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Abstract  1 

The influence of water-miscible alcohols (methanol, 1-propanol, 2-propanol and 2 

t-butyl alcohol) on the isomerization of glucose to fructose and mannose was 3 

investigated under subcritical aqueous conditions (180–200 °C). Primary and secondary 4 

alcohols promoted the conversion and isomerization of glucose to afford fructose and 5 

mannose with high and low selectivity, respectively. On the other hand, the 6 

decomposition (side-reaction) of glucose was suppressed in the presence of the primary 7 

and secondary alcohols compared with that in subcritical water. The yield of fructose 8 

increased with increasing concentration of the primary and secondary alcohols, and the 9 

species of the primary and secondary alcohols tested had little effect on the 10 

isomerization behavior of glucose. In contrast, the isomerization of glucose was 11 

suppressed in subcritical aqueous t-butyl alcohol. Both the conversion of glucose and 12 

the yield of fructose decreased with increasing concentration of t-butyl alcohol. In 13 

addition, mannose was not detected in reactions using subcritical aqueous t-butyl 14 

alcohol. 15 

 16 
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Introduction 18 

In recent decades, subcritical water has been widely employed as a reaction medium 19 

and extractant1‒4) due to its high ion product and low dielectric constant. With these two 20 

properties, subcritical water can work as a specific solvent, influencing chemical 21 

reactivity,5) and also as an environmentally friendly acid-base catalyst for hydrolysis and 22 

isomerization reactions.6‒9) Many researchers have focused on the decomposition, 23 

hydrolysis and isomerization behavior of saccharides in subcritical water.10‒16) It has 24 

also been reported that glucose-, mannose-, and fructose-type monosaccharides can 25 

mutually isomerize through an alkali-catalysis-like pathway in subcritical water.17,18) 26 

When isomerization of glucose, mannose, and fructose was performed in subcritical 27 

water, mannose could isomerize to fructose more easily than could other hexoses.17) 28 

However, the yields of fructose from both mannose and glucose were not high. 29 

  The influence of the addition of alcohols on the decomposition of disaccharides and 30 

the isomerization of monosaccharides has been investigated.19‒21) It was reported that 31 

ethanol can markedly accelerate the alkaline metal hydroxide- and disodium 32 

pentasilicate-catalyzed isomerization of glucose to fructose, and vice versa, and can 33 

change the apparent isomerization equilibrium.20,21) In the case of the calcium 34 

chloride-catalyzed isomerization of glucose in basic solutions, the reaction reached 35 
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equilibrium faster in aqueous methanol than in aqueous ethanol.22) Fructose and 36 

mannose were obtained with almost the same selectivity in aqueous methanol, while 37 

mannose was produced with a higher selectivity than fructose in aqueous ethanol at 38 

65 °C for 10 min.22) However, unlike methanol and ethanol, 1- and 2-propanol cannot 39 

give these satisfactory results in alkali-catalyzed isomerization of monosaccharides.22) 40 

Our preliminary work showed that subcritical aqueous ethanol could remarkably 41 

promote the isomerization of glucose and mannose to fructose and that the 42 

isomerizations were accelerated with increasing ethanol concentration.23) Therefore, in 43 

this study, we investigated the influence of mixtures of water and water-miscible alcohol 44 

(methanol, ethanol, 1-propanol, 2-propanol, and t-butyl alcohol) on the isomerization of 45 

glucose under subcritical conditions. 46 

 47 

Materials and Methods 48 

Materials. Straight-chain alcohols (methanol, ethanol, and 1-propanol), branched-chain 49 

alcohol (2-propanol and t-butyl alcohol), D-glucose (>99%), and D-fructose (>99%) 50 

were purchased from Wako Pure Chemical Industries (Osaka, Japan). D-Mannose 51 

(>99%) was purchased from Nacalai Tesque (Kyoto, Japan). 52 

 53 
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Isomerization of glucose in subcritical aqueous alcohols. Glucose was dissolved in 54 

distilled water and then mixed with alcohol to produce glucose solution at a final 55 

concentration of 0.5% (w/v) and an alcohol concentration of 0–80% (v/v). The solution 56 

was sonically degassed under reduced pressure before subcritical treatment. The 57 

solution reservoir was connected to a helium gasbag to prevent redissolution of 58 

atmospheric oxygen. The solution was delivered into a coiled stainless steel tubular 59 

reactor (0.8 mmϕ × 1.0 m for subcritical aqueous methanol, ethanol, and 1- and 60 

