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Isomerization of disaccharides (maltose, isomal-
tose, cellobiose, lactose, melibiose, palatinose,
sucrose, and trehalose) was investigated in subcriti-
cal aqueous ethanol. A marked increase in the
isomerization of aldo-disaccharides to keto-disaccha-
rides was noted and their hydrolytic reactions were
suppressed with increasing ethanol concentration.
Under any study condition, the maximum yield of
keto-disaccharides produced from aldo-disaccha-
rides linked by β-glycosidic bond was higher than
that produced from aldo-disaccharides linked by
α-glycosidic bond. Palatinose, a keto-disaccharide,
mainly underwent decomposition rather than iso-
merization in subcritical water and subcritical aque-
ous ethanol. No isomerization was noted for the
non-reducing disaccharides trehalose and sucrose.
The rate constant of maltose to maltulose isomeriza-
tion almost doubled by changing solvent from sub-
critical water to 80 wt% aqueous ethanol at 220 °C.
Increased maltose monohydrate concentration in
feed decreased the conversion of maltose and the
maximum yield of maltulose, but increased the pro-
ductivity of maltulose. The maximum productivity
of maltulose was ca. 41 g/(h kg-solution).

Key words: isomerization; keto-disaccharide; subcrit-
ical aqueous ethanol; type of glycoside
linkage

Keto-disaccharides such as maltulose, palatinose, lac-
tulose, cellobiulose, and melibiulose are of great inter-
est in studies of food nutrition1) and biomass
transformation,2,3) as well as in organic synthesis,
because they are natural chiral molecules.4) As a food
additive, for example, lactulose promotes the growth of
Bifidobacterium5) and decreases the formation of putre-
factive products,6) increasing health benefits for human
beings.

Keto-disaccharides can be mainly synthesized by iso-
merization of the corresponding aldo-disaccharides
using alkali, homogeneous or heterogeneous metal, and
enzymatic catalysts.7–12) Among the above methods,
only alkali-catalyzed isomerization is versatile and can

be reluctantly applied in food industry for reasons of
food safety and productivity. However, even in alkali-
catalyzed isomerization, a long time was required to
attain reaction equilibrium and post-treatment process-
ing was tedious. Therefore, a versatile and convenient
method should be developed.
We reported that subcritical aqueous ethanol could

be used as an excellent solvent for aldohexose to keto-
hexose isomerizations.13–15) Our kinetic analysis
showed that, compared to the decomposition steps, the
isomerization steps accelerated when changing reaction
solvent from subcritical water to subcritical aqueous
ethanol.15) Besides, the chemical equilibrium constant
was high (ca. 3 at 200 °C for glucose to fructose iso-
merization), which suggested a possibly high yield of
ketohexoses. Importantly, we reported that sucrose
hydrolysis was strongly restricted in subcritical aqueous
ethanol than in subcritical water;16) this may be also
applicable to other disaccharides. These results suggest
that high yields of keto-disaccharides can be produced
from the corresponding aldo-disaccharides using sub-
critical aqueous ethanol.
In the current study, we attempted to efficiently pro-

duce keto-disaccharides, maltulose, palatinose, cellobiu-
lose, lactulose, and melibiulose, from the corresponding
aldo-disaccharides, maltose, isomaltose, cellobiose, lac-
tose, and melibiose, respectively, using subcritical aque-
ous ethanol, and to investigate the effect of the type of
glycoside linkage of aldo-disaccharides on their isomer-
izations.

Materials and methods
Materials. Maltose (α-D-Glc-(1→4)-D-Glc) monohy-

drate; melibiose (α-D-Gal-(1→6)-D-Glc); lactose (β-D-Gal-
(1→4)-D-Glc); sucrose (α-D-Glc-(1→2)-β-D-Fru), where
Glc, Gal, and Fru represent D-glucose, D-galactose, and
D-fructose, respectively; D-glucose, D-fructose, D-galac-
tose, D-tagatose, D-talose, and ethanol were purchased
from Wako Pure Chemical Industries (Osaka, Japan). Cel-
lobiose (β-D-Glc-(1→4)-D-Glc), palatinose (α-D-Glc-
(1→6)-D-Fru), syrupy isomaltose (α-D-Glc-(1→6)-D-Glc),
and trehalose (α-D-Glc-(1→1)-D-Glc) were obtained from
Hayashibara Biochemical Laboratories (Okayama, Japan).
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Lactose and D-mannose were purchased from Nacalai Tes-
que (Kyoto, Japan). Maltulose (α-D-Glc-(1→4)-D-Fru)
monohydrate and isomaltose for calibration were pur-
chased from Tokyo Chemical Industry (Tokyo, Japan).
Cellobiulose (β-D-Glc-(1→4)-D-Fru) and melibiulose (α-
D-Gal-(1→6)-D-Fru) for calibration were prepared and
purified in this study, according to the methods described
later. Because the present study only focused on the iso-
merization of the D-enantiomers, the prefix, D-, of all the
saccharides is omitted hereafter.

