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Abstract

Platinum and other nobel metals have been found to catalyze the complete oxidation of sucrose and other sugars by vanadium(IV) in acid
environments. As the redox potential of vanadium(lV)/vanadium(lll) differs substantially from that of dioxygen/water, it might be possible
to use this reaction to construct a redox type of fuel cell. In the present paper, the requirements on the catalyst are discussed, especially those
that give full conversion of the oxidation reaction. Various sugars such as fructose, glucose, xylose and arabinose have been investigated anc
found to yield essentially the same results. A provisional model is proposed that might describe the processses on the catalyst surface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction For the reaction

In some previous papef$—3], we have studied the cat- C12H22011 + 120, = 12CG, 4+ 11H,0 Q)
alytic oxidation of formic acid, formaldehyde and methanol A G = —13585 kcal/mol = —5684 kJmol 2)
in acid solution using vanadium(IV) as the oxidant. The aim
of that research was to construct a redox fuel cell where the AH = —13490 kcal/mol = —5644 k}mol )

difficulties with methanol as a fuel in a ‘direct cell’ would be
circumvented.

One draw-back with such a redox cell, at least as concerns
methanol, is that methanol is a volatile substance, precluding48EF = —5684 kJymol (4)
the use of high temperatures. As sugars are non-volatile com- )
pounds, we have, therefore, tested the oxidation of sugarsVNereF is the Faraday constant. Thus,
primarily sucrose, with the same or similar catalyst systems ¢ _ 1 o3y (5)
and with vanadium(lV) as the oxidant.

The reason for choosing vanadium is that the redox po- and the normal potential of the sugar/€€duple 0.00V, i.e.
tential for the couple vanadium(lV)/vanadium(lll) is quoted very close to the F/H> couple. Obviously, the closer the
as 0.36 V4] and thus relatively close to that for sugar-;O  potential of the oxidative couple to the sugar-Ceauple,
would it have been reversible. This latter potential can be the more energy can be extracted in a redox type fuel cell.
calculated from thermodynamic ddta5]. Concurrent with this, more demands are put on the catalyst

system.
Incidentally, one notes that the theoretical efficiency of a
hypothetical fuel cell driven directly by sugar and oxygen
* Corresponding author. Present address: Chemical Technology, Chemicalwould be
Center, University of Lund, P.O. Box 124, S-221 00 Lund, Sweden. AG
Tel.: +46 46 121 123; fax: +46 46 137 837. n=— =101% (6)
E-mail addressragnar-larsson@telia.com (R. Larsson).

Consequently, the corresponding cell voltage would be
determined by
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We found in surveying experiments that platinum black From time to time, an aliquot was sampled from the
and also finely dispersed platinum on suitable carriers and nitrogen atmosphere and analyzed for carbon dioxide (and
some other noble metals similarly dispersed, were useful toany other gas) in a gas chromatograph. The temperature of
promote the complete oxidation of sucrose to carbon dioxide the reaction medium was kept at 9D in all experiments

at about 90C with no appearance of carbon monoxide. described here.

This finding and a suitable catalytic system for the oxi- It was also arranged so that samples could be withdrawn
dation of vanadium(1V) to vanadium(V) makes it possible to from the reaction medium and analyzed with respect to the
construct a sugar powered fuel cell systfgh In this pa- light absorption spectrum, a band at ca 800 nm being indica-

per, we will report on the fundamental reaction, the catalytic tive of the remaining V&'.
oxidation of sugar.

48VOAT + 48HT +C12H22011 4. Results

483 4+ 12CQp 4 35H,0 7a
- * @+ 2 (7a) 4.1. Influence of sugar concentration

The oxidation of V3*, required to complete formul@a)

to formula(1), will be dealt with in a forthcoming paper. We measured the rate as the initial rate, i.e. the limiting
conversion per time unit when the time approached zero. The
4VO*t + 0z +2H0 — 4AVO; T +4HT (7b) amount of carbon dioxide formed was recalculated to the

equivalent number of moles of vanadium(lV) lost by the re-
action as given in formuléra). In Fig. 1, we give the results

