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ABSTRACT

The dehydration at 95 of D-fructose (0 25m-1 0M) to 3-hydroxymethyl-2-
furaldehyde (HMF) and the rehydrauon of HMF (0 25-1 Ov) to levuhnic and formic
acids 1 0 5-2m HCI has been studied The conversion rate of p-fructose was pro-
portional to the Hammett acidity The acidity had a smaller influence on the con-
version rate of HMF, although 1t was not proportional to the catalyst concentration
The rehydration of HMF was faster 1n the presence of p-fructose The yield of
levulimic acid was independent of the catalvst concentration, but was fower at higher
mitial concentrations of b-fructose and HMF, and a kinctic model has been derived
The formation of hunun was of an overall order ! 3 1n an intermediaie between
p-fructose and HMF, and of an urder 1 7 in an intermadiate betwesn HMF and
levuhinic acid

INTRODUCTION

The main products of the acid-catalysed dehydration of monosaccharides are
5-hydroxymethyi-2-furaldehyde (HMF) and levulinic acid (4-ovopentanoic acid),
which are versatile matenals?~® The dehydrauion rate of p-glucose 1s ~ -0 umes
tower than that of p-fructose®'”, and the product y:eld from p-glucose 1> much lower,
probably due to the concurrent formation of reversion products® *

We therefore himited our mvestigauons to reactions with p-fructose. much
progress has been made in the marufacture of p-fructose from the cheaper Dp-
glucose'®

EXPERIMENTAL

Ahquots (4 ml) of reaction mixtures vanously cortaiming 025, 05, and
p-fructose and HMF 1n 05, 1, | 5, and 2x HCI were sealed in ampoules, quichly
brought to 95° 1n a stream of hot air (Fig 1), and then kept at 95 +0 2°. During the
heating period, the excess air 1o the ampoule could escape through a hollow needle
temporarily inserted in the septum At appreopriate intervals, ampoules were cooled,

*The Dehydration ot p-Fructose (Formation of 5-Hydroxymethyl-2-furaldeh: de and Levulinic Acid)
Part {1!
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and the contents were analysed' for p-fructose, HMF, levulinic acid, and bhumin
Replacement of the a.r in the ampoules by nitrogen aid not alier the expenmental
results

ihermoccuple
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rubber

t— Arrpoule

Fig 1 Amooule 1n the preheating jacket.

The results are given 1n Tables 1 and 11 The amount of p-fructose and HMF
converted into hunun s calculaied from the weight and the composition of the latter
When mass balances were made, a deficit (X’) was found, which 1s attnibuted to
soluble bumin-precursors

TABLE ]
DEHYDRATION OF D-FPUCTOSE”

Tinic (nun) F (M) HMF (M) L4 (M) HUM (M) X ()

0 3M D-Fructesel0.38 HCI

20 0 46 003

40 042 004 001 003

60 038 0 06 002 004

g0 035 007

120 030 010 004 001 005
160 027 01l oo

190 0.22 01i2 008 002 ) 006
220 020 012 009 003 006
200 013 013 013 004 007
360 01l 012 016 005 006
430 008 01l 021 006 004
640 006 009 007

700 no4 008 027 008 003
1000 002 004 031 010 003

43 h 035 012 003
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TABLE | (continued)

Time (mn)  F (M) HMF (M) LA (w) HUMM (M) X' (M)

M D-Fructosefm HCl

15 010
30 066 019 004 003 008
60 0.45 024 ol 006 014
90 0.32 003
120 023 0zs 028 0.11 013
180 o1l 019 042 0.13 0.13
240 0.14 049 020
300 603 04a9 0 >3 0.23 012
24h 065 034 001
0 5m b-Fructose{M HCl
6 046
12 043 603 00l 003
20 039 006
30 033 008 0903
50 028 011 005 002 004
60 023 ol
75 020 009
90 01leée 013 01l n o3 0.0/
120 012 013 0.15 C O3 0 0u
150 009 0i2 020 00> 004
180 0 Q7 011 006
240 o004 003 027 003 003
300 002 005 009
360 004 030 010
24 h 015 013 002
0.25M D-FructoselM HCI
i5 002
24 020 003 00! 00l
30 019 002
36 016 004
45 els5 005 003 0¢2
60 013 006 004 002
S0 009 007 006 001 002
120 0907 007 009 0.0!
150 005 006 01l 002 G 0l
24h 020 00+ 001
0 5\ D-Fructosel]l 3m HCI
6 044
12 0323 007 002 003
15 035 00y
20 032 01l 003 0.0+
30 0.25 013 0 06 001 005
40 019 014 008 002 007
60 012 013 0.14 003 [1X ]
90 007 010 021 005 007
120 003 008 026 008 005
150 00l o5 0 29 010 003

