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ABSTRACT 

The alkali-catalyzed oxidative degradation of lactose (1) to potassium 0-/I-D-galactopyranosyl- 

(1+3)-D-arabinonate (2) has been studied and compared with that of u-glucose to D-arabinonate and 

u-galactose to u-lyxonate. A mechanism for the degradation of 1 catalyzed by alkali anly is presented and 

discussed, taking into consideration the main reactionproducts. Increasing the reaction temperature from 

293 to 3 I8 K resulted in a drastic decrease of the selectivity for 2. Increasing the oxygen pressure from 1 to 5 

bar did not significantly influence the selectivity. The overall reaction kinetics followed first-order behavior 

with respect to lactose, o-glucose, or u-galactose. The simultaneous addition of catalytic, equimolar 

amounts of sodium 2-anthraquinonemonosulfonate and H,O, showed a pronounced effect on the selec- 

tivity. A reaction mechanism for this type of alkali-catalyzed oxidative degradation of carbohydrates is 

presented and discussed. Lactose could be oxidized up to almost complete conversion with a selectivity of 

9&95% (mol/mol), whereas D-glucose was oxidized to D-arabinonate with a selectivity of 98%. This 

increased selectivity was maintained at temperatures from 293 up to 323 K, allowing a reduction oflhe batch 

time necessary for almost complete conversion from 50 to I .5 h. The overall reaction kinetics still followed 

first-order behavior with respect to lactose, D-ghICOSe or D-galactose. The apparent activation energy 

amounted to 114 +2 kJ mol’“’ for lactose, to 109 k2 kJ mol-’ for n-glucose, and to 104 +9 kJ mol-’ for 

D-galactose. 

INTRODUCTION 

Lactose (1, milk sugar) is obtained from whey, the liquid residue of cheese 

production. Upgrading of this residue can be performed by the heterogeneous catalytic 

oxidation of lactose to lactobionate’ or by the homogeneous alkaline-oxidative degra- 

dation of lactose to O-/?-D-galactopyranosyl-(1+3)-D-arabinonate (potassium salt, 2). 

Conversion of the aldobionates produced into the corresponding aldobionolactones, 

eventually followed by combination with lipophilic long-chain amine? or alcohols3, 

allows their application as surfactants, polymers, or liquid crystals. However, a com- 

mercial breakthrough of such technology depends strongly on the selectivity at which 

the oxidation of the carbohydrates can be performed. This paper reports on the 
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Fig. 2. Reaction scheme for the oxidative degradation ofcarbohydrate enediol anions, based on a diradical 
mechanism (Isbell”, Vuorinen“‘). 

Nowadays, alkaline pulping processes are extensively used in the paper industry 
for the separation of (wood) polysaccharides, the kraft pulping process being the most 
important today”. The most serious drawbacks in this process are the non-selective 
delignification and the extensive degradation of polysaccharides by the so-called peeling 

reaction, resulting in a low pulp (namely carbohydrate) yield. Treatment of the alkaline 
pulp with oxygen oxidizes most of the functional end-groups of the polysaccharides to 
carboxylic acids, which stabilizes the polysaccharides against further degradation. 
Cellobiose”-‘3 and hydrocellulose24 were extensively studied as model component for 
cellulose, the most abundant polysaccharide in wood. It was found by Bach and Fiehn24 
that the alkali stability of hydrocellulose could be improved by treatment with an excess 

of anthraquinone-2-sulfonate (AMS), or other sulfonated anthraquinones. Ruoho and 
Sjijstrijmz5 observed that the amount of AMS could be drastically decreased in the 

presence of oxygen because the hydroquinone formed was reoxidized by oxygen. It is 
known that, in alkaline medium, the quinone and corresponding hydroquinone form a 
redox couple26, and that the hydroquinone may be readily reoxidized by almost any mild 
oxidant”. 