2. Conditions of reaction of such measurements for sucrose and a specified concentra-
tion of vanadium(IV). The measurements were performed at
To the best of our knowledge, the reacti@a)is not pre- different concentrations of sulphuric acid or phosphoric acid.

viously describedl7]. The oxidation of sugar using platinum It is immediately clear that the use of phosphoric acid is the
catalysts is described, but in this case, molecular oxygen hashetter choice. Furthermore one observes thatin all cases there
been the oxidar8,9]. As indicated above such a reactionis is a maximum for the rate at a certain sugar concentration.
of course unsuitable if the goal is to extract some of the free In the case of phosphoric acid as electrolyte, this maximum
energy stored in the sugar—dioxygen pair. The basic condi-occurs at the point when we have stoichiometric equivalence
tion for the reaction must be that it is performed in an acidic between the vanadium concentration and the sugar concentra-
medium that will expel the carbon dioxide formed. Secondly, tion. (0.1 M vanadium= 48 x 0.002 M sugar.) This relation
one should like to perform the reaction with as high concen- is probably accidental. In the case of sulphuric acid as the
trations of vanadium salts as possible, cf. the use of vanadium
in accumulator systenj$0], to reach a high exchange current
density at the electrodes of a redox cell.

Thirdly, the temperature of reaction is limited to just below
the boiling point of the electrolyte solution.

In order to be able to use a catalyst system, as reproducibleg

w
o

um/hour

as possible, we have selected commercial preparations og
platinum black for the surveying investigations of this re- = 20
action. g

g

g

S~

St

3. Experimental
10
The experiments were performed so that the reaction
medium, e.g. 200 ml of sulphuric acid containing vanadyl
sulphate, was heated in a three-necked bottle, with a suitable
thermostating arrangement, together with a specified amount
of platinum black (Johnson Matthey, ca. 5/) The vessel

was closed by a condenser stoppered at the top. A certain vol- 1 2 3
ume of a standard sugar solution was added such that the sugz C sucrose / mM

concentration of the experiment was achieved, e.g. 1.03mM

or 2.06 mM. The moment when this was done was regardedFig- 1. Initial rate of the sugar oxidation (expresed in mmol vanadium/h,

as the startina point of the reaction. An inert atmosphere Wascalculated from measured GIas a function of the initial sugar concentra-
gp ) p tion. Initial vanadium concentratio(VO?2*) = 0.1 M; catalyst, 250 mg Pt

kept in the vessel by pure nitrogen that was circulated in a pjack; denotations: 1 M k5Qs (@), 3M H2SO4 (O), 1M HsPOy (), 5M
loop leading down in the reaction mixture. H3PQy (A).
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Fig. 2. Conversion (%C@formed of the theoretical value) as a func- iy 3 |nitial rate of the oxidation of fructose as a function of the amount
tion of the initial sugar concentration: 1 M280, (O); 3M HaSOy (A). of Pt black:C(fructose) = 2.055 mMC(H2SOy) = 1.0 M; C(VO?*) = 0.1 M.

C(VO?*)=0.1 M; 250 mg Pt black.
The reason for this decline is probably very complex. There

electrolyte, the corresponding maximum appears at a muchmight be a pre-equilibrium, e.g.

smaller value of the sugar concentration.
Fig. 2 represents some very important results. It shows 2vVO?* + sugar= ((VO),sugarf*

that the yield, that should be 100% according to the state- ] ) ] ]

ment in Sectiort, is not always so. The yield strongly de- where the complex is the species that carries the reaction.

pends on the concentration of sugar. In want for better data, ©ON€ Must, however, also consider the increase in ionic
we have drawn the lines so as to indicate a breaking pOimstrength ofthe solution when the vanadium(I1V) concentration

up to which the yield is 100% and such that it is <100% be- isincreased. This problem will be further discussed in the next
yond the sugar concentration of that point. The question to S€ction.

be asked is; why is the appearance of the two parts of the One further notesHig. 6) that the plot of rate versus the
curve so distinctly different for just a doubling of the sugar Sduare root of the vanadium concentration yields a straight

concentration?

