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THE INFLUENCE OF WATER CONCENTRATION ON 
THE DEHYDRATION OF D-FRUCTOSE* 
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The Influence of water concentration on the rates and yields tn the dehydration 
@f D-fructose to 5hydroxymethyl -2-furaldehydc (HhlFI and In the rehydratlon of 

HhlF to le\uhmc and formic nclds at 95’ has been studied b) the addition of polj- 

ethylene gljcol-600 (PG-6GO) io the reocuon ml\tures Decrease of the Irater con- 

centr3tlon highly increased the con\erblon rate of D-fructose, lbhereas that of HMF 

MS slqhtiy decreased. resultln: In higher mawmum concentrations of HMF from 

D-fructose As compared wth reacuons in wnter. yields of levuhrnc acid \\ere onl) 

shghtly decreased at 40 vol O/O PG-600 and halbed at 7046 PG-600 

INTRODUCTlOh 

In the acld-catalysed dehydration of D-fructose to 5-hydrouymethyM-fural- 

dehyde (Hhl F) and rn the rehydratlon of Hh4F to levulrmo (4-oxopcntanolc) and 

formic acids. the conversion rate of D-fructose and of HhlF 15 hiightly Influenced by 

the ~mtiai concentration, although the conversion of both can be described as 3 

first-order procesl ’ ’ We now reporr on the eflect of water conceritratlon. Because 

the yields of HhlF and le\uhnlc acid 3re lower at higher lmrlal concentrations of 

D-fructose, the latter corwntratlon was hept constant at 0 5hf The amount of water 

In the reaction nlvture k%‘cds reduced by the dddltlon of polyethyleneglycol-600 

(PG-600) up to 70 vol “4 PG-600 was chosen becawe II can also he used as 3 liquefier 

m the vacuum-film dlstlllatlon of .kiRIF The beneficial influence of organic solvents 

on the lieIds of H hi F has been reported 3 

We have described’ 3 LInetic model that accounred for the first-order converslon 

of D-fructose (F) Into HMF, lcvuhn~c acid (LA), formtc acid (FA), and humln 
(HUM). aod for the fact that the yields of HMF and levuhmc acid decreased at 

higher Imtlal concentntlons Further, we sbo\\ed that when rescbonb are carried out 

at only one lnltlal concentration, the eiperlmental dst3 c3n be described as first-order 

‘The Dch)draIlon oi o-Fructose (Formrltlon of P-HSdro~~methSI-~-fursldeh;de and I ewllmc 

4cld) Part Ill’ 2 
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reacllons. when the model reduce> to 

F > HMF c, LA+FA 

L 
k, \ 

k: H”*i HUM 

wtb. k, = k, + k, and kH = k, +X4 

From this 

[HhlF-j = 

[LA] = 

(Fl = 

[HMF] = 

[LA] = 

model, eyuatlons I-5 can be denved 

[HP/IF), cup (-kH L) 

kJk, [Hkff10 [I-esp(-k, c)] 

[F70 eup(-k, t) 

k, I%/(k,-X.,) [eup(--1:” t)-exp(--k, 01 

k, k, [%/(~F k”) [I--W(~,--~,) exp(-k, t)T 
+ kH/(IcF -kH) exp ( - I, F t,] 

The rate constarits were evaluated by nummidng the sum of the squares of the 

&Rken=s between calculated and expenmental concentrauons 

LYPERIPIENTAL AND RESULTS 

Usmg the sppararus and ekpcnmental procedures previously’*” described.. 
barch eipenments at 9.5’ ICI glass ampou!es were carried out WI& M HCI containing 

D-fructose 10 S mol/l) and 10, 30, -10, and 70 uol % PC-600. and wrth a solution 

contalmng HMF t0 5 mol/lj and 4.0~01 4b of PC-600 The results are shown IIY 

Table 1 and III Fogs I and 2 

Humlcr could not be determined grawmetricslly since, in the presence of 
PG-600, the humIn 15 more soluble In 70?/0 PG-600, no preclpltatlon of humln 

occurs, but the mass balance was > iOO”4 Ithen the polymers ibert: preclpltated b> 

addmg water and quantrtdted. The hydrogen content of the humln \\a~ also Increaszd 
from 4 3 to 5 79:. Indwatln,u lncluslon of an appreciable amount of PG-600 Morc- 
ober, aL a higher PG-600 contelr, rhere wan a growing dlscrepancq brii\een Lhe H h4 F 

concentrahons determined by u \ and g I c methods. poss~blg because of the 

formarion of HhlF-PG-600 ethers’. which are not detected In g I c 

o-Fructose IS dehydrated faster and Hh3F IS rehbdrated more 4cl~\ Iy when the 
PG-600 concencrauon IS higher (I e , the waler concentraoon IS lov,er), i\ hlch resulrs 

in pi hlgner, mdxlmum concenuauon of HF.lF The ievul~n~c ncd xleld IS only slIghtI> 

nfiecied at <-IWO PG-600, but IS apprecnzbly dlmlnlsbed at 70% This finding 

accords lath the results of Teumssen-‘, who decreased the water concentraflon by the 

addition of methanol and ethanol 
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FIN I. The dehydrstmn ol‘ D-~IWCIOSF M HCI. 9.5’ Cuncs are compukr-plated usmg rhc lint-order 
model 

