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The dehydration at 95’ of D-fructose (0 Xw-1 0~) to 5hydrosymethyl-2- 

furaldehyde (HMF) and the rchydratlon of HhlF (0 25-l Otr) to levuhmc and formic 

acids In 0 5-2~ HCI has been btudw-l The converslon rate of o-fructose was pro- 

portional to the Hammett acrdrty The acidity had a smaller rnfluencc on the con- 

versmn rate CJT HhlF, although It bias not proportlonal to the catalyst concentration 

The rehydratlon of HMF was faster rn the presence of D-fructose The 1 leid of 

levubmc aad uas Indepeoden’ of the catalyst cowentrgtlon. but \{a.~ lower at blghcr 

mitral concentrations of D-fructose and HMF. and a klnctrc model has been derived 

The formation of huuun was of an overall order : 3 In an IntermedIate between 

o-fructose and HlLlF, and of an <wder I 7 in an IntermedIate be:\\een HILlF dnd 

Ievullmc acid 

I;\rTRODUCTION 

The maln products of Lhe acid-catalysed dchydrahon of monosacchandrs are 

5-hqdroiq methj I-2-furaldeh>de (H hl F) and Ic\uhruc acrd (-I-xopentanolc acid), 

which are versatile matenals’-” The dehydraucn rate of D-glucose IS -10 flrnes 

lower than that of D-frUCl.Ose”‘, anci the product yxld from D-_elucose IS much loiter, 

probably due to the concurrent formotlon of reversion products’ ’ 

We therefore Ilmlted our rnvcstlgauons to reactions l\lth I>-fructose. much 

progwss has been made In the mapufacturc Of D-frLMOse from the cheaper D- 

gl UCOSe ’ O 

EXPERIMENTAL 

Ahquots (4 ml) of reaction mixtures vanowl) cortampg 0 25. 0 5, and \t 

o-frucrosc and HMF In 0 5, 1, I 5, and 2ar HCI uere sealed m ampoules. qu~chl> 

brought to 95” In a stream of hot air (Fig I), and then kept at 95- +O 2”. Durrng the 

heating period, the ewes3 ;ilr In the ampoule could escape through d hollow needle 

temporarliy Inserted In the septum 4t appropriate Intcrxals. ampoules were cooled, 

‘The Dehydrstlon 01 o-Fru<:lo,e (Forrnaon 01 5-H>drorjmerh) I-24urJldch: _ie and ia uhmc Acid) 
Pal-t II’ 



166 B. F. \‘I KUSTER, H S. VAN DER BAAN 

and the coatems were analysed’ for D-iructose, HMF, levutnuc acid, and humm 
Replacement of the a.r III the ampoules by wrogeen a[d not alter the expenmzntnl 
results 

- 

e 

FIN 1 tmooule ~;1 the preheatlog Jachet. 

Toe results are gvcn In Tables I and 11 The amount of D-fructose and HhlF 
converted into hunun 1s calculn~ed from the weight and the cornposItion of the latter 
When mass balances were made, a deliclt (X’) was found, which IS attributed to 
soluble humm-precursors 

0 A4 D-FftdCtGsP/o,ihi flC/ 

20 046 0 03 
40 0 42 00-t 0 01 003 
60 0 38 0 06 002 00-l 
I?0 0 35 0 07 

120 0 30 0 IO 004 001 005 
I60 0 27 0 II 0 02 
190 0.22 0 12 0 08 002 - 0 06 
220 0 7-o 0 I2 009 0 03 0 06 
100 0 I3 0 13 0 13 OOJ 0 07 
360 0 II 0 12 0 I6 005 006 
480 0 08 0 II 021 006 004 
640 006 0 09 007 
700 noJ 0 OS 0 27 0 OS 0 03 

1000 0 02 004 031 0 IO 0 03 
48h 0 35 0 II? 003 
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TABLE. I (ranmum’) 

Trme (mm) I: (hl) HM F (hl) L.A (W HfJAf(u) X'(M) 

m D-frucroselm HCI 
15 

30 066 
60 0.45 
90 0.32 
120 023 
180 011 
2-W 
300 G 03 

14 h 

0 -it-! D-i+ucrose/hr HCI 
6 044 

I? 043 
‘0 0 39 
30 0 33 
50 0 28 
60 0 ‘3 
75 0 20 
90 0 lb 

I20 0 1,’ 
150 0 09 
180 007 
2-w 00-I 
300 002 
360 

‘4 h 

0.2~~SC D-Frucrosr~,'~ HCi 
15 
‘-1 0 70 
30 0 19 
36 0 16 
45 c 15 
9”: 0 0 09 13 

