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THE INFLUENCE OF pH AND WEAK-ACID ANIONS ON 
THE DEHYDRATION OF D-FRUCTOSE’ 

ABSTRACT 

The Influence of the pH (l-6) on the rates and yields In the debydratlon of 
D-fructose to S-h)dro~ymethyl-9-f~rrdeh}de (HhlF) and rbe rehydrarlon of HhiF to 

lewi~nlc and formic actds at 175” has been studied bq using a stirred tank-reactor 

Tbc conwrston rate of o-fructose pssses through a mlrumum at pH 3 I, whereas at 

pH P 3 9 no form&on of HMF occurred and at pH > 2 7 no formatloo of levul~n~c 

scud occurred Isomensatlon to D-glucose IS observed at pH >-I 5 When a kbeeak-aad 

dnton. which functions as a b3st catsl)st. IS present at pH 3, the weld of HhlF IS 
lo\rcred and 1somerlsat1on occurs 

IVlRODUC’TIO;U 

AS prevlous!y shonn 1-J. 989 b of the reaction products of o-fructose In acla 

media consist of 5-hqdroxymerhyl -?-furaldehyde (HhIF), le\ul~mc (-Loxopcntanolc) 

and fornxc acxds, and hurmn In albailne solution, lactx and sacchanmc acids are 

formed from sugars’. It has not yet been determmed at \vhat pH or degree of acldlty 

the change in reactlon t)pe occurs. Reactions \+ere therefore studled tn the range 

pH l-6 From e’ploratl~e expenments and literature datA5.6. II appeared necessary 

to Increase the reachon temperature to 160-190’ In order to obtain rates compsrable 

wth thohe observedIm at htgb actdlty Conscquentlq. tugh-pressure apparatus was 

necessary Owog to the fOrrXth@n of acrdtc products, autocatzljsls may occur”‘, 
and therefore rbe pH of the reacuon mJ\tures ~3s controlled by the addltlon of 

Jht KOH E tpenments \+ lthout pH control and \!lth the addluon of salts were carned 
out In order to study the effect of amons ana canons 

Ln rhe apparatus shown in FIN I. the react!on hquld was circulated, and cooled 
and depressunsed to 60’ and I atmos in order to measure the pH. Although this pH 

dlfkrs from thar IO the rztctor, all data refer to the former condttlons A senes of 

haich experiments was carried out at 175 f0 5’, and at 50 atmos The mtttal con- 

‘The Dehydration oi o-Fruilose (Formauon oi S-H~drouymerbyl-7-fur~d~h~de and Lewlm~c 

Acid\ Part I\“-’ 
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centration of o-fructose uas kept low at 0 ~SM, in order to avoid problems with the 

formation of humm The reaction was started by pumping, ~ithm 1 mm, 4h1 D- 
fructose into the reactor. Samples were taken at 2-300 min and analysed’ for fructose, 
HMF, and levuhnic acid; hunun could not be quantrrated. Where appropnate, 

glucose was also deteruuned. The concentrations Qere corrected for the &lut.ton wrth 
alkah, and the effective reaction time -as only 14/1S of the real time, because only 
1.4 1 of the total hquid volume of 1.5 I was contained 111 the reactor at high temper- 
ature. 

0 PI 

I 
7 

IT 3 

p TI 

Fig. 1. Batch reactor with external pH control. 

In the experimenti with pH control, the initial pH was adjusted with forrmc acid 
to i.O-1 1, 2 0, 2.7, 3 0, 3.3, 3.7,40,4.13 3, and 4.5-6 0. At pH >4, the system was 
not capable ofmamtaining a constant pH, the pH fluctuated between the values given. 
During the experiment, startmg at pH I 0, the pH rose to 1. I, probably owing to a 
slight decomposibon of formic acids. 

The rest&s are summansed in Table I aod rnclude the amount of alkah added 
to maintarn constant pH, and the total amount of acrds as determuted by titration to 
pH 8; increases i\ere proportional to the D-fructose conversion (Fig. 2). Foaming of 

the reaction mixture, probably due to the decarbovylation of saccharinic and formic 
acids, was observed at pH 3 36.0. 

The results of experiments where pH was not controlled are grveo 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. 
H’hen the inrbal pH was adJUSted to 3.6 or 3 0 wrth fot-nuc actd, the pH subsequently 
chnaeed to 3.1 or 2 9, respectively, and there was Ititle differeacz in products in 

comparison with experiments at a constant pH of 3 3 or 3 0. The addition of sodutm 
formate (0 25 mol/l) at pH 3 (adJusted wtth formic acid} profoundly changed the 
quantitattve results, whereas there was httle effect m a sinular eKpenment using NaCl 
and HCI 
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Tt--r rm,n, 

Fig 2 Deh)dratlon ofD-fruc!o~c 175 pH I and 3 Curws arz computer-plotted usmg Ihe tit-o&r 
model 

Using the first-order model, prewously descnbed”, the values of k, were 
detcrmmed from the fructose data, k,/kr and X, from the HhlF data. and X Jk, from 
the levuhmc acid data The results are gven III Tsbles Iii and 1V There IS a good tit 
of the model wth the e\penmental results, ewept for e\penm.=nts at pH >-I where 
de\Iatlons are caused by the lsomensstloo !o OJucose. and by the fluctuanonh In pH 