FIG 7 The rrhjdral!on of HhlF \I HCI. 95 Cunes are computer-plollcd ustng the finlarder 

model 
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Va.lues for k, , k,, A,, and k, were evaluated by using the 41net.x model The 
sxpsnmsnts ~nvolvmg 0.5 mol/l ~~ncxx~~rat~~n~ of D-fructose and HMF rn M HCI, 
wtthout PG-600 addtuon ‘, were also tncluded The value for k,/kr could be fixed at 
0 SI (+O OZ), wmch accords wth the value found prevtousl>’ for k, at I-I& = 1 The 
wsolrr arz g~ra-~ rn Tahks 11 aad IIf 1 he k, \al~e~ r;lr the e+erimeots stxung svttll 
u-fructose agpcar to be higher rhan ior t’~ose ivtth Hh4 F T!u- effect h&is s’rtady been 
exp:stoed’ 4 good data-Ft,\vas obtalncd, as shown I I Fogs I aod 2 

PG-666 /Or’) h, mm- ’ k lb, too bH nlrn- ’ 

to;1 

0 I IBfOOS 0E-t I ‘3&O II 
Ill 12550 II 0 &I OYYiO IO 
20 I 4iio I3 0 $1 0 53x0 06 
-10 7 a*0 55 0 79 obazkOO4 
70 137 =3> i)4l 064~004 

The maln effect of adding PG-600 IS on the rate of [be rcxtton. I e on X r and 
k,, The actt\lty of HCI changes Lery llttle” , although the dxlcctrtc constant of the 
solution IS lowered’. 11 ~111 have a q egllgible rntluence as compared to solvatlon 
effects’ We babe shwn already that kr follo\vrd the Hammett ac~dtt~. By analog 
filth the proposals at Bascombe and Beil”. IL \\as expected that k, =X0 [HCI] 
[H,O] - ‘. whrch IS dented from the reactton F+H- 4H,O=FH +-IH,O If the 
formatton of the cnol from FH’ IS rate-detcrmlntng Hoivever, from the effect of ihe 
addttton of PG-600 at cotwant [HCI]. IL followed that the oegauve order tn [H,O] 
\cas much lower, and, coosequenriy, the order 10 [HCI] \vas bgher than uruty. 

FIN 3 shows a lop-log plot of X F zn d k, for M HCI against C,. the relatrve water 
concentratrort [H,0]/55 6; k, IS proporttonal to C; I ’ and k,, to C:” ‘j A plot of 
log (A r/C; ’ ‘) and lop (ku/C:’ ” ) agarnst log [HCI] gave the exponents for [HCI] 
(Figs 4 and 5) The evprewons 6 and 7 appear Lo hold npprokrmately: 

kF = 00103[HCIj’ 6 C; ’ ’ mm- I, 6 

k,, = O.OlOO[HCI]’ ’ C;’ ” mtn-’ 7 

The expertmental and calculated values for k, and X, are shown In Table IV 
The power5 - I 7 and +0 75 refkcr the hydration change\ necessary !n Ihe 

formauon of the transItton states from D-fructose and HhlF, and rhe proton. ln 
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accordance with pubhshed I0 mecbamsms, the followmg interpretation can be Bven 
The abstraction of H-I in the formation of the enediol from the protonated o-fructose 
moieculc IS d&cult to accomphsh and, therefore, desolvabon of the proton IS 
necesxary. The electron displacement in the tist step of the rehydratlon of HMF is so 

FIN 3 The dependence of kF and kH on the relstmz water concmlrmon. 
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FIN 4 The depcndeoce of kF on the concentratmn of HCI 

F1.g 5. The dependmce of kH on the concentmtlon or HCI 
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easy to accomplish tbat no desolvatlon of the proton 15 necessary. This rntcrprrtatlon 

also reflects the greater dependence of kF than of/;, on [HCI] 

OS 0 50 
10 1 00 

10 0 50 
10 0 25 

I5 0 50 
20 I 00 
20 0 30 
20 025 

10 0 50 

PG-600 (5:) 
10 

20 
4O 
70 

125 14-t 
145 180 
3 43 3 14 

127 134 

05 O.ZO 0.42 0 39 
IO I 00 090 0 91 

10 0 50 094 095 

10 025 a 99 0 96 

I5 0 50 I 66 I 60 

20 0 SC 2 33 2 30 

10 0 10 

061 062 

Thus, the displacement of Hater bj PG-600 (or other solvents) In the dehydra- 
tion reactlon 1s very beneEclal to rhe formation of HklF because !t accelerates its 
formabon and retards I& hydrolysis 
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