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ABSTRACT

The influence of the pH (1-6) on the rates and vields 1n the dekydration of
D-fructose to 3-hydroxymethyl-2-furaldehyde (HMNF) and the rehydration of HMF to
levulinic and formic acids at 175° has been studied by using a stirred tank-reactor
The conversion rate of D-fructose passes through a minimum at pH 3 1, whereas at
pH >3 9 no formation of HMF occurred and at pH >2 7 no formation of levulinic
acid occurred lsomensation to D-glucose 1s observed at pH >4 5 When a weak-acid
anion. which funcuons as a base catalyst, 1s present at pH 3, the vield of HMF 1s
lowered and 1somensaton occurs

INTRODUCTION

As previously shown'~*, 98%; of the reaction products of D-fructose in acia
media consisi of 3-hydrovymethvi-2-furaldebyde (HMF), levulinic (+-oxopentanoic)
and formic acids, and bumuin In allaline solution, lacuc and sacchanmc acids are
formed from sugars™. It has not yet been determuned at what pH or degree of acidity
the change in reaction type occurs. Reactions were therefore studied in the range
pH 1-6 From e»plorative expeniments and literature data>+®. it appeared necessary
to 1ocrease the reaction temperature to 160-190° 1n order to obtain rates comparable
with those observed!~? at high acidity Consequently, hugh-pressure apparatus was
necessary Owing to the formation of acidic products, autocatalysis may occur”'S,
and therefore the pH of the reacuon mustures was controlled by the addition of
4M KOH E «<periments without pH control and with the addiuon of salts were carried
out 1n order to study the effect of anions ana cauons

EXPERIMENTAL

In the apparatus shown in Fig I. the reaction iqud was circulated, and cooled
and depressurised to 60” and | atmos in order to measure ihe pH. Although thss pH
differs from thart in the reactor, all dawa refer to the former condinions A senres of
baich experiments was carried out at 175 £0 5° and at 50 atmos The mital con-
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centration of pD-fructose was kept low at 0 25M, in order to avoid problems with the
formation of humun The reaction was started by pumping, within 1 nun, 4sM D-
fructose into the reactor. Samples were taken at 2-300 min and analysed! for fructose,
HMF, and levulinic acid; humin couid not be quantitated. Where appropnate,
glucose was also determuned. The concentrations were corrected for the diution with
alkali, and the effective reaction time was only 14/15 of the real time, because only
1.4 1 of the total Irquid volume of 1.5 was contained 1n the reactor at high temper-
ature.
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Fig. 1. Batch reactor with external pH control.

In the experiments with pH control, the initial pH was adjusted with formic acid
to i.0-11,20,2.7,30, 3.3, 3.7, 40, 4.14 3, and 4.5-6 0. At pH >4, the system was
not capable of maintaining a constant pH, the pH fluctuated between the values given.
During the experiment, starting at pH 1 0, the pH rose to 1.1, probably owing to a
slight decomposition of formic acid®.

The resuits are summarised in Table ! and include the amount of alkali added
to maintain constant pH, and the total amount of acids as determined by titration to
pH 8; increases were proportional to the p-fructose conversion (Fig. 2). Foaming of
the reaction mixture, probably due to the decarboxylation of saccharinic and formic
acids, was observed at pH 3 3-6.0.

The results of experiments where pH was not controlled are given in Table II.
Starting at pH 7, the pH quickly changed to <3 5 and a good yield of HMF was
obtained. At .he beginning of the reaction, a small amount of glucose was formed.
When the imtial pH was adjusted to 3.6 or 3 0 with formuc acid, the pH subsequenily
changed to 3.1 or 29, respectively, and there was little difference in products in
comparison with experiments at a constant pH of 3 3 or 3 0. The addition of sodium
formate (0 25 mol/l) at pH 3 (adjusted with formic acid) profoundly changed the
quantitative results, whereas there was hbittle effect in a similar expenment using NaCl
and HCl
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Fig 2 Dehydration of p-fructoce 175 pH 1 and 3 Curves are computer-plotted usmng the first-order
model

DISCUSSION

Using the first-order model, previously described?®, the values of ky were
determined from the fructose data, &, /kr and A from the HMF data. and 4 ;/k, from
the levulinic acid data The resulis are given 1n Tables IIf and 1V There 15 a good fit
of the model with the expenmenial results, except for experiments at pH >4 where
deviauons are caused by the 1somensation 1o glucose, and by the fluctuations 1n pH

For acid-base catalysis, the rate consiant, A, can be described as. k =k,+
ky-H )+ kyo-[HO [+ AAIA]l+AR[B], where A 15 an acid or proion doner, and B
a base or proton acceptor: kg represents the catalyuc influence of water, which
functions both as an aud and as a base From the titranon data in Tables I and II,
an average content of A, undissociated weak acids, and B, weak-acid anions, were