120 0 07 
I.50 0 05 

2; h 

0 JM D-!rucmsejl 5~ HCI 
6 04-i 

I?. 0 ?d 
15 0 35 
20 0 32 
30 0.2> 
-IO ill9 
60 0 I’ 
90 0 07 

120 0 03 
150 001 

0 IO 

0 19 
0 24 

0 i5 
0 19 
0.1-i 
0 09 

0 03 
006 
0 08 
0 II 
0 I2 

0 13 
0 I3 
0 i3 
0 II 
@ OS 
0 05 
004 

0 02 
0 03 

001 
0 05 
‘306 
0 07 
007 
006 

0 07 
0 09 
0 II 
0 13 
0 l-l 
0 13 
0 IO 
ll OS 
0 05 

004 
0 II 

0 75 
042 
0 49 
0 3’. 
0 65 

001 

0 03 
005 

0 09 
0 II 
0.1: 
0 20 

0 27 

0 30 
0 15 

001 
002 

0 03 
004 
006 
009 
0 II 
0 ‘0 

0 0’ 

0 03 
0 06 
0 08 
0.14 
021 
0 26 
0 29 

003 
006 
0 08 
0.1 I 
0.15 
0 20 
0.23 
0 34 

0 02 

1-t 03 
PM 
0 05 
0 06 
iJ 0s 
009 
0 IO 
0 I3 

001 

0 0’ 
004 

0 01 
002 
0 03 
0 05 
0 08 
0 IO 

0 OS 
0 14 

0 I3 
0.13 

0 I2 
001 

0 03 

004 

0.0 I 

OOG 
004 

0 03 

002 

OCI 

OG2 
0 02 
0 02 
0.01 
co1 
001 

0 03 

0.04 
005 
007 
OG8 
0 07 
005 
0 05 

( Table conrrnued on p 165). 
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TABLE I (co/mud) 

7rm2 (mm) F (a:) H,\fF (M) 

B F. hl. hUSTER, H S “XN DER BAAN 

L-4 IM) Hi/Al (ho X’ (M) 

M o-Frrrrrose/2u HCl 
4 0 55 
5 O 82 
8 0 67 

12 ‘3 60 
IS 0 55 
24 0.37 
30 0 27 
36 0 24 
45 O I-l 
60 0 09 
7’ 0 05 
90 0 03 
96 0 O2 

I20 001 
14 h 

0.5~ ~-Frucro,r/2s~ HCI 

.i 043 
8 0 37 

11 O 33 
lb 0 27 
20 0 23 
24 0 19 
?2 0 15 
36 0 12 
45 O 09 
ho r) 05 

12 0 02 
96 OGI 
2-I h 

0 25~ o-Frucrose/h HCI 

5 021 
a 0.20 

IO 0 18 
I? 0 16 
16 0 I5 
24 0 IO 
30 008 
45 0 06 
60 0 03 
72 0 02 
96 001 

17-O 
24 h 

0 02 

0 10 
0 13 
0 18 
0” 
O 26 
O 31 
0 7-8 
O 26 
01-l 
0 16 

0 IJS 

0 03 

0 06 
007 
0 IO 
0 13 
0 1-t 
0 15 
0 I5 
0 II 
G I3 
0 Od 
0 07 
OO4 

0 0’ 

0O-l 
0 05 
006 
O 08 
0 OS 
0 07 
005 

0 03 
0 02 

0 32 
0 34 
0 35 

0 II 
0 I2 
0.14 001 

005 00’ 

O OY 
0 I5 
031 
023 
0 35 
045 
0 54 
0 Sd 

0 05 

0 10 

0 16 
O 21 

0 27 

O b? 

0 65 
0 30 
0 31 

0 0% 

0 06 

0 13 

0 II 
* 009 

0O-t 

004 
001 

OM 006 

007 0 03 006 

0 I2 0.05 0.07 
O I7 0 06 005 
0 23 0 08 006 
0 26 0 09 0 06 
031 0 II 003 
0 35 O I-1 001 

001 

002 

O(u 

il IO 
0 12 
0 Ia 
0 17 
0 7-o 

OOI 

0 01 
00’ 
0 03 

0.04 
004 
0 05 

0 01 

iJo 

O 03 

OM 

0 02 

000 

JKey F, D-hClOSC, i-i hi F. S-bydroxymcthyl-Xuraldehydz, L 4, IZ~UIIIX aad, H U M. humn: 
X’, soluble bumn-prscmcrs 
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TABLE II 

REHYDRAl-iON OF HhlF’ 

TImr (nun) HMF 1M) 