4.2. Influence of catalyst
100 [©)
In order to determine the conditions under which a com- e
plete combustion took place, we investigated the rate and the)
conversion as a function of the amount of catalyst. This in- & 30
vestigation was performed on pure fructobggs. 3 and 4
give the variation of rate and conversion as function of the
amount of catalyst. One observdsd. 4) that, at the con-
centration parameter values used, a certain critical amount o1 §
catalyst is needed to obtain a complete oxidation. One must™

version /

60 -

conclude that under conditions such that the rate, measurec 4?7 o
through the amount of C£formed, is not sufficiently high,
other side reactions are taking place, probably resulting in 204
only partial oxidation of the sugar. o
4.3. Influence of the vanadium concentration 0 . . - . .
100 200 300 400 500 600

Using the same technique as above, we investigated the wPt/mg

variation of the initial rate with the total vanadium concentra- Fig. 4. Conversion (%Ceformed) of the oxidation of fructose as a func-

tion. The eXperi_mer_]tal resu'f[s are presen.teléligs. Sand 6. tion of the amount of catalys€(fructose) = 2.055 mMMEC(H2SCOy) = 1.0 M;
showing a decline in rate with the vanadium concentration. c(voz)=0.1M.
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Fig. 5. Initial rate () of the oxidation of sucrose as a function of the
concentration of vanadium(lV) sulphat€(VO?*). C(H2SOy)=1.0 M;
C(sugar) =2.055 mM; 500 mg Pt black.

line within the experimental accuracy. This line, surprisingly
at first, gives a positive intercept on the ordinate axis. By
separate experiments Wiyanadiun{lV) =0, this observation
was verified (cfFig. 5).

4.4. Investigations of different kinds of sugar

Once the original discovery was made that sucrose was
completely oxidized by vanadium(lV), we have screened a
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Fig. 7. Initial rate () of the oxidation of xylose as a function of the xylose
concentration: 1 M BSOs (O); 1 M H3POy (@); C(VOZ*) =0.1 M; 250 mg
Pt black.

some small differences in the absolute values of rates; su-
crose, fructose, glucose, arabinose, xylose, all behave the
sameFig. 7 gives some experimental results for xylose. Im-
plicitin this finding is, that also those carbohydrates that can
be hydrolyzed to glucose in acidic environments are likely
candidates to reduce vanadium(lV). This was verified in the
case of starch. The result for xylose is of obvious importance
as wood material can be degraded to pentoses, such as xylose
and arabinose.

number of other sugars for their reactivity in the same sense.
It appears that, so far, all sugars behave the same, with only . .
5. Discussion
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Fig. 6. Initial rate () of the oxidation of sucrose as a function of
(C(VO?*)¥2, Conditions as ifFig. 5.

One might possibly regard it as premature to suggest a
detailed mechanism of the reaction based on the limited and
rather qualitative information so far achieved. What is said
below must, therefore, be taken ‘cum grana salis’. We intend,
however, to mark some relevant issues.

1. The first one is that all carbohydrates react likewise

and with a very similar rate. This must mean that there

is a common, drastic degradation of the carbohydrate

molecules to simple species, probably adsorbed on the

surface of the catalyst metal. One is tempted to suggest

the formation of PtC and P+H bonds in analogy with

the gas phase reactions of alkanes where such species are

formed on noble metal surfacfkl].

. Secondly, the observation that complete formation of CO
is not always achieved (paragraph 2, above) indicates that
there are parallel reactions occurring. Of these, the for-
mation of carbon dioxide is the slowest step at least in
the sense that it is most demanding for catalyst assistance.
Only to exemplify the type of issues at hand, one could
suggest that there is on the catalyst surface a stepwise
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* + S¢ = Seads
Seads +2* = Sg**ads
Se**ads + H)O — Ssads+ X X— COy
* + 85 = Ssads
Ssads +2* = Ss**ads
Ss**ads + H2O — Sgads+ X X—= CO2
* +84 = S4ads
Sq4ads +2* = Sg**ads
S4**ads + H2O — S3ads + X X - CO2
* + 83 = S3ads
S3ads +2* = S3**ads
S3**ads + HDO — Spads+ X X—= CO2
*+ 8 = Spads
Spads +2* = S **ads
Sy **ads + HO0 — X+ X X—= CO2

Scheme 1.

degradation of C6 sugars to C5 sugars, etc. down to C3,

C2 and C1 speciestheme L Thus formation of formic
acid, oxalic acid, etc. might be expected.

