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ABSTRACT

The influence of water concentraton on the rates and yields in the dehvdration
of D-fructose to 5-hydroxymethyl-2-furaldehyde (HMF) and in the rehydration of
HMF to levulbinic and formic acids at 95° has been studied by the addinion of poly-
ethylene glycol-600 (PG-660) io the reacuon mistures Decrease of the water con-
centration highly increased the conversion rate of p-fructose, whereas that of HMF
was shightly decreased, resulting in higher maximum concentrations of HMF from
p-fructose As compared with reactons in water, vields of levulinic acid were only
shightly decreased at 40 vol % PG-600 and halved at 70%% PG-600

INTRODUCTION

In the acid-catalvsed dehydration of p-fructose to 3-hydroxymethyl-2-fural-
dehyde (HMF) and 1n the rehydration of HMF to levulinic (4-oxopentanoic) and
formic acids. the conversion rate of D-fructose and of HMF s siightly influenced by
tke 1nitial conceatration, although the conversion of both can be described as a
first-order process' ? We now report on the effect of water concentration. Because
the yields of HMF and levulinic acid are lower at higher imual concentrations of
p-fructose, the latter concentration was kept constant at @ 5 The amount of water
in the reactton mixture was reduced by the additicn of polyethyleneglycol-600
(PG-600) up to 70 vol %% PG-600 was chosen because 1t can also be used as a hquefier
in the vacuum-film distillation of HMF The beneficial influence of organic solvents
on the yields of HMF has been reported?

We have described ? a hinetic model that accountied for the first-order conversion
of p-fructose (F) mto HMF, levulimic acid (LA), formic acid (FA), and humin
(HUM), and for the fact that the yields of HMF and levulinic acid decreased at
higher imtial concentrations Further, we showed that when reactions are carried out
at only one 1niual concentrauon, the experimenial data can be descnibed as first-order

*The Dehydrauon of p-Frucio:e (Formation of 3-Hydroxymethyl-2-furaldehyde and I evulimic
Acid) Part 111! 2
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reactions. when the model reduces to
ky . ks
F — HMF —— LA+FA

L o
— HUM HUM

\vltb' kF = kl +k: aﬂd kH=k3+I\4

From thus model, equauons /-5 can be denved

[HMF] = [HMF], exp (—ky ) /
[LA] = ks/ky [HMFlo [1—exp (—ky 1)] 2
(F] = [Flo exp(—kFr 1) 3
[HMF] = k; [Flo/(ke—hw) fexp (—ky t)—exp (= kg U] 4
[LA] = &, k3 [Flo/(hg ky) [1 —kg/(kp—kyn) exp(—k; )

+ky/(ke—ky) exp (—Ag U] 5

The rate constants were evaluated by mmmising the sum of the squares of the
differences between calculated and expenmental concentrations

EXPERIMENTAL AND RESULTS

Using the apparatus and experimental procedures previously''? described,
batch evperiments at 95 in glass ampoules were carried out with st HCI containing
p-fructose (0 5 mol/l) and 10, 20, 40, and 70 vol % PG-600, and with a solution
containing HMF (0 5 mol/D) and 40 vol %5 of PG-600 The results are shown n
Table I and 1in Figs 1 and 2

Humir could not be determined gravimetrically since, in the presence of
PG-600, the humun 15 more soluble In 70% PG-600, no precipitation of humin
occurs. but the mass balance was > 100°% when the polymers were precipuated by
adding water and quanutated. The hydrogen content of the humin was also increased
from 4 3 to 5 79%. indicating nclusion of an appreciable amount of PG-6G0 More-
over, at a higher PG-600 content, there was a growing discrepancy between the HMF
concentrations determined by uv and glc methods, posstbly because of the
formation of HN F-PG-600 ethers*®, which are not detected ing l ¢

p-Fructose 1s dehydrated faster and HMF s rehydrated more slowly when the
PG-600 concentrauon 1s hugher (1 e, the water concentravon 1s lower), which resulis
10 a higner, mavimum concentrauon of HMF The levuhimie acid vield s only slightly
affected at <40% PG-600, but 1s appreciably diminished at 70% This finding
accords with the results of Teunissen~, who decreased the waler concentration by the
addition of methanol and ethanol
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Fig 1. The dehydration of p-fructose M HCI, 95° Curves are computer-plotted using the first-order

model
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Fig 2 The rehydration of HMF
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DISCUSSION

Values for &k, kg, A5, and & were evaluated by using the kinetic mode! The
experniments involving 0.5 mol/l concentrations of p-fructose and HMF in M HCI,
without PG-600 addiuon®, were also included The value for &,k could be fized at
081 (+002), which accords with the value found previously® for k, at n, =1 The
resulis are ginen in Tables 11 aad HI 7 he &y values for the e.periments starung with
p-frirctose appear to be higher than for those with HMF Thu- effect has a'rcady been
exp.amed? A good dala-ﬁt’\xas obtained, as shown 11 F1gs | and 2

TABLE I TABLE {l!