Isomerization or hydrolysis of saccharides in subcrit-
ical aqueous ethanol. Isomerization of each saccha-
ride was carried out in a continuous reaction system, in
which the feed saccharide solution was delivered using
an LC-10AD VP HPLC pump (Shimadzu, Kyoto,
Japan), into a stainless steel tubular reactor (0.8 mm
I.D. × 1.0 m length) heated in a temperature-controlled
silicone oil bath (Dow Corning Toray Silicone, Tokyo,
Japan). Upon exiting the reactor, the effluent was
directly introduced to a stainless steel tube immersed in
an ice water bath in order to quench the reaction. The
pressure inside the reactor was regulated at ca. 10 MPa
and reduced to ambient after cooling using a back-pres-
sure valve (Upchurch Scientific Inc., Oak Harbor, WA,
USA). The residence time was set in the range of 50–
500 s. The reaction temperature was set at 180–220 °C.
Ethanol concentration was adjusted from 0 to 80 wt%
and the substrate feed concentration ranged from 0.5 to
5 wt% for maltose isomerization. For other saccharides,
the reaction temperature was set at 200 °C; ethanol
concentration was adjusted at 0 (subcritical water) and
60 wt% and the feed concentration was 0.5 wt%.

The residence time was calculated from the volumetric
flow rate measured at room temperature according to the
inner diameter, length of the stainless steel tube, and den-
sity of the subcritical aqueous ethanol, which was calcu-
lated according to the densities of water and
ethanol.17,18)

Saccharide analysis. The reaction effluent was
compositionally analyzed using an HPLC system,

which consisted of an LC-10AD VP pump (Shimadzu),
a Cosmosil Sugar-D column (4.6 mm I.D. × 250 mm
length, Nacalai Tesque), and an RI-101 refractometer
(Showa Denko, Tokyo). To separate the yielded glu-
cose and galactose clearly, another column, Asahipak
NH2P-50 4E (4.6 mm I.D. × 250 mm length) was used
for compositional analysis of the reaction mixture of
lactose and melibiose. Column temperature was main-
tained at 30 °C in a CTO-10AVP column oven (Shi-
madzu). The mobile phase for both analyses was 80%
(v/v) aqueous acetonitrile solution at a flow rate of
1.0 mL/min. The calibration curves were prepared
using commercially available saccharides or saccharides
prepared and purified in this study.

Product purification and NMR confirmation. The
purification procedures for the produced keto-disaccha-
rides were the same as those reported in our previous
study.14)

1H and 13C NMR analyses were performed using an
Ascend 400 NMR spectrometer (400 MHz Bruker
Japan, Osaka, Japan) with D2O as the solvent. Acetoni-
trile (δH = 2.06 ppm, δC (13CH3) = 1.47 ppm, δC (13CN)
= 119.68 ppm) was used as the internal standard. Fur-
ther, the 1H and 13C NMR spectra of maltulose, palati-
nose, and lactulose were compared with those of the
commercial samples and reported data.19–21) Because
cellobiulose and melibiulose are not commercially avail-
able, we used 1H and 13C NMR spectra of suspected
cellobiulose and melibiulose for comparison. Cellobiose
and melibiose have been shown to undergo isomeriza-
tion to their ketoses in subcritical water or in aqueous
alkaline solutions,2,22) and we have reported the promo-
tion of aldose to ketose isomerization in subcritical
aqueous ethanol.13–15) Therefore, the formation of cel-
lobiulose and melibiulose could be assured.