0.5~ HMFIO 5~ HCI 
30 053 
60 0 39 

I20 031 
180 0 ‘3 
‘xl 0 IS 
360 G II 
-WO 006 
600 00-t 

2-I h 

0 04 
0 09 

0 I5 
0 2’ 

0 01 

002 

0 03 
0 Gl 
0 03 
0 03 

0 37 OM 

0 39 0 05 
0-U OOb 

0 03 
0 02 
0 02 

>I Hdlf/~ HCl 
15 
30 
60 
90 

135 
IS0 
2-10 
3OG 

23 h 

0 57 
0 76 
0 56 
0-M 
031 
0 20 
0 12 
G 06 

0 09 0 lx 0 02 
0 16 0 03 005 
0 32 0 OY 00-t 
0 43 0 IO 0 05 
0 54 0 13 002 
0 60 0 I5 OC5 
0 6s 0 I6 0 ‘A 
0 70 0 I8 0 06 
0 76 0 20 00-t 

0 3.1 HMF/ht HCI 
I5 G 43 
30 0 37 
60 0 27 

120 0 15 
180 0 IO 
2dG 0 06 
300 0 03 
750 0 02 

14 h 

0 .?ju HJIF,‘hf HCI 
IS 0 7-Z 
35 0 I7 
60 0 13 

120 0 07 
IS0 004 
‘40 0 02 
310 001 

2-J h 

0 SM HXfFJ1 5~ HCI 
15 033 
30 0 31 
-15 0 24 
70 0 I4 

120 0 0’ 
240 0 07 

2-S h 

005 
0 09 
0 IY 
0 29 

G 35 
0 30 
040 
0 31 
042 

001 
0 02 
0 03 
0G-t 
005 

301 
0 02 
0 01 
0 02 
0.00 

005 0 02 

0 06 0 02 

0 03 
006 
0 10 
@ 15 
0 I8 
O’G 
0” 
0 2’ 

001 001 

0 02 001 

0 01 001 

0 09 001 001 
G 16 002 000 
0 21 0 G3 0 02 

0 29 0c-l 3 03 

0 35 005 0 03 
0-M 006 0 02 
0 52 0 07 001 

(Table con:rnwd on p. I i0) 
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T4BLE II hxmuaf) 

Time (mm) HMF (MJ .!.A (hll ifu\t (M) Y’ (bl) 

0 5-hl HiLfF/2h1 HCI 
I5 0 36 
30 07-J 
so 0 16 
65 011 

I?0 0 03 
?4J 
24 h 

0 II 0.0' 000 
0'1 003 002 
O'TQ 004 001 
033 005 001 
038 
041 006 
0-E 007 001 

YFor hey. QX footno~c ICI TaSle I 

DISCUSSION 

The mecbanlsm of the debydrailon of D-fructose, wbch Involves the enol 
forms of 3-deoxyheuxuloses and further dehjdraled specres, has been described’ ‘-I ‘. 
The fornatlon of the enedwl from the D-fructose anomenc eqrllhbrrum mixture wit 
be the rate-deterrmmng step14: sucrose. which gives D-fructofuranose aiter rapld 
hydrolysis, yields HMF at the same rate as D-fructose, Htuch IS matnly In the 
pyranord forms I 5 The formation of 2-Q-hydroxyacetylVuran parallel to HMF wil 
mainly contnbute lo the formauon of huminlb 

Fig 2 contains log-plots of ihe o-fructose and Hkl F convewon data Although 
the straight ilnes are not parallel (see belosn), the first-order conversion is rn good 
agreement wth the experimental results, and accords wrth hterature data’,’ ‘7-‘9. 
From the data III Tables I and II, It appears that the final y:eld of levuhn~c acid 
decreases, and the amount of humin formed increases, at higher;lnltlal conmntratlons 
of D-fructose and HMF &Because several of the Intermediates In the proposed 

- eF 
____ x HMF 

0 20 40 60 80 100 120 140 160 180 200 

T.me (rn~n) 

Fig 2 Log plots of F and HhIF data \I HCl, 95” 
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mecbanlsms ’ ’ ’ ’ can he expected to polymerize, thus trend c.a be exphned by 
assuming that D-fructose(F) is converted by a first-order reactlou rnto an Intermedate 
(X) from \shlch humlo (HUM) is formed by a reaction of an order (II,) that IS higher 
than unrty, and from which HhfF IS formed by a first-order rcacuon In the sazne way, 
HhlF IS rchydratcd to gore levuhruc (LA) and formic acids (FA) LW an IntermedIate 
(Y) from which humln can also be formed by a reaction UILII an order (n,) hgber thdn 
umty. Tlus situation can be expressed by the following model: 