2-propanol and 0.8 mmϕ × 2.0 m for subcritical aqueous t-butyl alcohol) immersed in 61 

an SRX-310 silicone oil bath (Dow Corning Toray Silicone Co., Ltd., Tokyo, Japan) by 62 

using an LC-10AD VP HPLC pump (Shimadzu Corp., Kyoto, Japan). In order to 63 

rapidly terminate the reaction, the reactor effluent was directly introduced into a 64 

stainless-steel tube (0.8 mmϕ) that was immersed in an ice bath. The temperature and 65 

residence time were set to 180 °C and 30‒500 s for isomerization in aqueous methanol, 66 

ethanol, and 1- and 2-propanol. For isomerization in subcritical aqueous t-butyl alcohol, 67 

they were set to 180 °C or 200 °C and 100‒1000 s. The pressure inside the reactor was 68 

regulated at ca. 10 MPa using a back pressure regulator (Upchurch Scientific, Oak 69 

Harbor, Washington, USA). 70 

The residence time was calculated according to our previous method.24) The density 71 
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of methanol, or 1- or 2-propanol under subcritical conditions was calculated based on 72 

the reported data.25–27) However, because the density of t-butyl alcohol under subcritical 73 

conditions was not reported, it was assumed to be the same as that of 2-propanol.  74 

The number of replication is one because the error was small for the isomerization 75 

of glucose in 40% (v/v) subcritical aqueous ethanol in triplicate23).   76 

 77 

Carbohydrate analysis. The reactor effluent was collected in a test tube for HPLC 78 

analysis. The HPLC system consisted of an LC-10AD VP HPLC pump (Shimadzu 79 

Corp.), an RI-101 refractometer (Showa Denko K. K., Tokyo), and a Cosmosil Sugar-D 80 

column (4.6 mmϕ × 250 mm, Nacalai Tesque). A mixture of water and acetonitrile 81 

(20:80, v/v) was employed as the mobile phase at a flow rate of 1 mL/min. The column 82 

was maintained at 30 °C in a CTO-10A VP column oven (Shimadzu Corp.).  83 

 84 

Results and Discussion  85 

Isomerization of glucose in subcritical aqueous alcohols 86 

Figure 1 shows the typical change in the fraction of remaining glucose with residence 87 

time at 180 °C in subcritical water and in 60% (v/v) subcritical aqueous alcohols. When 88 

glucose was treated for 500 s in subcritical water, the conversion was about 13%. 89 
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However, the conversion of glucose at a residence time of 500 s was almost doubled 90 

and was 27–31% in the presence of any of the water-miscible primary or secondary 91 

alcohols. Our preliminary work showed that ethanol can promote the conversion of 92 

glucose.23) These facts show that addition of the primary and secondary alcohols will 93 

also achieve this conversion. In addition, there was no obvious difference in the 94 

promotion ability among the four alcohols. 95 

As in subcritical aqueous ethanol,23) fructose were produced from glucose with high 96 

yield and selectivity, while mannose was produced with low yield and selectivity in 97 

subcritical aqueous methanol, and 1- and 2-propanol (Fig. 2), where the selectivity was 98 

defined as the molar ratio of the product to the consumed substrate. The yields of both 99 

fructose and mannose were increased by the addition of these alcohols. These facts 100 

indicate that the primary and secondary alcohols used can also promote isomerization. 101 

The type of alcohol slightly affected the yields of fructose and mannose. This is in 102 

contrast to the reported results, which showed that methanol promoted isomerization 103 

more efficiently than ethanol in the alkali-catalyzed isomerization of glucose at low 104 

temperature, and that 1- and 2-propanol could not promote the isomerization 105 

reaction.20,22) On the other hand, the addition of t-butyl alcohol suppressed the 106 

conversion of glucose as discussed in detail later.  107 
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Effect of the concentration of methanol, and 1- and 2-propanol on the isomerization 108 

of glucose  109 

Figure 3 shows the typical influence of the concentrations of methanol, and 1- and 110 