Solubility of maltose monohydrate in aqueous etha-
nol. The solubility of maltose monohydrate in aque-
ous ethanol was measured at 25 °C according to our
previous method.14)
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Fig. 1. Isomerization and hydrolysis processes of (♢) maltose to (△) maltulose, (□) glucose, (○) fructose, and (▹) mannose in (a) subcritical
water and (b) 60 wt% subcritical aqueous ethanol at 220 °C. The feed concentration of maltose monohydrate was 0.5 wt%.
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Results and discussion
Effect of ethanol concentration on maltose

isomerization
Maltose underwent slow conversion below 220 °C

and rapid conversion at temperatures higher than
220 °C in subcritical water.23) Further, we have
reported that the conversion of reducing hexose was
increased15) and hydrolysis of sucrose was restricted16)

by increasing ethanol concentration. Therefore, the
reaction temperature of 220 °C was selected to investi-
gate the effect of ethanol concentration on hydrolysis
and isomerization of maltose. Fig. 1 shows the isomer-
ization and hydrolysis processes of maltose in subcriti-
cal water and 60 wt% subcritical aqueous ethanol at
220 °C. To easily calculate the mass balance during the
reaction, the yield of each produced monosaccharide
was defined as the molar ratio of produced monosac-
charide to glucose residues of maltose. Glucose, fruc-
tose, mannose, and maltulose were produced from
maltose in subcritical water and 60 wt% aqueous etha-
nol. The formation of maltulose was assured by com-
paring the 1H and 13C NMR spectra of the suspected
maltulose with that of the commercial maltulose
(Fig. 2). However, epimaltose, a C-2 epimer of glucose
in the reducing side of maltose, was not detected. It
has also been reported that epimaltose is not detected
in alkali-catalyzed maltose isomerization.24) This may
be because of its low yield controlled by thermody-
namic equilibrium and high isomerization reactivity
under subcritical aqueous conditions, since the reducing
side of epimaltose is a mannose residue. We previously
reported that among the mutual isomerization of glu-
cose, mannose, and fructose, mannose was the most
easily isomerized, and its formation from glucose and
fructose was difficult in subcritical aqueous ethanol.15)

In subcritical water, glucose was the most producible
and its maximum yield was ca. 45% at the residence
time of ca. 400 s. The yield of maltulose increased
with the residence time until 100 s and then decreased,
indicating that the maltulose formed had decomposed.
Fructose, which can be directly obtained through
hydrolysis of maltulose, as well as through isomeriza-
tion of glucose and mannose, was gradually produced
by prolonging the residence time; however, the yield of
fructose was <15%. On the other hand, <0.5% mannose
was obtained within the investigated residence time.
Changing the reaction solvent from subcritical water to
60 wt% subcritical aqueous ethanol significantly sup-
pressed the hydrolysis of maltose, and all the hexoses
were produced in <10% yields. We previously reported
that ethanol showed dilute effect on water concentra-
tion during sucrose hydrolysis.16) It may be also sug-
gested that ethanol affects the maltose hydrolysis in the
same manner. The yield of maltulose in 60 wt% etha-
nol was higher than that in subcritical water at the
same residence time. Rapid conversion of maltose
occurred in 60 wt% subcritical aqueous ethanol until
ca. 200 s, after which the speed of conversion
decreased to lesser than that in subcritical water. This
could be because the addition of ethanol promoted the
isomerization of maltulose to maltose and because the
isomerization dominantly affected maltose conversion
after 200 s as previously shown.15)

The above-mentioned results clearly showed that
hydrolysis and isomerization of maltose were more
suppressed and promoted, respectively, in subcritical
aqueous ethanol than in subcritical water. In order to
investigate the effect of ethanol concentration on mal-
tose isomerization in detail, we further examined mal-
tose isomerization at different ethanol concentrations
(Table 1). The maximum yield of maltulose and its
selectivity at that yield, 24 and 39%, respectively, were
higher at high ethanol concentration. The rate constant

(a)

(b)

(c)

(d)

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm

130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Fig. 2. 1H and 13C NMR spectra of the standard and purified sam-
ple of maltulose. (a) 1H NMR of standard sample of maltulose, (b)
1H NMR of purified sample of maltulose, (c) 13C NMR of standard
sample of maltulose, and (d) 3C NMR of purified sample of
maltulose.
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for isomerization of maltose to maltulose, which was
calculated from the initial slope of time course for mal-
tulose formation, almost doubled when changing the
solvent from water to 80 wt% aqueous ethanol.