F “p, X 
kf h kJ 

w 

I 

HhlF --t Y 

r 

LA+FA 

The followmg dtffereotlal equations can be derived: 

d[ FlIdf = --liF[q 

4W/d~ = k,lFl-k, [xl-k,Wl T n, 

I 

2 

d[HMFj/dr = k, Ix]-k.[HhiFJ 3 

JMldf = k, [HMFj-k,[Y]-k,[Y] t ny 4 

d[LA]/dr = h.,IY] 5 

From the analyses’, II appeared that no s~gmficant amount of~ntem:edlates (<20/b of 
the lnrtlal concentration) IS present, which IS In accordance 1~1th the high rates of 
dehydntlon of these compounds” From computer calculations nlth the model, It 
appeared from the D-fructose, HMF. and levulmlc acid aata that the conccntrauons 
of IntermedIates were In the range O-j?& of the mlual concentration for X, and 

O-196 for Y 
Due to the unhnown concentrauocs of X 2nd Y, k, to X., cannot be ascertalned 

separately However, because these concentrations are very low, the steady-state 
concept can be used to denve new model parameters, k, and X y, wkch can be solved 

from the evperlmental data Thus, equattons 2 acd 4 reduce to equauons 6 and 7, 

k,P=I = k, [X]+k2[X] T n, 6 

kH[HMF] = k3[Y]+ks[k] 1 n, 7 

and sy. the fraction of D-fructose reactrng to Half F, and sy, ihc fraction of HAlF 
reacting to le\ullnlc acid, are defined In equations 8 and 9 

s\ = -d[HMFllWl = k, [Xllk,P=I S 

s\ = -d[LA]/d[HhlFj = x.,M/kHIHfvIF] 9 

Substlrutlng 8 In 6, and 9 In 7 pves equauons IO and /I, 

s\ T Ml-sJ = kxFl T (1 -n,l IO 
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51 t $/(I -sy) = k,[HhlF] t (1 -n.,) 

where 

II 

k, = k, t (I -n,o k, t “,/k,, I2 

and 4) = XH T (I -nr) k; t 0,/k, 13 

Thts means rhat the I\~net~cs are now fu!ly determrned by rhe model parameters XF, 

I:\, ny, h-,, k,, and n, Equstrons I-5 Here numerIcally Integrated by using equs- 
tlon a-ii The model parameters Here evaluated bq mminuslng the sum of squares of 
chc dlffereoce between the calculated and e\penmzntcrl concentrations The differences 
jvere ivelghed by the corresponding analytical error’ The dd%rences between 
calculated and observed data IS smaller than the analyucal error. 

Since the X, talues calculated from ekpenments wrh o-fructose are substantially 
tugher than those calculated from cvpenmenrs wth HMF. me Interaction of 
I)-fructose and HhlF was srudlrd The concentrations of Hhl F and levuhmc acid 
:Lfrer IO and 30 tmn at 95” were measured for molar solutions of HklF, o-fructose, 
:qnd ~-glucose, and of mlktures of HhlF and o-fructose, and HhlF and o-glucose, IR 

Ixr HCI The resu!ts are gven In Table III The values of H?klF and LA for the mixed 
solutions uerz not equal to the sum of the values for the separate expenments Tbe 
( onverslon rate for H hi F IS accelerated 38 9; In the prebence of o-fructose or o-glucose 

‘i-ABLE LII 
BOONS OF M IJ-ZRVCTOSE (F), D-GLUCObE (G). AtiD HMF IN 2~ HCI AT 
95’ AFI-ER ‘0 AhD 30 hUN 

Hnff (Ml f.A (W 

10 mm 30 n,,n IO mm 20 In,” 

HhlF 0 79 0 49 0 16 0 39 
F 0.20 0 29 00-t 0 20 
G - 001 - - 
F + HXlF 0 92 0 66 0 2-l 0 66 
G+HhlF 0 72 0 3s 021 0 47 

05 0.50 
10 100 
IO 0 50 
IO 035 
I5 0 50 
'0 IOil 
‘0 0 50 
20 0 25 

O-lo iOO? 0 50 042 2002 
12.5 IO02 1.00 090 rtOO2 
I Id *00-t 0 50 091 iOOj 
i 09 fO05 025 IO9fO05 
233 f007 0 50 I66 &IO IS 
4 I7 ro 12 
3 90 rto.12 0 50 233 ioo9 
350 f022 
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Values for k, and kFl, calculated from the con\erslon data for u-fructose and 