(Table continued an &z 168).
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TABLE 1 (conninued)

Tine (nun) F () HMF (n) L4 (M) HUM (M) X' (M)
0 5\ peFructose[l 5m HCI
250 002 032 011
360 034 012
24 h 035 0.14 00t
M D-Fructose|2v HCI
4 0 85 Q10
5 082 013
8 067 018 005 002 003
12 0 60 022
15 055 026 008 005 006
2% 0.37 031 015
30 027 028 022 010 013
36 024 026 029
48 014 024 035 0l6 01t
60 009 016 045 021 « 009
72 00:s 0 34
90 003 0us8 058 027 004
96 002
120 001 003 002 030 0 04
24 h Q65 034 00t
0 5M D-Frucrose{2m HTE
h] 043 006
8 0 37 0 07
1 033 010
le 027 013 004 006
20 023 014
24 019 015 007 002 006
22 015 Di3
36 012 014 012 0.05 0.07
45 009 G13 017 006 005
60 N os 003 023 008 006
72 002 007 Q26 009 006
96 06l 004 0 31 011 003
24 h 035 ot4 0ol
0 25M D-Fruciosef2vm HCI
5 02 002
8 0.20
10 018 004 001 002
12 016 005
16 0f{s 006 002 001 00l
24 010 003
20 008 008 004 002 003
45 006 007 002
60 003 005 010 003 004
72 002 o1
96 001 003 0l> 0.04 002
120 002 017 004
24h 020 005 000

*Key F, p-fructose, HMF, 5-bydroxymethyl-2-furaldehyde, LA, levubmc aaid, HUM. hunun;
X’, soiuble bumun-precursers
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TABLE 11
REHYDRATION OF HMF
Tune (nun) HMF (M) LA (M) HUM (M) A (M)
0.5M HMFIO 5m HCI
30 043 004 003
60 039 009 00l 0 01
120 031 015 003
180 023 022 002 003
240 018
360 G112
480 006 037 004 003
600 004 039 005 002
24h 042 006 002
M HMFIM HCL
15 087 0 09 002 002
30 076 016 003 005
60 0 56 032 003 004
90 0+ 043 010 005
135 0 3t 054 013 002
180 020 0 60 015 0cCs
240 012 068 016 044
100 006 070 018 006
24 h 076 020 004
0 5M HAMEMN HCI
5 043 003 00l HXU
30 0 37 009 002 002
60 027 013 003 002
120 015 029 004 002
180 010 035 005 0.00
240 006 039
300 003 040 005 002
350 002 0 41
24 h 042 0 06 002
025m HMF/M HCI
15 022 003
35 017 006 0¢Ci 00i
60 013 010
120 007 (U
180 004 018 002 001
210 002 020
210 001 022
24 h 022 002 G Ol
0 5m HMF[T 5v HCT
15 039 009 001 00!
30 032 016 002 000
45 ¢24 024 003 002
70 014 029 0Cq 203
120 007 035 005 003
230 002 040 006 002
24 h 42 007 001

(Table consinued or: p. 170)
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TABLE Il (comtinued)

Time (run) HMF (M) LA (v HU\ (M) X’ (a)
0 5M HAMFI2m HCE
15 0136 012 0.02 000
20 024 021 003 002
50 016 020 004 00t
65 01t 033 005 0 01
120 003 038
240 041 006
24 h 042 007 001

YFor key, see footnote to Table |
DISCUSSION

The mecbanism of the dehydration of p-fructose, which involves the enol
forms of 3-deoxyhexosuloses and further dehydrated spsctes, has been described! '~ 13,
The formation of the enedivl from the p-fructose anomernic equilibrium mixture will
be the rate-determuning step'*: sucrose, which gives b-fructofuranose afier rapid
hydrolysis, yields HMF at the same rate as D-fructose, which 1s mamnly 1n the
pyranoid form* '®* The formation of 2-{2-hydroxyacetylfuran parallel to HMF will
mainly contribute to the formation of humin'®