Temperature dependence of maltose isomerization
Effect of reaction temperature on the isomerization

of maltose to maltulose was examined in 60 wt% aque-
ous ethanol at the feed substrate concentration of
0.5 wt% (Table 2). The maximum yield of maltulose
markedly increased by ca. 10% by increasing the reac-
tion temperature from 180 to 200 °C. However, reac-
tion temperatures above 200 °C were not suitable for
producing maltulose within the residence time of 500 s,
because relatively low maximum yields were obtained
at such temperatures. On the other hand, at the temper-
atures above 200 °C, the maximum yield of maltulose
was achieved at short residence times. Thus, the disad-
vantages of increasing the reaction temperature were
significant decreases in selectivity of maltulose and
total sugar content obtained at specific residence times,
for example, a residence time of 500 s. These results
indicated that increasingly significant decompositions
of di- and monosaccharides occurred at high tempera-
ture.

The rate constant of maltose-to-maltulose isomeriza-
tion increased by increasing the reaction temperature,
and the activation energy was calculated to be ca.
110 kJ/mol according to the Arrhenius plot (Fig. 3),
which was similar to that of glucose-to-fructose isomer-
ization in subcritical aqueous ethanol15) and that of
maltose-to-maltulose isomerization in alkaline solu-
tion.24)

Effects of the type of glycoside linkage and
constituent monosaccharides of the disaccharides on
their isomerization and hydrolysis

To investigate the effects of the type of glycoside
linkage and constituent monosaccharides on the reac-
tion behaviors of disaccharides, we assessed the effects
of seven other disaccharides (isomaltose, cellobiose,
lactose, melibiose, palatinose, trehalose, and sucrose) in
subcritical water and 60 wt% aqueous ethanol at

200 °C (Figs. 4–10). In contrast to maltose, the other
tested aldo-disaccharides (isomaltose, cellobiose, lac-
tose, and melibiose) predominantly underwent isomer-
ization rather than hydrolysis in subcritical water and
60 wt% aqueous ethanol. The addition of ethanol sup-
pressed the hydrolysis of disaccharides and promoted
their conversion to the corresponding keto-disaccha-
rides. The formation of palatinose from isomaltose
(Fig. 4) and lactulose from lactose (Fig. 6) were also
assured by comparing the 1H and 13C NMR spectra of
the suspected products with those of the commercial
ones (data not shown). The formation of cellobiulose
from cellobiose (Fig. 5) and melibiulose from melibiose
(Fig. 7) was assured by comparing the change in the
1H and 13C NMR spectra between the substrates and
the purified samples and by the fact that ketose can be
produced in high yield from the corresponding aldose
in subcritical aqueous ethanol.13–15) The yields and
selectivities of cellobiulose, lactulose, and melibiulose
increased in 60 wt% aqueous ethanol than in subcritical
water. The selectivity of the produced disaccharides

Table 1. Effect of ethanol concentration on maltose isomerization in subcritical aqueous ethanol at 220 °C.

Concentration of
ethanol (wt%)

Residence
time (s)

Maximum yield of
maltulose (%)

Selectivity of
maltulose (%)

Residence time for maximum
yield of glucose (s)

Maximum yield of
glucose [%]

Selectivity of
glucose [%]

0 100 14 24 400 44 45
20 200 19 26 500 30 31
40 200 19 25 500 15 16
60 100 24 39 400 9 10
80 50 22 37 300 4.4 4.6

Table 2. Effect of temperature on maltose isomerization in 60 wt% aqueous ethanol.

Temperature [°C] Residence time [s] Maximum yield of maltulose [%] Selectivity of maltulose [%] Total sugar content [%]

180 500 18 48 85
190 500 23 40 71
200 500 28 36 60
210 300 26 37 64
220 100 24 40 72

180

Temperature [°C]

2.00 2.10 2.15 2.25

103/T [K-1]

10-2

R
at

e 
co

ns
ta

nt
, k

[s
-1

]