HhlF, are p\en In Table IV These values are sllghdy dependent on the ln,tial 

coacentrat~on, SIDC~ the reactlon rate IS also Influenced by the mater concer?rratlon 

at low concentrations of tiater. I\, IS higher and !I-” lower 

In Fig 3. k, and k,, (for 0 Sht solutlons) are plotted as a funcuon of the 

concentra:lon of hydrochlarlc scld The values for k, circ proporuonal to the 

Hammett acldlty”‘*” (II,), whereas A-, IS less Influenced by the acldlty hut still 

Increases more than proportlonally Hlth the catalyst concentration The k, values are 

In good agecmcnt 111th the HhlF conversion data gtven by Hclmllch’g and 

Teurussen ‘* For o-fructose cor,\orsIon, no comparable data could be found In the 

literature 

0 35 10 15 ?cl 

&i,d CO”C LMI 

Fig 3 lofluence of the md conrmmtlon on XF and hH 

The nex: step In the ebaluatlon of the Lnetlc model was the debxmination of 

k,. n,, k, , y, ad kHvF First, kl and II\ Here calculated from levuhmc acid data 

for reactions stamng wth HMF The known values for kH did not need to be 

adjusted Thereafrer, k,. n,, and IcH,F iiere calculated from HMF and levuhnx scld 

data for reactions starnng with o-fructose. uslnp the values of k, and n1 already 

obtalned The hno\\n values for kF did not need to be adjusted The results for k, 

and nY shown In Table V In&cnte that several comblnatlons ofk, and n, can be used 

equally \veli to describe the e\penmental results However, for n., = I 7, k, has a 

constant value oi 1.7 for all evpenmenls Therefore. tlus comblnatlon IS the most 

acceptable. It also follows from the data for HXIF, = 0.50 mol/l that when elpen- 

ments are camed out at only one lnitlal concentration, separate values for k, and n5 

cannot be obtained and a slmpie first-order model \+lth II, = 1 ~111 descnbe the 

espenmentnl results satisfactorily 

Tbe results for ky, nY. and kl;,F. wtth ky and nY both fixed at I 7, are gwen m 

Table VI In ihc same way as described above, an average constant value of 2 1 for 
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TABLE V 

THE EVALUATION OF kv AFiD lly 

HCi (XI) HAfFo CM) b 

05 0 50 50 17 1 I 
IO 100 q 31 I 7 I4 
IO 0 50 53 19 I3 
10 0 25 72 17 IO 
1 z 0 5LI 45 17 I I 
20 0 50 50 16 1 I 

TABLE VI 

THE EL I\LUATlOY OF A,, nx. AND AH F 

HCI (WI fo kX 

“1 = I ny=.?3 nx = ,7 

05 
IO 
IO 
IO 
: 5 
20 
10 
20 

0 50 40 
loo 36 
0 50 43 
0 25 99 
0 50 35 
100 35 
0 50 43 
0 35 IO 3 

04.4 *004 
I I5 f0 16 
125 f009 
I35 f0 15 
128 fOl4 
-1 I2 *022 
368 F030 
3 05 f0 25 

Xx at n, = 1.3 was found Thos, for evpenments with only one ~mt~al concentratton 
cf n-fructose, a simple firbr-order model IS catlsfactory 

The data fit was checked by mahng plots using the calculated values for the 
model parameters Two plots are given III Fogs 4 and 5 The devlatloos in FI_~ -I of the 
calculated curves from the experimental data for ievulinrc acid and HMF Indicate 
that k,,, &creases somewhat dunng the reaction Thrs tindtnp IS In accordance with 
the fact that Ii,,, IS dependent on the D-fructox concentrahon The values for I+. 
ox, ky, and ny are Independent of the catalyst concentration, which means that the 
selectivi ties sx and sy, as can be seen from equaiions 10 and Ii. are noi Influenced by 
the aadity. 

Some proposals for the krnetics of the dehydration reacbon, wtuch GUI be used 

as XI extension of our model have hen pubhshed, e g , the reaction X + HMF- HUM 
as suggested bj McGbbms ’ ‘I, and the reacbon X+ Y as suggested by Feather and 
iIarris ’ 3 Thex extensloni did not give any improvement of the data tit. Therefore, 
the foregoing kinetic model IS tic simplest tbar can descnbe the dehydratloo and 
rehydration reactions of D-fructose and HMF. 
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050 

k 
doto : 

HMF LA HUM 
. cl i 

X’+ HUM - 
I 

* 

0, I 8 
0 40 80 120 160 200 240.60 320 160 400 440 4&O 520 560 

175 

Fig -I Dehydrarlon oi c+l‘ructaae \I HCI. 95- Cune~ are compurer-plotted using the LIIWIC model 
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