The primary products of the reaction of hexoses and AMS in alkali are the 

hexosuloses2s*‘9, obtained by hydride transfer from the 1,2-enediol to AMS. For D- 

glucose, Vuorinen3’ demonstrated that the reaction product, D-arabino-hexosulose, is 
selectively cleaved by H,O, to D-arabinonic acid and formic acid. Vuorinen and 
Sjiistriim3’ mentioned that the improved alkali stability of polysaccharides was the 
result of a more-selective oxidation of the functional end-groups. 

In this paper, a degradation mechanism for lactose is presented and discussed, 
that accounts for the main reaction-products observed. More importantly, the ad- 

vantages of performing the reaction in the simultaneous presence of anthraquinone-Z 



sulfonate and ti20, are demonstrated. Addition of a catalytic amount of both of’thesc 

components leads to a significant increase of th t‘ selectivity when compared IO the 

“classical” alkali-catalyzed oxidative degradation ofc~~rbohqdr;ltcs. and allows :t pro- 

nounced reduction of the hatch time required for almost complctc con\~~~lon 

Mutc~rirtls. Lactose. ~-glucose. and r,-galactose were all commercial high- 

purity samples obtained from D.M.V.C’ampina B.V (Veghel. Holland) and Gist 
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mated with oxygen by bubbling 0, gas through it at the reaction temperature in the 
reactant supply vessel 121. Both solutions were kept under oxygen for -900 s. The 
reaction was started by adjusting the gas-circulation system to the contact manometer 

[8], opening the valve of the reactant-supply vessel [2], and starting the gas-circulation 
pump [lo]. Solutions containing a catalytic amount of AMS had an equimolar amount 
of H,O, injected at the start of the experiment. 

Samples (6 mL) taken with a syringe were protected from non-oxidative degrada- 
tion and polymerization reactions by the following procedure: 5.00 mL of the mixture 
was quickly pipetted and acidified with 2~ HCI to pH 8.5-9.5. The acidified solution was 
diluted with distilled water to an end volume of 25.00 mL and stored at - 278 K. The 
composition of the reaction mixtures was determined by h.p.l.c.-analysis as a function 
of time. Neutral carbohydrates were analyzed by use of an anion-exchange column in 
the AC- form in series with a cation-exchange column in the H + form and with water as 
the eluent. The anionic oxidation and/or degradation products were analyzed by use of 
an anion-exchange column in the Cl- form or in the SOb2- form with respectively an 

aqueous NaCl-MgCl, solution and (NH&SO, solution as the eluent3’. 
Reaction conditions. - Unless stated otherwise, the following set of standard 

reaction conditions was applied for the “classical” alkali-catalyzed oxidative degrada- 

tion: [l],=, = 0.25 kmol me3; [KOH],=, = 0.75 kmol rne3; pH from - 13.8 at the 
beginning of the experiment to - 13.4 at almost complete conversion of the lactose: r = 
100% with pure oxygen at atmospheric pressure as gas phase, stirrer speed: 1000-1300 
r.p.m.; and T = 293 K. 

The catalytic amounts of AMS and/or H,O, amounted to: [AMS] = 2.75 mol 
mP3, (lo/ / b d o w w ase on lactose): [H,O,] = 2.75 mol rnm3. 
The conversion of lactose, X, the selectivity for 2, S, and the yield of 2, Y, were defined 

T= 1 - ([W[1l,dJ (4 
s = [mL- Ul) (4 
Y = x.s = [2]/[1],,0 (3) 

RESULTS AND DISCUSSION 

“Classical” alkali-catalyzed oxidative degradation of lactose. - Lactose was 

oxidized under the standard reaction conditions used by Lichtenthaler and Klimesch33, 
Kunz and Riiger34, and Roger et ~1.‘~ to investigate the alkaline oxidative degradation of 
isomaltulose and other carbohydrates. Fig. 4 shows the typical results of an experiment 
in which the concentration of lactose [l], the galactopyranosyl-arabinonate [2], formate 
[3], the carbon balance and the O,-consumption were recorded as a function of time. 

