable industries. Biomass
esources from agricultural residues, wood and herbaceous
nergy crops consist of biopolymers such as cellulose (35–50%),
emi cellulose (25–30%) and lignin (25–30%) [3]. The chem-
stry of sugars such as d-glucose, which is the unit compound of
ellulose, to valuable compounds is very important considering
he downstream chemical processing from biomass resources
5,6].

Water is the most environmentally friendly solvent for chem-
cal reactions and therefore would be the solvent of choice for

biomass process. High temperature and high pressure water
HHW) has high potential as a reaction solvent due to its tun-
ble solvent properties [7,8].
Reactions of d-glucose, d-fructose and 5-HMF in HHW
ave been investigated using a flow reactor [9–12]. The main
eactions of d-glucose in HHW were found to be dehy-
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tical water

ration, retro-aldol, hydration and tautomerization reactions.
arious linear compounds (lactic acid, levulinic acid, glyc-
raldehydes and glycolaldehyde), and ring compounds (5-
ydroxymethylfurufral (5-HMF), furfural, 1,2,4-benzenetriol
BTO)), with multi-functionalities could be obtained in one-pot
eactions in HHW [9–12].

Among these chemicals 5-HMF, lactic acid and furfural are of
reat value [6,13], with 5-HMF having the potential to replace
erephthalic acid [14] and furfural being the starting material
or polymers such as nylon 6,6 and nylon 6 [4]. Though all
hese compounds can be produced in low yields (below 35%)
t hydrothermal conditions (90–300 ◦C, saturation) [10,15,16],
upercritical conditions can possibly allow control of competi-
ive reactions.

One way of controlling reactions and improving the yield of
roduct compounds of monosaccharide conversion in HHW is
o use additives such as organic solvents [17,18], heterogeneous
atalysts [19,20] and homogeneous catalyst [10,16]. However, in
eneral, it would be preferable to minimize the use of additives,
ince these would complicate downstream processing.
Another way of controlling the reaction of saccharides is to
se pressure that can influence the properties of near-critical
egion of water (350–400 ◦C). Organic chemical reactions can
e controlled by variation of ion product (Kw) and physical

mailto:aida@arai.che.tohoku.ac.jp
dx.doi.org/10.1016/j.supflu.2006.07.027
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roperties such as density [7,8]. In addition, water in itself,
an promote chemical reactions by participating in the transi-
ion state and lowering reaction energies by forming a so-called
water bridge” [8,21,22]. These effects should be a function
f the thermal energy (temperature) and water density (pres-
ure). In our previous studies, we observed that the dehydration
f d-fructose, an isomer of d-glucose, to 5-HMF increased with
ncreasing water density at 400 ◦C [11]. Although the reaction of
-fructose and d-glucose in HHW produces low 5-HMF yields
elow 35% [10,11,18,23], these studies indicate that selective
ormation 5-HMF is possible by tuning the pressure and tem-
erature of HHW.

The above reports have studied reactions that have been
imited to pressures less than 40 MPa. However, the above exper-
mental evidence shows that further improvement in selectivity
f the products can possibly be achieved by increasing the
ater density via pressure. Therefore, we developed a contin-
ous reactor system that could achieve pressures up to 80 MPa
t temperatures up to 400 ◦C. Exploring higher pressure reac-
ions in water, up to 80 MPa in HHW, is not only interesting to
nderstand the nature or chemical reactions in HHW, but will
lso allow us to examine the effect of pressure on additives of
revious studies. The objective of this paper is to study the reac-
ion of d-glucose in high temperature high pressure water at
ressures up to 80 MPa and to determine the reaction parame-
ers. In particular, we consider the formation of 5-HMF from
-glucose.

. Experimental

d-Glucose was obtained from Wako Chemical and used as
eceived. Water was distilled with a water distillation apparatus
Yamato Co., model WG-220) and the resulting water had a

onductivity of 18 M�/cm.