2-propanol, on the selectivities of the derived fructose and mannose, yield of fructose, 111 

and fraction of degraded hexoses, for the treatment of glucose at 180ºC for 500 s. The 112 

yields of fructose increased with increasing concentration of the alcohols. In the 0–40% 113 

(v/v) concentration range, the yield of fructose showed a weak dependence on the 114 

concentration of the alcohols. However, in the higher concentration range, increasing 115 

the concentration of the alcohols, especially of 2-propanol, greatly raised the yield of 116 

fructose. Dependence of the selectivity for fructose on the alcohol concentration was 117 

different to that of the yield: the selectivity for fructose reached a maximum value in 118 

60% (v/v) alcohol and then decreased when the concentration of the alcohols increased 119 

to 80% (v/v). One reason for this decrease in 80% (v/v) alcohol may be that the 120 

decomposition of fructose is promoted by the addition of alcohols.23) Although the 121 

addition of alcohol can also promote the decomposition of hexoses,23) the fraction of 122 

degraded hexoses did not increase with an increasing concL152entration of methanol, 123 

1-propanol, or, especially, 2-propanol. When the concentration of 2-propanol was 124 

increased to 80% (v/v), most of the consumed glucose was isomerized to fructose and 125 
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mannose, and 2-propanol exhibited a better effect than methanol and 1-propanol on the 126 

isomerization of glucose to fructose. On the other hand, selectivity for mannose was 127 

kept at a low level in the presence of the three alcohols.   128 

The mechanism of the promotion of isomerization in subcritical aqueous alcohols is 129 

unclear. However, isomerization of glucose depended very little on the particular 130 

primary and secondary alcohols in subcritical aqueous conditions. Similarity in the 131 

behaviors of methanol, ethanol, and 1- and 2-propanol in promoting isomerization 132 

would indicate that these alcohols promote the isomerization by the same mechanism. 133 

Glucose, mannose, and fructose can be mutually interconverted by acid, base, or 134 

acid-base catalysts.28–32) Recent research demonstrated that, in aqueous alcohol with 135 

high alcohol concentration, the strength of the bond between the proton and oxygen 136 

atom of the alcoholic hydroxyl group was weaker than in pure alcohol, especially when 137 

the temperature exceeded 130 °C.33) It was also found that glucose could exchange its 138 

C-1 proton with the proton of the hydroxyl group of methanol to form fructose.34) 139 

Accordingly, a possible mechanism under the subcritical aqueous conditions is that 140 

there is a higher dissociation of the alcohol (RO–H) to RO− and H+, either of which can 141 

catalyze the isomerization. Because the proton-accepting or electron-donating ability of 142 

RO− is higher than that of OH−,35) RO− could promote the isomerizations more 143 



10 
 

effectively than OH‒ through alkali isomerization.  144 

 145 

Isomerization of glucose in subcritical aqueous t-butyl alcohol  146 

The concentration of t-butyl alcohol also affected the conversion of glucose (Fig. 4). 147 

However, in contrast to the cases for methanol, ethanol, and 1- and 2-propanol, the 148 

isomerization behavior was different in t-butyl alcohol: glucose was converted more 149 

slowly with an increasing concentration of t-butyl alcohol compared to the conversion 150 

of glucose in subcritical water. When glucose was treated in 20% (v/v) t-butyl alcohol at 151 

180 °C for 1000 s, its conversion was almost the same as that at 180 °C for 400 s in 152 

subcritical water.  153 

Fructose was also formed from glucose in subcritical aqueous t-butyl alcohol (Fig. 5). 154 

However, the isomerization behavior was different from that in other subcritical 155 

aqueous alcohols, as described above: only fructose was detected, and mannose was not 156 

formed in the presence of t-butyl alcohol. Besides, the yield of fructose was much lower 157 

than those obtained in subcritical water and in the presence of the other alcohols tested 158 

under the same reaction conditions.  159 

The formation of fructose was slower at a higher t-butyl alcohol concentration. 160 