To obtain a high selectivity for 2, the reaction was performed at 293 K, resulting in 
a batch time of about 50 h. The decrease in concentration of lactose can be adequately 
described by first-order kinetics in lactose, the pseudo-first-order rate constant amount- 
ing to 1.19 10P5 s-‘. This result is in good agreement with the value obtained by Kunz 
and Klimesch34 who found a value of 1.14 lo- 5 SC’ for lactose. The oxygen consumption 
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Fig. 5. Alkali-catalyzed oxidative degradation of lactose. [Z = D-galactopyranosyl-o-arabinonate, 3 = 
formate, 4 = o-galactose, 7 = glycolate, 6 = 2-deoxy-D-tetronate and 5 = D-lyxonate]. 

consumption amounting to 1.36 lo-’ ss’. This agrees with the value of 1.33 10m5 SK’ 

reported by Kunz and R6ger34. 
Influence of the reaction temperature. Increasing the reaction temperature to 

decrease the batch time caused a sharp decrease in the selectivity for 2, as could be seen 
by a drastic increase in 0, consumption, an increased production of 4 and 7 and a 

decreased production of2. Similar results were obtained by Roger et al.” for the alkaline 
oxidative degradation of isomaltulose. 

InJi’uence of the oxygenpressure. To study the influence of the oxygen pressure on 
the alkali-catalyzed oxidative degradation of lactose, reactions were performed with air 

at 1 bar and with pure oxygen at 1 bar and at 5 bar. In the reaction with air, a browning 
of the mixture was observed, indicating an increasing importance of the non-oxidative 
degradation pathway of lactose, resulting in a decreased selectivity for 2. In accordance 
with Fig. 5, an increased production of 4 and 7 was observed, along with unidentified 

components. 



No significant difTerences were found between the alkali-catalyzed oxidativs 

degradation of lactose with pure oxygen at either 1 bar or 5 bar. ‘These findings are in 
agreement with the results of the alkali-catalyzed oxidatise deg~~d~~ti~~n ~?~is~~maltulose 
found by Kunzand Riiger”,. Lichtenthafer and Klimesch”‘, and Riigercpi cri”. However. 
Scholt2 and Gotsmann”. who studied the alkaline oxidative degradation ofn-glucose at 

oxygen pressures up to 40 bar. fW_md improved selectivities at higher ouggen pressures. 

The efTect of adding small amounts of H,O, to the reaction mixture w:fs also 

studied. and no significant influence was observed. ‘l’he s~l?~l~it~neo~ls addition of 
catalytic amounts of AMS and H,O, led to a drastic improved sclectivitv for 2. however. 

Fig. 6 shows the influence of the addition of I O./t) (w,%v. based on lactose) of RhlS and ian 
eyuimolar amount of H,CI. to the reaction mixture ;is de~rihed for the “classical” 

alkali-catalyzed oxidative degradation of lactose. 
As compared with this “‘classical” oxidative degradation cjf INXCW as shown in 

Fig. 4, Fig. 6 clearly shows the beneficial efEcts of the addition of AMS---N,O,. The 
production of2 was increased while the production curve ~OI. 3 almost matches the 0: 

-350 ~“-_______ -..“.._-. -__-_. _ __. 
1 
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Fig. 7. Selectivities and yields versus conversion for the “classical” alkali-catalyzed oxidative degradation 

and the alkaline AMS-H>O,-catalyzed oxidative degradation of lactose. Selectivity with (0) and without 

(m) AMS-H20Z, Yield with (+) and without (+) AMS-H,O,. Reaction conditions as given for Figs. 4 and 

6. 

consumption curve. The decrease in [l] still follows first order behavior, the pseudo- 

first-order rate constant amounting to 1.23 1W5 s ‘. Hence, the simultaneous addition 

of AMS and H202 only improved the selectivity for 2 but does not increase the rate of 

consumption of lactose. 

Fig. 7 clearly demonstrates the effect of the addition of AMSH,O, on the 

selectivity of the alkali-catalyzed, oxidative degradation of lactose; the selectivity for 2 

increased from 75580% for the “classical” oxidative degradation of lactose up to 

90-95% for the alkaline AMS-H,Oz-catalyzed oxidation of lactose. However, the 

reaction product, potassium O-P-D-galactopyranosyl-( 1+3)-D-arabinonate (2) could 

not be isolated from the reaction mixture because of its very hygroscopic character. 