Experiments were performed with the flow reactor as
hown in Fig. 1. Air driven intensifier pumps (FLO-TEC Ltd.,
okohama, Japan) were used. For the areas that required high

c
w
i
p

Fig. 1. Flow reactor for studying reactions of d-glucose
l Fluids 40 (2007) 381–388

emperatures, Inconel 625 tubes (3.2 mm o.d. and 0.9 mm
.d.) connected with BuTech fittings (Butech Pressure Systems
nc., Pittsburgh) were welded together to withstand the high
emperature and high pressure conditions. For the portions that
ere not in the high temperature regions, SUS316 tubes were
sed. The reactor was made of an Inconel 625 tube (3.2 mm
.d. and 0.9 mm i.d.). The reactor tube was wrapped with a
ibbon heater and then glass wool was wrapped over the reactor
or insulation. The tubing from the mixing point to the end of
his wrapping was defined as the reactor. The residence time
f the reactions were varied from 0.2 to 1.7 s without changing
he total flow rate at the given temperature and pressure by
hortening and extending the reactor length and thus changing
he reactor volume. The distance of the cooling jacket and
he end of the reactor was kept 0.5 cm apart. The temperature
rofile along the reactor was kept to within 3 ◦C of the reaction
emperature. Two-backpressure regulators (Koatsu-System Co.
td., Saitama) were connected in series and the pressure was

educed equally in two steps to atmospheric pressure. The two-
tep pressure reduction was essential to reliable operation and
elped to reduce the degree of mechanical attrition of the pack-
ng in the backpressure regulator caused by the expanding fluid
tream.

Water was fed into the apparatus at a flow rate of
0–20 ml/min by a pump and the pressure was controlled using
backpressure regulator. The stream was then preheated to

upercritical temperatures by an electric furnace before it was
ntroduced into the reactor. A d-glucose solution (0.15 M) kept
t room temperature was also introduced into the reactor from
different line. Bubbling of the d-glucose solution with N2 gas
as done for more than 12 h to remove dissolved oxygen gas
rior to each experiment. The weight ratio between the flow
ates of the solution and the preheated water was 2:1. The con-

entration of the d-glucose solution after mixing at the reactor
as 0.05 M. The reaction temperature was achieved by mix-

ng the pressurized solution and preheated water at the mixing
oint. The solution reacted as flowing through the reactor and

in water at high temperature and high pressures.
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were not able to detect compounds such as formic acid, acetic
acid or levulinic acid separately. For use in later discussion, we
summarized and constructed a reaction scheme of d-glucose in
HHW without catalysts (Scheme 1) [9–12]. The compounds that
Fig. 2. Chromatograms: (I) HPLC-RI and (II) HPLC-UV (210 nm)

as rapidly cooled by the cooling jacket area. Experiments were
erformed at temperatures of 350 and 400 ◦C and pressures of
0, 70 and 80 MPa. The residence time (τ) of the solvent was
alculated by the following equation:

(s) = V × ρT,P

Ftotal
(1)

here V (cm3) is the reactor volume, ρT,P (g/cm3) the water
ensity at temperature T and pressure P and Ftotal (g/s) is the
um of the two flow rates, solution and water, at each exper-
ment condition. The deviation of the flow rates of water and
-glucose solution at the reactor was kept within 5% of the total
ow rate, which corresponds to about 5% error in the residence

ime. Further, the product will have a 5% error based on its
ield.

The Reynolds numbers were calculated for the experiments
sing experimental conditions and physical properties [24] to
ave values greater than 2000. Thus, we judged that the mixing
f the preheated water and sample solution was sufficient and
he deviation of reaction time was not large.

Analysis of the liquid products were performed by HPLC-
I/UV (Shodex 8.0 mm × 300 mm KC-811 column, mobile

hase; 5 mM H3PO4 aqueous solution at 1 ml/min). The amount
f carbon in the recovered solution was evaluated by a total
rganic carbon detector (Shimadzu, model TOC-5000A) to give
arbon balances. d-Glucose conversion (X) and product yields
Y) were evaluated on a percentage carbon basis.

F
4
4

-glucose reaction in water at 400 ◦C, 80 MPa, 0.8 s residence time.