Fig 2 contains log-plots of ihe b-fructose and HMF conversion data Although
the straight iines are not parallel (see below), the first-order conversion is in good
agreement with the experimental results, and accords with hiterature data*? '7-!°,
From the data in Tables I and I, 1t appears that the final yield of levuhnic acid
decreases, and the amount of hum:n formed increases, at hlgher:mmal concentrations
of p-fructose and HMF ,Because several of the intermediates in the proposed

100'1

Mot atre
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O 20 40 €0 80 100 120 140 €0 180 200
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Fig 2 Log plots of F and HMF data s HQC1, 95°
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mechanisms'! '? can be expected to polymerize, this trend can be explained by
assuming that p-fructose (F) is converted by a first-order react:on into an intermediate
(X) from which humin (HUM) is formed by a reaction of an crder (n,) that 1s higher
than unity, and from which HMF 1s formed by a first-order reaction In the same way,
HNMF 1s rehydrated to give levulinic (LA) and formic acids (FA) e an intermedsate
(Y) from which humin can also be formed by a reaciton with an order (n,) higher than
unity. This situation can be expressed by the following model:

115 ky kR

F5 x5 umr 2% v % LA+FA

—> HUM —> HUM

The following differenual equations can be derived:

df}yjdt = —kg[F] !

diXlydr = kelF1-A [X]=k-{X] T By 2
d[HMF)/dr = k,[X]1—Au[HMF] 3
diYldr = ky [HMF]-k;[Y]-A,0Y] T ny 4
dLA)4r = A,[Y] 5

From the analyses’, it appeared that no significant amount of intern:ediates (< 2% of
the mitial concentration) 1s present, which 15 1n accordance with the hugh rates of
dehydration of these compounds*® From computer calculations with the model, 1t
appeared from the D-fructose, HMF, and levulinic acid aata that the concentrations
of intermediates were in the range 0-5% of the mmual concentration for X, and
0-1% for Y

Due to the unhnown coacentrauons of X and Y, &, to A4 cannot be ascertained
separately However, because these concentrations are very low, the steady-state
concept can be used to denve new model parameters, &£y and Ay, which can be solved
from the experimental data Thus, equations 2 ard 4 reducz to equauons 6 and 7,

ke[F] =k, [X}+k.[X]1 0y 6
ky[HMFE] = k3[Y]+A40Y] T 0y 7

and sg. the fraction of p-fructose reacting to HMF, and sy, ibe fraction of HMF
reacting to levuhnic acid, are defined 1n equations 8 and 9

—d[HMF])/d[F] = k,[X}/ke[F] 8
—d[LAYdIHMF] = A;[Y)/A,[HMF] 9

I

S\

Sy
Substituting 8 1n 6, and 9 in 7 guves equauons [0 and /1,
sy Tox/(l—sy) = &x[F]T (1 —ny) 10
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sy T ay/(1 —sy) = k¢y[HMF] T (1 —n,) 11
where

ky = kg til—ng &, Toy/ks, 12
and Ly = Ayt (1—ny) k; T oy/ks 13

This means that the hinetics are now fully determined by the model parameters Ag,
i\, By, ki &y, and ny Equations /-5 were numerically integrated by using equa-
uon 8-/ The model parameters were evaluated by minimusing the sum of squares of
the difference between ihe calculated and experimentdl concentrations The differences
were weighed by the corresponding analytical error' The differences between
calculated and observed daia 1s smaller than the analyucal error.

Since the Ay values calculated from espenments with p-fructose are substantially
tugher than those calculated from experiments with HMF, tae interaction of
v-fructose and HMF was studied The concentrations of HMF and levulinic acid
after 10 and 30 mun at 95° were measured for molar solutions of HMF, p-fructose,
ond p-glucose, and of mistures of HMF and p-fructose, and HMF and p-glucose, 1n
“s HCI The results are given 1n Table III The values of HMF and LA for the mixed
solutions were not equal to the sum of the values for the separate expeniments The
coaversion rate for HMF 1s accelerated 38%% 1n the presence of D-iTuctose or D-glucose