TABLE HI1

VALULS FOR k¢, Ayfhg, Ay, AND AsfAy FROM ENPERIMENTS WITH pl1 CONTROL

pH 100 kg mun~"' b kg 100 hyg nun~! Li/hg

10 11 48 £ ¢ 350 005 32 +03 044 £008
20 76 £ 07 D74 £006 it x01 025 +£006
27 19 £ 01 100 =0 {0 06 £02 0
30 13+ 01 092 £008 05 02 0
23 15+ 02 030 £007 05 %01 0
37 22 %+ 02 032 £005 03 01 0
40 28+ 03 (4] ”

31 43 43 £ Q7 0 v

45 60 20 0 ?
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TABLE IV

VALUES EOR kg, K1fAr, hny AND k3/hy FROM EXPERIMENTS WITH CHANGING pH

pH Catalyst 100 kp min—! ki/kr 100 kg min—?

7 32 None 18 0350 00

36 31 FA 16 =01 050 +006 02 %01

30 29 FA 12 201 092 +008 0.7 £01
30 FA + HCO;Na 82 Li3 017 £005 01 02

30 29 FA + NaCl 1.6 £01 081 £008 06 £01

30 29 HCI 1.0 £02 090 £015 05 01

de.ermined. These values include the formic acid and sodium formate added and also
the weak acids (formic, levulinic, lactic, and saccharinic acids) that are formed during
the reaction. Expressions / and 2 appear to hold approximately.

ke = 0.005+5[H*]+1.5x 10°[HO "] 40 28[B] min~’ 1
ky = 0005+0 35[H*] min~" 2

No significant catalytic influence was found for the undissociated weak acids:
kyo- and kp could not be determined from the &y values, because, below pH 4,
[HO™] and [B] were too small In Fig 3, k¢ and &, are shown as functions of pH: the
curves represent equations / and 2 D-Fructose 1s most stable at pH 3.1. Na* and CI~
ions have no direct catalytic influence, but shghtly accelerate the reaction by changing
the activity of the species involved (salt effect).
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Fig 3. The dependence of kr and A on pH

Fig 4 The product distribution as a function of pH. The percentage of p-fructose converied into
the products mentioned 1s given
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According to equations / and 2, the rates of the dehydration and rehydration
reactions are correlated with the acidity. For the more-concentrated acid solutions,
the caialytic activity, or the acidity, is more than proporuonal to the acid concentra-
tion, whereas, at lower concentrations of acid, the actaity is proporuonal to [H*].
The rate coastants kg and ky are about equal at 95°, whereas at 175°, kp1s > 10k,,.
This finding 1s 10 accordance with the fact that the energy of a nation [29 (Ref. 5)
and 34 kcal/mol (Ref 9)] for k. is higher than that [23 (Ref. 5) and 26 kcal/mol
(Ref 10)] for k. The values for k¢ are 1n good agreement with those found by Breen®
and McKibbins® at 175°, and extrapolation of the values found by Dworschak® at
75-100° results 1n a vulue which 1s only 39% lower The values for &y are in good
agreement with those found by McKibbins® and Ors1'°,

A total picture of the reaction pathways of the experiments with pH control was
derived from the reaction rate constants and i1s given 1in Fig 4 At pH >26, there
was no formation of levulinic acid, and no formation of HMF occurred at pH >3.9
A small amount of fructose isomerised to glucose at pH >4 5, and ihe amount of
acids formed increased with increasing pH.

The addition of formate at pH 3 acceleratad the p-fructose conversion, caused
1somensation to D-glucose, and decrzased the yield of HMF. Moreover, the u.v
absorption was about twice the value expected from tte concentration of HMF as
determined’ by g.l.c., indicating the formation of other furan compounds. The fact
that HMF was not formed at pH >4 confiicts with the assertion maude by Smith!'!
that varmation of pH in the range 1-10 is not important in the preparation of HMF.

Previous experiments? showed the yields of HMF and levulinic acid to be
independent of the concentration of HC! above 0.5M. For formic acid catalysis,
however, the yield of HMF decrecased at pH <3, which may be due to the formation
of formic esters from D-fructose or intermediate producis since formuc acid 1s present
in large amounts at low pH. At pH > 1, the yield of levulinic acid mcreases with
decreasing pH, which 1s in accordance with the results of McKibbins?

Thus, the dehydration of D-fructose to HMF and the rehydration of HMF to
levulinic and formic acids is catalysed by actds More-acidic conditions are needed for
the formation of levulinic acid than for HMF. At lower acidities, concurrent. base-
catalysed reactions occur which are most probably polymensation, cleavage, and
rearrangement reactions of the 3-deoxyhexosuiose intermediates
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