. Results

Fig. 2 shows typical HPLC-RI and HPLC-UV chro-
atograms for products obtained from the reaction of d-glucose

n water at 400 ◦C, 80 MPa and 0.8 s residence time. The wave-
ength of the UV detector was 210 nm. The compounds that were
etected by HPLC were d-glucose (1), d-fructose (2), erythrose
3), glycolaldehyde (4), glyceraldehyde (5), hydroxyacetone (6),
actic acid (8), BTO (9), 5-HMF (10) and furfural (11). We
ig. 3. d-Glucose conversion as a function of residence time: (�) 350 ◦C,
0 MPa; (�) 350 ◦C, 70 MPa; (©) 350 ◦C, 80 MPa; (�) 400 ◦C, 40 MPa; (�)
00 ◦C, 70 MPa; (�) 400 ◦C, 80 MPa.
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Scheme 1. Reaction pathway of d-glucose (1) in water at high temperature and high pressures [9–12].

Table 1
Experimental product yields and carbon balance of d-glucose in water at high temperature and high pressures

T (◦C) P (MPa) Water density
(g/cm3)

Residence
time (s)

Carbon balance
(TOC%)

d-Glucose
conversion (%)

Yield (%)

d-Fructose BTO 5-HMF Furfural

350 40 0.67 0.2 107 41.3 10.8 0 0.3 0.3
0.4 103 62.6 13.8 0 0.8 1.3
0.7 101 71.6 13.8 0 2.0 3.5

70 0.73 0.4 100 86.3 4.4 0 0.5 0.8
0.8 93 81.1 9.3 0.8 3.5 5.5
1.3 93 82.4 7.9 1.1 6.1 10.3

80 0.74 0.4 104 80.1 6.3 0 0.7 1.0
0.8 102 82.9 8.4 1.6 4.2 6.8
1.6 91 84.3 6.8 1.5 7.0 11.5

400 40 0.52 0.2 100 83.9 7.1 0 0.1 0.3
0.3 98 85.6 12.3 0 0.5 1.2
0.7 98 92.7 6.9 0.1 0.6 1.9

70 0.64 0.3 113 87.4 8.1 1.3 1.7 3.7
0.7 100 96.4 3.1 3.5 3.4 8.8
1.0 85 99.0 0.0 4.5 2.8 8.7

80 0.66 0.4 97 96.5 2.2 5.0 1.1 2.7
0.8 90 98.1 1.5 5.7 4.1 12.2
1.5 83 98.9 0.9 5.0 2.5 11.0
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Fig. 4. (a) d-Fructose yield as a function of residence time: (�) 350 ◦C, 40 MPa;
(�) 350 ◦C, 70 MPa; (©) 350 ◦C, 80 MPa; (�) 400 ◦C, 40 MPa; (�) 400 ◦C,
70 MPa; (�) 400 ◦C, 80 MPa. (b) 5-Hydroxymethylfurfural (5-HMF) yield as
a function of residence time: (�) 350 ◦C, 40 MPa; (�) 350 ◦C, 70 MPa; (©)
350 ◦C, 80 MPa; (�) 400 ◦C, 40 MPa; (�) 400 ◦C, 70 MPa; (�) 400 ◦C, 80 MPa.
(c) 1,2,4-Benzenetriol (BTO) yield as a function of residence time: (�) 350 ◦C,
40 MPa; (�) 350 ◦C, 70 MPa; (©) 350 ◦C, 80 MPa; (�) 400 ◦C, 40 MPa; (�)
400 ◦C, 70 MPa; (�) 400 ◦C, 80 MPa. (d) Furfural yield as a function of resi-
dence time: (�) 350 ◦C, 40 MPa; (�) 350 ◦C, 70 MPa; (©) 350 ◦C, 80 MPa; (�)
400 ◦C, 40 MPa; (�) 400 ◦C, 70 MPa; (�) 400 ◦C, 80 MPa.
T.M. Aida et al. / J. of Superc

ere quantified in this study were d-glucose (1), d-fructose (2),
TO (9), 5-HMF (10) and furfural (11). The products that were
roduced through the retro-aldol reaction of d-glucose, were
ot quantified because the focus of this paper was on dehydra-
ion reactions. Table 1 summarizes the experimental conditions,
arbon balances, and product yields. From the carbon balance
alues, it can be seen that the reaction of d-glucose gave water-
oluble products above 83% for all the reaction conditions.

Fig. 3 shows conversion of d-glucose as a function of resi-
ence time at 350 and 400 ◦C at 40, 70 and 80 MPa. d-Glucose
onversion increased with increasing residence time and attained
value of 80 and 100% at 350 and 400 ◦C, respectively. At

50 ◦C, increasing pressure promoted d-glucose conversion. At
00 ◦C, pressure did not seem to affect d-glucose conversion.