10-3

10-4

200220

2.05 2.20

Fig. 3. Arrhenius plot for the rate constants of maltose to maltulose
isomerization in 60 wt% subcritical aqueous ethanol.
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was defined as the molar ratio of the product to the
consumed substrate. Moreover, these results also
showed that the type of glycoside linkage affected the
isomerization of the aldo-disaccharides, i.e. the aldo-

disaccharides linked by β-glycosidic bond (cellobiose
and lactose) were more easily isomerized than those
linked by α-glycosidic bond (isomaltose and melibiose)
in subcritical aqueous ethanol. However, for maltose

0
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Fig. 4. Isomerization and hydrolysis processes of (♢) isomaltose to (△) palatinose, (∇) epiisomaltose, (□) glucose, (○) fructose, and (▹) mannose
in (a) subcritical water and (b) 60 wt% subcritical aqueous ethanol at 200 °C. The feed concentration of isomaltose was 0.5 wt%.
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(b)(a)

Fig. 5. Isomerization and hydrolysis processes of (♢) cellobiose to (△) cellobiulose, (∇) epicellobiose, (□) glucose, (○) fructose, and (▹) man-
nose in (a) subcritical water and (b) 60 wt% subcritical aqueous ethanol at 200 °C. The feed concentration of cellobiose was 0.5 wt%.

(b)(a)

0

40

60

80

100

0 200 400 0

Residence time [s] 

Y
ie

ld
 o

f e
ac

h 
sa

cc
ha

ri
de

, %

200 400 600

20

Fig. 6. Isomerization and hydrolysis processes of (♢) lactose to (△) lactulose, (∇) epilactose, (□) glucose, (○) fructose, (▹) mannose, (■)
galactose, (●) tagatose, and (►) talose in (a) subcritical water and (b) 60 wt% subcritical aqueous ethanol at 200 °C. The feed concentration of
lactose was 0.5 wt%.
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and isomaltose with α glycoside linkage, it was showed
that the yield of the produced keto-disaccharides was
not significantly affected by the binding position of
glucose on reducing side.

Palatinose was used as a typical substrate to investi-
gate the isomerization of keto-disaccharide in subcriti-
cal water and 60 wt% subcritical aqueous ethanol
(Fig. 8). Monosaccharides were the dominant products
in subcritical water. Changing the reaction solvent to
60 wt% ethanol suppressed hydrolysis to improve the
conversion of palatinose and yield of isomaltose, and
suppressed hydrolysis. The maximum yield of isomal-
tose was ca. 10%. Compared with isomaltose, palati-
nose yield decreased rapidly at short residence times.
However, the yield of isomaltose formed from palati-
nose was lower than that of palatinose formed from
isomaltose under the same reaction conditions, indicat-
ing that increasing difficulty in the isomerization of
palatinose to isomaltose. We previously reported that
ketohexose had a low ability to isomerize than aldohex-
ose.15) These results show that reducing keto-disaccha-
rides mainly underwent decomposition rather than
isomerization in subcritical aqueous ethanol.

In order to compare the isomerization of aldo-disac-
charides with that of monosaccharides, isomerizations
of glucose and galactose were also investigated in
60 wt% ethanol at 200 °C (data not shown). Fructose
and tagatose were obtained from glucose and galactose
at the maximum yields of 29 and 26%, respectively.
No significant difference in the initial reaction rate was
observed between reducing aldo-disaccharides and
monosaccharides. This observation differed from that in
alkaline solution. Previous studies have shown that
reducing disaccharides isomerized considerably faster
than did monosaccharides in alkaline solution.25,26) We
believe that the reason for no difference in the initial
reaction rate between reducing aldo-disaccharides and
monosaccharides in this study can be attributed to the
change in temperature dependence of the isomerization
rate constants under subcritical conditions.
Trehalose and sucrose, which are non-reducing disac-

charides, only underwent hydrolysis and isomerization
of their constituent monosaccharides (Figs. 9 and 10).
However, trehalose was hydrolyzed slowly with little
effect of the ethanol concentration. Treatment of tre-
halose in subcritical water and in 60 wt% ethanol for

(b)(a)
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Fig. 7. Isomerization and hydrolysis processes of (♢) melibiose to (△) melibiulose, (∇) epimelibiose, (□) glucose, (○) fructose, (▹) mannose,
(■) galactose, (●) tagatose, and (►) talose in (a) subcritical water and (b) 60 wt% subcritical aqueous ethanol at 200 °C. The feed concentration
of melibiose was 0.5 wt%.
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(a)