Actually, in collaboration with Prof. C. Lamy, University
of Poitiers[12], the species remaining in the reacting so-

lution were measured by HPLC. For three solutions where
we, from GC measurements, deemed the reaction as com-
plete, no new species were detected. For three other so-
lutions, where we achieved only about 40, 50 and 60%
conversion, several other species were detected, such as

gluconic acid (ca. 33%), tartaric acid (ca. 3%), formic

acid (ca. 3%) and about an equal amount of unidentified
species.

. The third observation that carries relevant information for

a discussion on mechanisms is the dependence of the rate
constant K) on the ionic strength. Ifable 1 we have
calculated the ionic strength)(of a series of solutions
with varying vanadium concentrations.

The rate constank, is defined from the equationug dr
(mmol/h) =kC(VO?*). As C(VO?*) is given in molll
(Tables 1 and Pk is presented here in the dimension of
mi/h.

When plotting Fig. 8), the result as log versus./I, a
straight line with slope-1.07 is found for 2mM sugar
and—2.23 when 1 mM sugar was used.

In another series of measurements, the ionic strength was
built up from both vanadium(lV) and vanadium(lll) sul-
phate Table 2. The composition of the solutions was such
that the sugar was always in an equivalent amount of the
vanadium(IV) sulphate. In this experiment, the slope of
logk versus,/I was found to be-2.30 (ig. 8).

Although we work at salt concentrations of such a mag-
nitude that the laws of Debye and Hiickel are not exactly
obeyed, it might be informative to note that the coeffi-
cient of the log versus,/I is of the sign that should be
expected for a reaction between a positive and a negative
ion in dilute solutions. For very dilute solutions, it holds
[13] that

logk = logko + 2Az1z2v/1 (1)

wherez; andz, are the charges of the reacting ions. The
parameteA contains besides natural constants the temper-

Table 1
Influence on the rate from the ionic strength formed by increaS{Mp>*)
C(VO?*) (M) Initial rate (mmol/h) Rate constark,(ml/h) logk lonic strength) (M) V1 (YM)
C(sugar)=2.06 mM
0.05 73 146 216 120 110
0.10 116 116 206 140 118
0.175 144 82 192 170 130
0.25 168 67 183 200 141
C(sugar)=1.03mM
0.025 105 420 262 110 105
0.05 128 256 241 120 110
0.10 155 155 219 140 118
0.20 172 86 1193 180 134
Catalyst: 500 mg platinum black; volume of reactor =200 ml.
Table 2
Influence on the rate from the ionic strength formed by increa8iM#*) and/orC(VO?*)
C(VOZ*) (M), C(V3*) (M) Initial rate (mmol/h) Rate constant, k (ml/h) lég lonic strength} (M) V1 (VM)
0.025, 0.025 4 105 202 129 114
0.05, 0.05 8 96 198 159 126
0.1,0.1 30 30 148 219 148
0.1,0 170 187 227 137 117
0.05,0 100 220 234 118 109

The sugar concentration was made equivalent to the concentration of V(IV), e.g. 1 n@Mor*) =0.05M; 2mM forC(VO%*) =0.1 M; volume of reac-

tor=200 ml.
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log k

2.8 T T T T --C-CH(OH)-CH(=0) +2Pt — --C-CH(OH)-Pt + Pt- CH(=0)
Pt- CH(=0) + H-OH — Pt-H+ HO- CH(=0)

--C-CH(OH)-Pt — --C-CH(=0) +Pt-H

etc

Scheme 2.