TABLE Ll

REACTIONS OF M D-iRUCTOSE (F), D-GLUCO>E (G), AND HMF IN 2M HCI aT
95° AFTER 0 AND 30 pUIN

HAMF (M) LA (M)
10 mun 30 nun {10 mn 20 rmun
HMF 079 049 016 039

F 0.20 029 004 020
G — 001 — —
F+ HMF 092 066 023 0 66
G+ HMF 072 0338 021 047
TABLE 1V
VALUES FOR Ay AND Ay
HCr (M) Fo (M) 100 Lg mun="! HAIF (M) 100 hg nun-!
05 0.50 040 003 0 350 042 002
10 100 125 002 1.00 090 £002
10 050 118 004 0 50 094 £005
10 0.25 109 £005 025 109 £008
13 0350 233 007 0 50 166 015
20 100 417 =012
20 050 390 +£0.12 050 233 £009
20 025 350 £022
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Values for kg and &y, calculated from the conversion data for p-fructose and
HMF, are given 1in Table IV These values are shightly dependent on the imtial
concentration, siace the reaction rate 1s also mfluenced by the water concentration
at low concentrations of water, Az 1s higher and &, lower

In Fig 3. k¢ and &y (for 0 5M solutions) are plotted as a function of the
concentration of hydrochloric acid The values for Ag are proporuonal to the
Hammett acidity®'+2? (h,), whereas ky, 1s less mfluenced by the acidity but still
increases more than proportionally with the catalyst concentration The &y values are
in good agreement with the HMF conversion data given by Heimlich!'® and
Teunissen'® For p-fructose conversion, no comparable data could be found in the
literature

100 « k {ma™)

T T
(o] a5 10 15 20

Acid conc (M)
Fig 3 Influence of the acid conuentration on Ay and Ay

The nest step 1n the evaluation of the kinetic model was the determination of
k., ng, ky, ny, and ky ¢ First, &y and ny were calculated from levulinic acid data
for reactions starting with HMF The known values for &, did not need to be
adjusted Thereafier, Ay, ny, and &y ¢ were calculated from HMF and levulinic acid
data for reactions starting with D-fructose. using the values of 4, and n, already
obtained The known values for A did not need to be adjusted The results for ky
and ny shown 1n Table V 1ndicate that several combinations of &, and n, can be used
equally well to describe the experimental results However, for ny =17, ky has a
constant value of 1.7 for all experiments Therefore. this combination 1s the most
acceptable. It also follows from the data for HMF, = 0.50 mol/l that when exper-
ments are carned out at only one 1nitial concentration, separate values for ky and n,
cannot be obtained and a simple first-order model with ny =1 will describe the
experimental results satisfactorily

The results for k¢, n¢. and ky ¢, with ky and ny both fixed at 1 7, are given 1n
Table Y1 In ths same way as described above, an average constant value of 2 1 for
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TABLE V
THE EVALUATION OF Ky AND Ny

HCI (M) HMFo (M) ky
ny =1 ne=17 ny=2
05 0 56 50 17 11
10 100 ! 31 17 14
10 050 53 19 13
10 025 72 17 10
1 (U1 45 17 11
20 050 50 16 11
TABLE VI
THE EVALUATION OF Ax, Nx, AND Ay f
HCI (M) Fo kx 100 Kg,prun="
ﬂx':’ ’11=_'3 g 2
05 G350 30 21 14 044 004
10 100 36 21 22 115 X016
10 050 43 21 14 125 009
10 025 29 23 10 135 015
15 050 35 20 14 2238 014
20 100 35 21 138 412 £022
20 050 13 22 [ 168 030
20 025 103 19 03 305 £025

hyx at ny = 1.3 was found Thus, for experiments with only one iitial concentration
cf pD-fructose, a simple first-order model 1s satisfactory

The data fit was checked by making plots using the calculated values for the
model parameters Two plots are given in Figs 4 and 5 The deviations in Fig 4 of the
calculated curves from the experimental data for ievulimic acid and HMF indicate
that ky ¢ decreases somewhat during the reaction This finding 1s tn accordance with
the fact that &y  1s dependent on the p-fructosz concentranon The values for k.
oy, kv, and ny are independent of the catalyst concentration, which means that the
selectivities sy and sy, as can be secn from equaiions /0 and /1, are noi influenced by
the acidiry.

Some proposals for the kinetics of the dehydration reaction, which can be used
as an extension of our model have been published, e ¢, the reaction X + HMF— HUM
as suggested by McKibbins'?, and the reacion X — Y as suggested by Feather and
Harris'* These extensions did not give any improvement of the data fit. Therefore,
the foregoing kinetic model is the simplest tha: can descnibe the dehydration and
rehydration reactions of p-fructose and HMF.
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Fig 4 Dechydration ol p-fructose st HCL 95¢ Cunes are computer-plotted using the hinetic model
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Fig 5 Rehydration of HMF 0 5y HCY, 95" Curves are computer-plotted using the kinetic model
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