For acid-base catalysts. the rate constant, X, can he described as. k = k,,+ 
kR.~‘]+kHO- [HO-J+X.[A]+X,[B], where A 1s an acld or proton donor, and B 
a base or proton acceptor: k, represenrh the catalyr~c Influence of \%ater. which 
functions both as an acid and a~ a bar: From the tltratlon data In Tables I and 17, 
an average content of A, undw+ocrared weak acids, and B, ~reah-acid anions. were 
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VA’JES FOh kF, I?,/.&, AHI AND k3/hH FRO’.~ LYP ‘XIMEKE WITH CHANGING pH 

Pfi Curol)sr INI kp min- ’ k,ib Ia0 kn min-’ 

7 32 None IS 0 50 00 
36 31 FA 16 501 050 fO06 02 f01 
30 29 FA 12fOl 092 fOO8 0.7 f0 1 

30 FA + HCD,.Na 82 I-I 3 0 17 f005 01 f02 
30 23 FA + N&l 1.6 zJz0 1 081 4zoas 06 iO1 
3 0 2.9 HCI 1.0 102 090 f0 15 05 f01 

dezrmlned. These values include the forrmc acid and sodium formate added and also 
the weak actds (formic, levuhmc, lactic, and saccharinic acids) that are formed during 
the reachon. Expressions I and 2 appear to hold approximately. 

liF = 0.005+5~+]+1.5~ 109HO-]+028p]min-’ I 

kl, = s3005+0 35[H+] min-’ 2 

No significant catalytic influence was found for the undissodated weak acids; 
k UO- and lia could not be determined from the kH values, because, below pH 3, 
PO-1 aad p] were too sma!ll In Fig 3, k, and k, are &OWE as functions of pH: the 
cuNes represent equahons I and 2 D-Fructose IS most stable at pH 3.1. Na’ and Cl- 

ions have no dvect catalytic mfluence, but shgbtly accelerate the reaction by changing 
the actiwty of the species mvolved (salt effect). 

FIN 3. The dependence of kF and A” on pH 

Fig 4 The product dwlbwon as n functloo of pH. The percentage of rM-uctose wnverted IEIO 
the prodam mentioned IS g~\en 
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Accordrng to cquatlons I and 2, the ra:es of the dehydration and rebIdration 
reactions are correlated !%ith the acldlty. For the more-concenrrated acid solut~or~s, 
the caral_ytrc act~vlty, or the acldlty, is more than proporuonal LO thr acid concent~~- 
t.100, whereas. at lower conceotrauoos of acid, the aclolty is proportlonal to [H’]. 
The rate coztznts kF and kH are about equal at 9Y, whereas a: l75”, k, IS ) IOk,. 
This finding IS III accordance wIti- the Fact that the ecergy of a l\abon [29 (Ref. 5) 
and 34 kcal/mol (Ref 9)] for k, is higher than that [33 (ReC 5) and 26 kcal/mol 

(Ref IO)] Fork,. The values Fcr k, are In good agrwment wth those Found by Breen6 
and Mcfibbins’ at 175”, and extrapolation of the valups Found by Dworsch3k’ at 
75-100” results m a value wl~ch IS only 39% lower The values for k, are in good 
agreement wrth those Found by McKibbrns’ and Orsl lo. 

A total picture of the reaction pathways of the experiments with pH control was 
denved From the reaction rate constants and 1s green in FIN 4 At pH >2 6, there 
was i10 formatIon of levuhmc acid, and no Formation of HhlF occurred at pH >3.9 
A small amount of fructose isomerised to glucose at pH >4 5, and ttle amouut OF 
acids formed incrzmd with mcreasmg pH. 

The addition of Formate at pH 3 accelerared the o-fructose cor.verslon, caused 
lsomensation to D-glucose, and decreased the yeld of HhlF. Moreover, Ule u.v 
absorption was about t\\ice the value expected From tke concentration of HMF aa 
determined’ by g.l.c., mdicating the formallon of other Furan compounds. The Fact 
that HkIF was not formed at pH ~-4 conPlcts with the assertIon maue by Smith” 
that wnation ofpH In the range I-10 is not important iu the preparation of HMF. 

Previous experiments’ showed the yields of HMF and Ievuhmc acid to be 
independent of the concentration of HCI above 0.5hr. For forxmc acid catalysts, 
however, the yield of HhiF decreased at pH <3, which may be due to the Formatloo 
of Formic esters From D-fructose or mtermedlate producits smce Forrmc acid IS present 
in large amounts at low pH. At pH > 1, the yield of Jevuhaic acid Increases wd 

decreasing pH, whkh IS in accordance with the results of McKibblnsS 
Thus, the dehydration of D-fructose to HfilF and the rehydration of HhfF to 

levuhmc and formic acids IS catalysed by actds hlore-scidlc conditions arc needed For 
rhe Formation of levuhmc acid than For HMF. At lower acidlbes, concurrent. base- 
catalysed reachons occur which are most probably po!ymensatlon, cleavage, and 
rearrangement reactions of the 3-deoxyhexosulose IntermedIates 
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