6. Provisional mechanism

The reaction pattern of the hydrocarbons adsorbed on the
catalyst surface must be very complex. For most parts, the
reactions steps are irreversible in the sense that the recon-
struction of the ordered structure of the starting material is
very unlikely. In spite of the restraints given in the previous
section, and as a basis for further work, we should like to sug-
gestthe scheme put forward abo8elieme L We examplify
\/ /M 12 with a hexose molecule, denoted by, S
The first reaction is the adsorption in which it is assumed

Fig. 8. logk plotted against V ionic strength. Data frdrables 1 and 2 that one adsorption site is needed (cf. a&stheme 2 The
C(sugar) =2.06 mM; 500 mg Pt blaci®}; C(sugar)=1.03mM; 500mg Pt thus adsorbedspecies reacts by splitting a-C bond for

black (0); C(sugar) equivalent t&(VO?*), vide Table 2 Additional vana-
dium(lll) cf. rows 2-5 inTable 2 Silica supported catalyst corresponding to

which is needed two adsorption sites. By a concurrent addi-
tion of a water molecule a C1 species is formed. This species

about 800 mg Ptl). ’
we denote by X here and there are good reasons to believe
thatitis formic acid. The formate ion adsorbs on the platinum
ature and the dielectric constant of the solutiorB) ( 32 surface, analogously to what is the case in the gas phase de-
Itiswellknown[13] thatA=0.51 atroomtemperatureand composition of formic acid over metdls5], and is inits turn
in dilute aqueous systems. At 90 and in 1 M SOy, A oxidised by an V&' ion as suggested in our previous paper

. Two other effects of the ionic strength that can affect the

is roughly 0.54, as the dielectric constant of water is de- [2]. We assume that the reaction of X to form £®the rate
creasing with temperatuf&4], almost compensating the determining step as the above considerations on the rate de-
increase of temperature. The factétzz is then=1.08. pendence on the ionic strength seemed to indicate a reaction
If these calculations hold true, the results described between oppositely charged ions.

just above should indicate a reaction between two  Scheme s too complicated to allow an analysis based
univalent ions of different charge, or between one on the relatively limited data that we present here. We, there-
twovalent ion and one univalent one, respectively. It fore, concentrate on the interpretation of the initial rates. This
is, however, very questionable if the rules for ho- means that we neglect all rows but the first one.

mogeneous reactions should hold for reactions where Thus the adsorption equilibrium is described as

at least one of the partners is adsorbed on a

surface. x+Ss=Seads K¢ = [Seads][S] [+ ! (8)

What is interesting, though, is the observation that the
two cases where there probably is ample space on the sur
face give a distinctly different slope, compared to the case
where free sites are probably not easily available. One
might compare the different patterns for sugar concentra-
tions 1 mM and 2 mM, respectively, that are depicted in
Fig. 2

where (*) denotes a free surface site and the concentration of
adsorbed species and free sites are expressed in a convenient
way so that

Y = [Seads]+ [*] 9

whereY is a measure of thitally available sitesor of the
platinum surface, expressed in another way.

reaction rate must be mentioned. The first one is that the Introducing(8) into (9) we get

adsorption of electrolyte, e.g. H3Oions on the platinum

surface is ionic strength dependent. It is well known that y = [«](1 + K¢ [Sg]). (10)
the electrolyte adsorption on the electrode surfaces can
strongly influence the current from, e.g. a fuel cell. Then, areaction occurs (§cheme Rinvolving the break-

The other effect is the influence of the ionic strength on a ing of a G-C bond.
pre-equilibrium governing the concentration of the reac-
tive species on the catalyst surface. Seads+ 2k = (Sg * %) (11)
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with the rate

d[Sg * *]
dr

= K'[Seads]k]? (12)

wherek' is defined by this relatio(i 2).
If we now introduce Eqg8) and (10)into (12)
d[Ss**]  k'Kg[Se]Y3
d " 1+ KelSe])?
Thereafter, follows a rapid reaction step
(Sgx*) + HoO - S5+ X
And if also X reacts rapidly
d[COy]
t

(13)

(14)

rate= ——— = k'K¢[Sg]Y>(1 + K[Sg]) >

- (15)

As we consider, the very first moments of the reaction

for which the rate is measured as ‘initial ratej, [Sg] will
approximately equaCs, the total sugar concentration in the
agueous phase.

_d[CO]
0T Tar

= k/KGCSY?’(l + Kng)_3 (16)

Some interesting relations follow from this formulation
and will be described below.
(a) Forming the expressiofC§/ro)Y/3, one will find a linear
relation inCg

Cs 3 1/3
(£) = a+xecorwre ™
0

17)

In Fig. 9, we exemplify this relation by data for the oxi-
dation of sucrose and xylose, respectively.