Fig. 8. Isomerization and hydrolysis processes of (♢) palatinose to (△) isomaltose, (□) glucose, (○) fructose, and (▹) mannose in (a) subcritical
water and (b) 60 wt% subcritical aqueous ethanol at 200 °C. The feed concentration of palatinose was 0.5 wt%.
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500 s achieved a conversion of ca. 5%. On the other
hand, in auto-catalytic mode, sucrose was easily hydro-
lyzed to fructose and glucose as the main products,
which further slightly isomerized to mannose.13,15,16)

These results definitely showed that only reducing

disaccharides can be isomerized in subcritical water
and subcritical aqueous ethanol.

Productivity of maltulose at different feed maltose
concentration
The results demonstrated above suggested a possible

process to produce rare keto-disaccharides using sub-
critical aqueous ethanol. Maltose to maltulose isomer-
ization was typically selected to examine the effect of
feed substrate concentration on the isomerization in
60 wt% aqueous ethanol at 200 °C. We previously
reported that high feed concentration of galactose
improved productivity of the desired tagatose.14) This
would be expected to be true for maltulose production.
The solubility of maltose monohydrate in subcritical
aqueous ethanol was measured at 25 °C (Fig. 11). The
solubility of maltose monohydrate significantly
decreased by the addition of ethanol from ca. 60 wt%
in water to ca. 1 wt% in 80 wt% aqueous ethanol. The
maximum solubility of maltose monohydrate was ca.
5.5 wt% in 60 wt% aqueous ethanol at 25 °C, which
was lower than that of galactose.14) To avoid the pre-
cipitation of maltose in the tubular reactor, we used a
feed maltose concentration ranging from 0.5 to 5 wt%.
The maximum yields of maltulose were obtained at

the residence time of 500 s within the tested residence
time range at any feed maltose monohydrate concentra-
tions (Table 3). The maximum yield of maltulose and
corresponding conversion of maltose decreased from
29 and 79% at 0.5 wt% maltose monohydrate to 18
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Fig. 9. Hydrolysis processes of (♢,♦) trehalose to (○,●) glucose, in
subcritical water (open symbols) and 60 wt% subcritical aqueous
ethanol (closed symbols) at 200 °C. The feed concentration of tre-
halose was 0.5 wt%.
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Fig. 10. Hydrolysis processes of (♢) sucrose to (□) glucose, (○)
fructose, and (△) mannose in 60 wt% subcritical aqueous ethanol at
200 °C. The feed concentration of sucrose was 0.5 wt%.
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Table 3. Isomerization of maltose in 60 wt% aqueous ethanol at 200 °C at different feed concentrations.

Feed concentration of maltose
monohydrate [wt%]

Residence
time [s]

Maltose
conversion

[%]
Maximum yield of
maltulose [%]

Selectivity of
maltulose [%]

Total sugar
content [%]

Productivity of maltulose
[g/(h kg-solution)]

0.5 500 79 29 36 59 6.6
1 500 70 27 39 67 16
2 500 67 24 35 65 29
5 500 51 18 35 74 41
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and 51% at 5 wt%, respectively. However, the maxi-
mum productivity of maltulose increased almost seven-
fold to ca. 41 g/(h kg-solution). Besides, the selectivity
of maltulose was little affected by the change in feed
substrate concentration, and the total sugar content
was >70% at a feed substrate concentration of 5 wt%.
These results suggest that subcritical aqueous ethanol is
a suitable solvent for effectively producing the rare
keto-disaccharides from their corresponding common
aldo-saccharides.

In conclusion, it was demonstrated that maltulose,
palatinose, cellobiulose, lactulose, and melibiulose can
be produced by isomerization of the corresponding
aldo-disaccharides in subcritical aqueous ethanol. The
hydrolytic and isomerization reactions of disaccharides
were suppressed and promoted, respectively, by
increasing ethanol concentration, which lead to high
maximum yields of keto-disaccharides. The type of
glycoside linkage and constituent monosaccharides
affected the isomerization of disaccharides. Higher
yields of keto-disaccharides linked by β-glycosidic
bond than by α-glycosidic bond from the corresponding
aldo-disaccharides were produced. On the other hand,
the keto-disaccharide, palatinose, mainly underwent
decomposition rather than isomerization.
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