Fig. 8 presents a reaction scheme that accounts for the observations reported. The 

1,2-enediol anion is selectively oxidized by AMS to an aldosulose. The hydroquinone 

anion formed, AMSH-, is reoxidized in situ by oxygen to AMS, which can oxidize an 

new 1,2-enediol anion molecule. In the reoxidation of AMSH-, oxygen is reduced to a 

HzO, anion. The aldosulose formed in the oxidation of the 1,2-enediol anion with AMS, 

reacts selectively with the H,Oz anion leading to the corresponding peroxy compounds, 

which can undergo hydroxylation, leading to the cleavage of the C-l-C-2 bond. 

Adding catalytic amounts of AMS alone does not provide sufficient H,Oz anion 

for the selective peroxidation of the aldosulose formed and, hence, does not lead to 

improved selectivities. On the other hand, addition of a small amount of HzO, alone 

does not lead to the selective oxidation of the 1,2-enediol anion to the aldosulose.The 
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Fig. 9. Alkaline AMS-H,O,-catalyzed oxidative degradation of D-glucose (8). Concentrations of 8 (0). 9 
(O), 3 (Q), O,-concumption [meq.] (A) an d carbon balance (V) versus time. Reaction conditions: [8], = 

0.25 kmol mm ‘, [KOH], = 0.75 kmolm-‘, pH > 13.5, [AMS] = 2.75 mol m-j, [HZ02] = 2.75 molmm3, T = 

303 K, and I‘ = 100%. 
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Fig. 10. Selectivities and yields versus conversion for the “classical” alkali-catalyzed oxidative degradation 

and the alkaline AMS-H,O,-catalyzed oxidative degradation of D-glucose. Selectivity with (0) and without 

(W) AMS-HZ02, Yield with (+) and without (+) AMSPH,02. Reaction conditions as given for Fig. 9. 



simultaneous addition of catalytic amounts of ,4MS and If,O_ u’as esi;rntial for thck 

improved selectivity ofthe alkali-catalyzed oxidative degradation Phc Gmiiar rc\ults ol‘ 

the pseudo-first-order rate constant of the “classical” alkaline catal! zcc! ouitiati\e 

degradation of lactose (h- =.m I. 19 10 ’ ‘; ‘1 and of the alkalinr AhfS-- fI .O,-cataiy/ed 

oxidative degradation of lactose (k := 1.23 IO i 5 ‘1 leads tc~ the c-oncirisi~>n ihit the 

essential difference between both routes lies beyond the li~rmatiitn of‘ rhc i .l-cneriic~l 

anion. 

Figs. 9 and IO show similar results as obtained for the alkaline AMS 11.0.. _ _ 
catalyzed oxidative degradation of glucose (8) to arahinonatc 19). Fig. 0 cho\v% 1t1mos1 

complete conversion of 8 into 9. and a production curve for 3 :mJ an CL consunrptiori- 

curve matching the production curve for 9. Fig. I0 shows Ihe effect of the addltic’n ~)t‘ 

AMS--H,O, on the selectiv;tj of [he alkali-catalyzed ox~dati!~ ~iegradat~on ol‘giuc~~~: 

the selectivity for9increascd from 90 9S’l;, for the “‘classical”’ ~rlkali-iatal~rctf oxidativc 

degradation of glucose up to 9.5 %“/;I for the alkaline AM% kf.0 -caral>,& ourd:lti\e 

degradation of glucose. The reaction product, potassium ~,-:tr;lhlrlonatr.,at~ (9) clrlild bc 

isolated readily from the reaction mixture by addmg f-t!)! % 1:~ the :~~ixiurc ,itttv 

neutralization to PI-1 - 8. 