The ratio between slope and intercept of the line yields

the adsorption equilibrium constalig. From this, it is

0.09

0.071

(Cx/rg) 153

0.051

0.04

0.000 0.006 0.008

Cx /M

0.002 0.004 0.010

Fig. 9. Graphs according to E{L7) for the oxidation of sucrose in 1M
H>SOy with 250 mg Pt[0) and af xylose in 1 M HPO, and 250 mg Ptl).
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Table 3
Adsorption constants and rate parameters for some combinations of catalyst
masses, acids and carbohydrates

Carbohydrate  Acid Catalyst K(M~') kY3 (mmolh?!
(mg Pt) sites g Pt3)

Sucrose 1M HSO, 500 580 103
1MHSO, 250 535 53

Sucrose 3MHSO 250 561 61

Sucrose 1M HPO, 250 259 115

Sucrose 5MHPOy 250 342 149

Xylose 1M HSO, 250 284 66

Xylose 1MHPO; 250 118 133

Arabinose 1MHPO; 250 111 102

possible to obtain the quantiky®. The latter quantity is
not possible to split further.
In Table 3 we have collected the quantitigg andkY?
for some carbohydrates, acids and catalyst mass.
(b) FromTable 3 one notes that for sucrose in sulphuric acid,
K is constantK = 5604 20 M.
One further notes th&tY? is proportional to the catalyst
mass (as long as one and the same catalyst preparation
is used, as is the case here).
Thirdly, one can note thaY (related to the rate con-
stants) is almost the same for sucrose and for xylose.
(c) It is easily deduced that the maximum of the function
Cs (1+KgCs)~2 appears aCs=(2Kg) 1. Hence, us-
ing for the combination sucrose/sulphuric acid, the value
K=560+20M"1 one finds that Cs)max=0.89 mM;
i.e. the position we find fronfig. 1 Similarly, for
5M phosphoric acid and sucros&=342M! and
(Cs)max=1.46 mM in relatively good agreement with the
maximum ofFig. 1 This is perhaps not so astonishing
as the parameters involved were derived from data, such
as those ofFig. 1
More noteworthy is a reconsideration of K§). It fol-
lows that the ratio between free sites and sites occupied
by the reacting sugar molecule is

giﬂ=mwwl

(d)

(18)

As the reaction scheme suggests that two free sites are re-
quired for the reaction to proceed, it is important to know for
which value of [S] that the ratio [*])/[S ads] 2. For sulphuric
acid, this condition is [Sk 1/(2 x 560) = 0.89 mM. For phos-
phoric acid, the variation iK is rather large, so we must treat
the two sets of data separately. For 1 MRy, the same con-
dition is [S]< 1/(2 x 260) = 1.9 mM and for 5M POy one
gets [S]< 1/(2 x 340) =1.5mM. These values are in rough
agreement with the break pointskify. 2, which can be esti-
mated as 1.7 mM for both the concentrations of acid.

The important lesson to be learnt from this comparison
is that in order to have a complete, 100% oxidation of the
carbohydrate one must use sugar concentrations low enough
to allow for a sufficient number of free sites per carbohydrate
molecule to be available on the catalyst surface.



190 R. Larsson, B. Folkesson / Journal of Molecular Catalysis A: Chemical 229 (2005) 183-190

We can now also comment on the finding on the increment Acknowledgements
term of the rate wheRyanagiun{IV) is zero (Figs. 5 and &

If the intermediate X in the reactioBcheme Is indeed We fully appreciate the interest in this project shown by
the formate ion, we can expd@f that the last reactiofl9)is Professor Claude Lamy, Universite de Poitiers, France, and
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VO?* +HCOO™ — V(OH)* +CO, (19) dating of the nature of the intermediates. We also want to ex-
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utility company Sydkraft AB. The work presented here
would not have been possible without the support of these
H* + HCOO — Hs+CO; (22) agencies.

However, in the system, there is also another oxidizing
agent, viz. the proton itself. Considering the second reaction
of Scheme 2

producing formic acid, we have another reaction in analogy
to (19) that also produces carbon dioxide, viz.

Itis the reactior(22) that is producing the carbon dioxide
that is measured also in the absence of vanadium(IV).
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