Fig. 4 shows the yields of d-fructose (Fig. 4a), 5-HMF
Fig. 4b), BTO (Fig. 4c) and furfural (Fig. 4d) versus residence
ime. The yield of d-fructose at 350 ◦C increased with increas-
ng residence time. At a given temperature, the d-fructose yield
ncreased with decreasing pressure. At a given pressure, higher
-fructose yield was obtained for 400 ◦C than 350 ◦C.

The yield of 5-HMF increased with increasing residence time
t 350 ◦C conditions. At pressures of 70 and 80 MPa, higher 5-
MF yields were obtained at 350 ◦C compared with those at
00 ◦C and longer residence times. The maximum yield of 5-
MF (8%) was obtained at 350 ◦C, 80 MPa and 1.6 s residence

ime. For a given temperature, the yield of 5-HMF increased
ith increasing pressure.
The yields of BTO and furfural also showed dependence on

emperature, pressure and residence time. The yield of BTO
ecame significant at 70 and 80 MPa compared to 40 MPa at
iven temperatures. At 70 and 80 MPa conditions, increasing
emperatures increased the yields of BTO. The yield of furfural
ncreased with increasing residence time at given temperatures.
lso, increasing pressures at given temperatures, increased the
ield of furfural giving a maximum yield of 12.2% at 400 ◦C
nd 80 MPa.

. Discussion

Experimental results and consideration of the effect of the
ressure and temperature on the reaction pathways will be dis-
ussed using Scheme 1. The effect of pressure on the various
athways can be explained by consideration of the water den-
ity.

The product 5-HMF (10) is obtained through the dehydra-
ion reaction of d-fructose (2). BTO (9) is a product of 5-HMF
10). The reaction starts from the hydrolysis of the furan ring
f 5-HMF (10) followed by aldol-like reaction and finally dehy-
ration reaction.

Fig. 5 shows the yields of BTO (9), 5-HMF (10) and furfural
11) as a function of water density and temperature at residence
ime of 0.7 and 0.8 s. The yields of BTO (9), 5-HMF (10) and
urfural (11) all increased with increasing water density at con-

tant temperature. The maximum yields of 5-HMF (10) at 350
nd 400 ◦C were similar, though the sum of 5-HMF (10) and
TO (9) yields were higher for 400 ◦C than 350 ◦C conditions.
his indicates that the increase of temperature and water density
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Fig. 5. Yields of 5-hydroxymethylfurfural (5-HMF), 1,2,4-benzenetriol (BTO)
and furfural as a function water density and temperature at residence time 0.7
a
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retro-aldol reactions to decomposition compounds.
nd 0.8 s; white and black symbols represent reactions conducted at 350 and
00 ◦C, respectively: (©, �) 5-HMF; (�, �) BTO; (�, �) furfural.

nhanced both dehydration reactions to 5-HMF (10) and hydrol-

sis reactions of 5-HMF (10), lead to the production of BTO (9).
he formation of levulinic acid from 5-HMF (10) in high tem-
erature high pressure water has been reported by Luijkx et al.
9]. It may be possible that the formation of levulinic acid (12)

r
t

Scheme 2. Estimated reaction mechanism to furfural (11) from d-gluc
l Fluids 40 (2007) 381–388

rom 5-HMF (10) [9,25] is enhanced by the increase of water
ensity, though in this study, this cannot be discussed, since we
ere unable to analyze levulinic acid (12) by our HPLC method.
High temperatures, high water densities and short residence

imes seem to be advantageous for increasing 5-HMF (10) selec-
ivity by kinetically preventing the formation of BTO (9). On the
ther hand, high temperatures, high water densities and long res-
dence times might increase BTO (9) yields. As for furfural (11),
igh temperatures and high water densities and long residence
imes seem to increase furfural yields.