Ir!ffuetzc~c~ r!f‘ t/w mwtim tcvqwrrtrrrc. (‘omparcd w:th the “~l:~ss~cal” alkali- 

catalyzed oxidative degradation of lactose, an increase of the reaction temperat?trr 01” 

the alkaline AMS-H-O,-catalyzed oxidation of lactose did nc’)t rc<ult in a decrease of 

selectivity f‘or 2. No significant influence on selectivity liar 2 Ma> n<j!icctf in Iht: tcmpcr- 

ature range 293 323 K: the hatch time ofthe processcc,ultl b< drcr~a~~d I‘rc!m 50 to ! .5 !I 

h~flucnw c?f’r/ir o.~y’~qtw ~~w.sxrw. II‘0 study the influence L>I‘ tk 0. pressure 011 the 

alkaline AMS H?O,-cataly& oxidati\,e degradation c:?’ I,~ct~o~c. rcactt~ln~ were per-- 

formed with pure o&en at I and 7 bar. but. no signiticant dit?>rcncch \\<rc ohscr\,cd. 

Because the reduced ;lnion of AMS, AMSH . h,lr :L iiecp red c~~lrir. the :\MS 

added also acts as an indicator for the oxygen saturation in the m~~turc. Lttdcr reactic’ll 

conditions where the mixture turns red. non-oxidative alkaline deprnd;l:lon rr‘actlon!. 

become more important <lnd the selectivity to 2 decrease\. L lndcr- ihc condition\ 

investigated no coloration t>f the misturc was observed. indicatin 1; a reoxiJatic\n ot‘ 

AMSH that is potentially faster than the reduction of AMS 

nctPrnlirllrtinrr of’tlw ~wt~r~~lf wriwtioir wcryj.. Hecausc t hc 5clcctivitb for (i-/+13-- 

galactopyranosyl-( 1 -*3)-D-arahinonate (2) was not affected h>, increasing the reaction 

temperature. the activation energy of the reaction shown in i-‘is i c(luId be determined. 

In f’ig. I I. In(k) of the alkaline AMS H,O,-catalyzed osi&riion I< plc‘rttcd againit T 

for the reactants u-glucose. I>-ga&tose. and lactose. The apparent ;rctiP.ation cnergieh 

amounted for lactose to 1 12 .I_ * 2 kJ mol ‘. for ~-glucose to 10’4 i- .: kJ mol -_ . alid for 

D-galactose to 104 ii) kJ mol ‘~ The activation energy for ~>-gluc(~,e it in r-casnnabie 

agreement with the values reported by de Wit C! o/.’ . cvhcr estimared an a_-~ ivatir)n merge’ 

of II1 kJ mol ‘, based on it.v.-absorbance mcasurcm~ni~. ,:i-i~i hq, Vuorinen I’. 5kho 

estimated an activation energy of 1 IX kJ mol ’ based on c~\I~\rirn<rric measurement\. 

Estimates of the apparent activation energies for wgalactocc and Eactosc ha\ c nc>t yc’t 

been reported. 
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Fig. 11. Alkaline AMSpH,O,-catalyzed oxidative degradation of D-glucose (O), o-galactose (El), and 
lactose (A). Ln(k) versus T- ‘. Reaction conditions: [SUGAR], = 0.25 kmolmm3, [KOH], = 0.75 kmol m-3, 
pH > 13.5, [AMS] = 2.75 mol m-‘, [H,OJ = 2.75 mol rnm3, and r = 100%. 

CONCLUSIONS 

A degradation mechanism for lactose is presented that accounts for the main 

reaction-products of the alkali-catalyzed oxidative degradation of lactose. The selec- 
tivity for O-/I-D-galactopyranosyl-( 1 +3)-D-arabinonate (2) may be drastically im- 
proved by the simultaneous addition of catalytic amounts of sodium anthraquinone-2- 
sulfonate and H,O,. The increase in selectivity may be attributed to selective oxidation 

by AMS of the 1,2-enediol anion into an aldosulose, which is selectively cleaved by H,O, 
to O-P-D-galactopyranosyl-( 1+3)-D-arabinonate (2) and formate (3). 

This increased selectivity was maintained at temperatures from 293 up to 323 K, 
allowing a decrease of the batch time necessary for almost complete conversion from 50 

to 1.5 h. The procedure developed is believed to be applicable to carbohydrates in 
general. 
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