VALUES FOR Ay AND Aa/A;, FRO'Y VALUES FOR Ag, A3/hy, AND /4 FROM

ENFERIMENTS STARTING WiITH HMF ENPERI'IENTS STARTING WTITH D-FRUCTOSE
(hy/hy =0 81 £002, THE RANGE FOR

PG 609 100 Ky nun—! L /hy, Lthy= £004)

(%)
PG-600 100 \g nun-! k kg 100 by oun-t
o

\ 094005 054+003 (°3)

10 06I=00> 079+004
0 118005 01 123011
10 125012 (L% 093+01]0
20 1451013 0 R2 0582x006
10 343+0S83 079 Qoex+004
70 127 =3~ 0] 0642004

The main effect of adding PG-600 1s on the rate of the reaction.1e on A and
ky The activity of HCI changes very little®, although the dielectnic constant of the
solution 15 lowered”. 1t will have a pegligible influence as compared to solvation
effects® We have shown already that k¢ followed the Hammett acidity. By analogy
with the proposals at Bascombe and Bell?, 1t was espected that kg =4, [HCI]
[H.O] *. which 1s denved from the reaction F+H™ 4H.O=FH™ +4H,0 if the
formation of the enol from FH" i1s rate-determuning However, trom the effect of ihe
addiion of PG-600 at constant [HCI], 1t followed that the negauve order 1n [H,O]
was much lower, and, consequentiy, the order in [HCI] was ugher than unity.

Fig 3 shows alog-log plot of A ¢ and k&, for M HCl against C, . the relauve water
concentration [H.OY/55 6; k¢ 1s proportional to C; ! 7 and &k, 10 C*° 73 A plot of
log (Ap/C; ' 7) and log (ky/C,;”® 7°) against log [HCI] gave the esponents for [HCI]
(Figs 4 and 5) The expressions 6 and 7 appear to hold approximately:

ke = GOI03[HCI}' ® C/ ' "mun ™", o

~d

ky = 0.0100[HCH' 3> C° 7" min"~!

The experimental and calculated values for k¢ and Ay are shown 1o Table IV
The powers —1 7 and +0 75 reflect the hydration changes necessary in the
formauon of the transiton states from D-fruciose and HMF, and the proton. In
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accordance with published !° mechamsms, the following interpretation can be given
The abstraction of H-1 in the formation of the enediol from the protonated p-fructose
moiecule 1s difficult to accomplish and, therefore, desoivation of the proion is
necessary. The electron displacement in the first step of the rehydration of HMF is so
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Fiz 3 The dependence of k¢ and ky on the relative water concentration.
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Fig 4 The dependence of 4 on the concentration of HCI
Fig 5. The dependence of ki on the concentration of HCI
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easy to accomplish that no desolvation of the proton is necessary. This inierpretauion
also reflects the greaier dependence of k¢ than of &, on [HCI]

TABLE iV

EXPERIMENTAL AND CALCULATED (ACCORDING TO EQUATIONS 6 AND 7)
VALUES FOR Ap AND Ky

HCl r 100 ki HCl HMF 100 Ly
(M) (1) _—_— (m) (™) _

Found Cale Found Calc
05 0 %0 040 0 38 05 0.50 0.42 039
10 100 1.25 130 10 100 090 091
10 050 1.18 1.i& 10 050 054 095
10 Q125 109 P12 10 025 099 096
15 0 50 233 232 15 0 50 166 160
20 1 00 417 412 20 050 233 230
20 0 350 390 374
20 025 370 353 10 0 >0
10 050 PG-600 (°%)

40 061 062

PG-600 (3%)
10 125 144
20 145 180
40 343 314
70 127 134

Thus, the displacement of water by PG-6060 (or other solvents) 1o the dehydra-
tion reaction 1s very beneficial to the formation of HMF because it accelerates its
formation and retards its hydrolysis
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