The 5-HMF (10) yields were low (below 10%) and this may
e attributed to the tautomeric forms of d-fructose (2). Vogel
nd co-workers [18] have reported that d-pyranoid forms are in
ajority, compared to furanoid forms for d-fructose (2) in pure
ater at 25 ◦C. They suggested if this is so during the reaction,
nly the minor population of furanoid form of d-fructose (2) can
eact to form 5-HMF (10), leaving the majority to react through
The production of furfural (11) from 5-HMF (10) has been
eported by Luijkx et al. [9]. We consider that another reac-
ion path to furfural, that is, not via 5-HMF (10), may exist,

ose (1) in water at high temperature and high pressures [23,26].
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cheme 3. Estimated reaction mechanism of dehydration of d-fructose (2) to 5-
10] for the acid hydrolysis.

hich can be deduced from the yields of 5-HMF (10) and fur-
ural (11) at 350 ◦C. If furfural (11) is formed via 5-HMF (10),
he 5-HMF (10) yield should decrease as furfural (11) increases
ith residence time since furfural (11) was obtained in higher
ields than 5-HMF (10). However, our results showed that both
urfural (11) and 5-HMF (10) increased as a function of res-
dence time at 350 ◦C. One possible reaction mechanism has
een reported by Krishna et al. [25], who proposed a reaction
echanism that consisted of: (1) isomerization of d-fructose and
-glucose to 1,2-enediol (13), (2) dehydration of 1,2-enediol to
-deoxy-hexosulose followed by dehydration and decomposi-
ion reaction forming formaldehyde, and another dehydration
eaction to form furfural. We suggest another possible reac-
ion mechanism from d-glucose (1) to furfural (11) as shown
n Scheme 2. First, d-glucose (1) will react to d-fructose (2),
,2-enediol (13), 2,3-enediol (14) and form a 3-ketose (15)
hrough tautomerization reactions. The formation of 3-ketose
15) from d-glucose (1) has been reported based on a series
f 14C labeled hexose experiments done in potassium hydrogen
hosphate buffer (pH 6.7) to form acetol [26]. This 3-ketose (15)
ay go through a retro-aldol reaction forming formaldehyde

16) and arabinose (18). The formation of furfural from pen-

oses such as d-xylose and d-arabinose (18), have been reported
y Antal et al. [27] and Srokol et al. [23], respectively. Although
e were not able to detect arabinose (18) or formaldehyde (16)

n the experiments, our data show that the yield of furfural (11)

c
b
b
o

(10) in water at high temperature and high pressures adopted from Antal et al.

ncreased with increasing water density at 400 ◦C and consider
hat this was due to the enhancement of dehydration reactions
ith increasing water density.
One explanation for the pressure effect (density effect) on

he dehydration and hydrolysis reactions may be obtained by
onsidering the estimated transition states. Water molecules can
nhance chemical reactions by participating in the transition
tate by forming the so-called “water bridge” and lowering the
ransition energy [8,21,22]. We constructed a reaction mecha-
ism (Scheme 3) based on that proposed by Antal et al. [10].
f we assume that water participates in the transition state of
he dehydration reactions and forms a 6-member ring transition
tate (2a, 2e, 2h), thus lowers the transition energy, and so the
ncrease of water density will increase the population of these
ransition states and enhance dehydration reactions. As for the
ydrolysis reactions, increasing water density would cause an
ncrease in the collisions of water molecules and 5-HMF (10)
nd thus providing some enhancement. Spectroscopic analyses
t these conditions would be useful to clarify the detailed mech-
nisms.

Another explanation for the pressure effect (density effect)
n the dehydration and hydrolysis reactions may due to the

hange in of ion product (Kw) of HHW. Higher Kw values have
een reported to enhance dehydration and hydration reactions
y increasing the activity of the acid catalyst [7]. The Kw value
f HHW increases from −11.3 to −10.7 (mol/kg)2 at 350 ◦C and
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rom −12.5 to −11.1 (mol/kg)2 at 400 ◦C when the pressure is
ncreased from 40 to 80 MPa [28]. This increase in Kw may pro-
ote the acid catalyst effect on the dehydration and hydration

eactions.

. Conclusions

Reaction of d-glucose in water at high temperatures (350 and
00 ◦C) and high pressures (up to 80 MPa) was studied using a
ow reactor. At given temperatures, an increase in pressure from
0 to 80 MPa lead to an increase in yields of 1,2,4-benzenetriol,
-HMF and furfural. An increase in pressure (40 MPa to 70 and
0 MPa) and temperature (350–400 ◦C) enhanced dehydration
eactions to provide 5-HMF, but also enhanced hydrolysis of
-HMF leading to the production of BTO.
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