However, the conversion and isomerization were accelerated by increasing the 161 
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temperature (Figs. 4 and 5). When glucose was treated at 200 °C for 1000 s in 60% 162 

(v/v) t-butyl alcohol, the conversion of glucose and the yield of fructose reached about 163 

25% and 10%, respectively, which was about 3- and 2.5-fold higher, respectively, than 164 

those obtained at 180 °C.  165 

Figure 6 shows the typical influence of t-butyl alcohol concentration on the 166 

selectivity for fructose, the yield of fructose, and the fraction of degraded hexoses, for 167 

the treatment of glucose at 180 °C for 1000 s. The dependence of the selectivity for 168 

fructose on the t-butyl alcohol concentration was different to that of the other alcohols 169 

tested. The selectivity for fructose decreased with increasing t-butyl alcohol 170 

concentration. In particular, there was a large decrease in the selectivity when the 171 

concentration of t-butyl alcohol exceeded 40% (v/v). The yield of fructose almost 172 

linearly decreased with increasing t-butyl alcohol concentration. The fraction of 173 

degraded hexoses was also low in subcritical aqueous t-butyl alcohol and was only 174 

slightly affected by the t-butyl alcohol concentration.  175 

In line with the proposed mechanism regarding the promotion of the isomerization of 176 

glucose by primary and secondary alcohols, the reason for the suppression of the 177 

isomerization of glucose in subcritical aqueous t-butyl alcohol may be that t-butyl 178 

alcohol would be dissociated to H+ and the t-butoxy anion, (CH3)3CO−, which possesses 179 
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much stronger proton-accepting ability than the alkoxide anions of the other alcohols 180 

tested. However, the bulky t-butyl group gives the t-butoxy anion greater steric 181 

hindrance, which could suppress the isomerization. As a result, the addition of t-butyl 182 

alcohol only caused a diluting effect on the water concentration, which was similar to 183 

the addition of ethanol to subcritical water during the hydrolysis of sucrose.24)   184 

In conclusion, the isomerization of glucose was promoted with increasing alcohol 185 

concentration in subcritical aqueous primary and secondary alcohols. The type of 186 

alcohol slightly affected the isomerization. However, the addition of t-butyl alcohol 187 

suppressed the isomerization. These facts suggest a mechanism for the promotion of the 188 

monosaccharide isomerization in subcritical aqueous alcohols.   189 

 190 
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Figure Legends 288 

Fig. 1. Changes in the fraction of remaining glucose with residence time in () 289 

subcritical water and 60% (v/v) subcritical aqueous alcohols (() methanol, () 290 

ethanol, () 1-propanol, () 2-propanol, and () t-butyl alcohol) at 180 °C. 291 

 292 

Fig. 2. Yields of fructose and mannose derived from glucose at various residence times 293 

in subcritical water and in 60% (v/v) subcritical aqueous alcohols at 180 °C. Symbols 294 

are the same as those in Fig. 1, and the open and closed symbols represent the yields of 295 

fructose and mannose, respectively. 296 

 297 

Fig. 3. Effects of the alcohol concentration on the selectivities of () fructose and () 298 

mannose, () fraction of disappeared hexoses, and () yield of fructose for the 299 

treatment of glucose at 180 °C for 500 s. (a) Methanol, (b) 1-propanol, (c) 2-propanol.  300 

 301 

Fig. 4. Changes in the fraction of remaining glucose with residence time at 180 °C in 302 

() 80%, () 60%, () 40%, () 20%, and () 0% (v/v) t-butyl alcohol and at () 303 

200 °C in 60% (v/v) t-butyl alcohol.  304 

 305 
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Fig. 5. Yields of fructose derived from glucose at different residence times in subcritical 306 

aqueous t-butyl alcohol. The symbols are the same as those in Fig. 4. 307 

 308 

Fig. 6. Effects of t-butyl alcohol concentrations on () the selectivity of fructose, () 309 

the fraction of degraded hexoses, and () the yield of fructose for the treatment of 310 

glucose at 180 °C for 1000 s. 311 
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Fig. 4 Gao et al.355 

1.0

0.9

0.8

0.7

0 800400 1200

Residence time [s]

C
G

lc
/C

G
lc

0



25 
 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 
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