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bstract

Glycosylation reactions are most commonly encountered in nature. Synthetically, glycosylation is carried out with Lewis acid catalyst, HF,
lCl3 or mineral acids. However environmental threat associated with such catalysts has encouraged process modification and the development
f solid catalyzed glycosylation reactions, which are commercially viable as well. In this contribution comparative study of glycosidic bond
ormation of simple d-glucose with several fatty alcohols (C8–C14) over variety of mixed metal oxidic spinels (CuFe2O4, ZnFe2O4, CoFe2O4 and
iFe2O4, 10% (w/w) ZnFe2O4 supported on SiO2 and ZrO2) is taken up to evaluate the performance of this potential catalysts system. Effect of
atalyst preparation was evaluated. This replacement of homogeneous acid catalyst by oxidic spinels shows alkyl poly β-d-glucopyranoside as
ajor product at comparatively low temperature range. The effects of variety of parameters were studied in a batch reactor. The mechanism of the

eaction over mixed metal oxidic spinels at 363 K is put forth.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Alkyl poly-�-d-glucopyranoside act as a novel class of sur-
actants, which are useful as food bulking agents, reduced calorie
weeteners, fat replacement agents for food products, stabi-
izing agents for food and beverage products, thickening and
mulsifying agents for food products, adhesives, biodegrad-
ble plastic and films, sizing agents for paper and textile,
thical pharmaceuticals and new fibers. The development of
tereo selective methods for the synthesis of glycosidic link-
ges presents a considerable challenge to synthetic chemists
1–3]. Although well developed chemical synthesis of glyco-
ide involves selective protection, deprotection and coupling
sing a metal catalyst. Glycosylation of simple alcohols with
-glucose can be performed by strong acids like BF3-etherate

4], HCl [5], para toluene sulphonic acid and H2SO4 [6] to
ive both �- and �-anomer with high degree of polymeriza-
ion of glucose unit. Such glycosylation are normally carried
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ut, in only moderate yield (40–50%). This problem in syn-
hesis has promoted the development of cost effective and less
oxic promoter based synthetic route. Toshima and coworkers
7] used montmorillonite K-10 as a heterogeneous solid cata-
yst for glycosidation of olivoses. Later on, same research group
sed montmorillonite K-10 with benzyl-protected glucopyra-
osyl phosphate and several alcohols to get �-O-glycosidic
inkages in more than 80% Yield [8]. In previous studies [9], we
ave demonstrated stereoselective �-d-glucopyranosylation of
,3,4,6-tetra-o-acetyl-�-d-glucosyl bromide and fatty alcohols
ver LiCO3 as reaction promoter. Such reaction promoter has
imited activity and catalytic life. Highly effective and recyclable
lycosidation methods without halogenations have attracted our
ttention. Hence in this work, the glycosylation of d-glucose
ith several fatty alcohols in liquid phase has been investi-
ated on a series of mixed metal oxides catalyst prepared by
o-precipitation method, crystallizing with spinel lattice such
s, CuFe2O4, ZnFe2O4, CoFe2O4, NiFe2O4 and 10% (w/w)

nFe2O4 supported on SiO2 and ZrO2. The choice of catalyst as
spinel system is due to two reasons; first, spinel lattice imparts
xtra stability to the catalysts under various reaction conditions.
econdly, mixed metal oxides do not lose their catalytic activ-
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ty due to aging and formation of carbon over the surface so
hese systems have sustained activity for longer duration [10].
he best catalyst for the selective preparation of alky poly-
-d-glucopyranoside was 10% (w/w) ZnFe2O4 supported on
rO2. A 10% (w/w) ZnFe2O4/ZrO2 prepared by co-precipitation
ethod was compared with 10% (w/w) ZnFe2O4/ZrO2 pre-

ared by template route for the selective formation alkyl
oly-�-d-glucopyranoside. The major product was alkyl poly-
-d-glucopyranoside with some poly glucose formation as a side
roduct.

. Experimental

.1. Materials and chemicals

Nitrates of zinc, copper, iron and zirconium oxychloride of
nalytical reagent were used for catalyst preparation. A 30%
2O2, SiO2 of mesh size 200 were used; d-glucose and fatty

lcohols (in range from C8 to C14) of analytical grade were used
ith out further purification. The catalyst was prepared using

o-precipitation technique and template route.

.2. Synthesis of catalysts

.2.1. Co-precipitation technique [10–12]
To prepare the catalyst an aqueous solution containing the

esired ions in the required molar proportions was prepared
y dissolving the salts in the stoichiometric proportion in
istilled water. It was precipitated by sodium hydroxide and
he pH of the solution was maintained 9–9.5. The precipi-
ate was digested at 353 K in water bath for 3 h and then
xidized by drop wise addition of required amount of 30%
2O2 with constant stirring for obtaining single phase spinel.
fter completion of reaction the resultant precipitate was dried

t 383 K for 3 h then calcined at 1173 K for 9 h. Similarly
rO2 was prepared by co-precipitation procedure from ZrOCl2·
H2O. SiO2 of mesh size 200 was taken as available in the
arket.
A 10% ZnFe2O4 catalyst supported on SiO2 and ZrO2 was

repared by incipient wetness method by impregnating the aque-
us solution of nitrates of required ion in a stoichiometric amount
n the support; they were dried at 393 K for removal of water
nd other volatile material and subsequently calcined at 1173 K
or 9 h.

.2.2. Templated approach [13]
In a typical preparation, Fe and Zn nitrates were taken in,

toichiometric amounts (2:1) and were dissolved in 10 ml of
ethanol to this 10 ml of decyl polyglycoside (50%) aqueous

olution was added with vigorous stirring for 1 h. The result-
ng solution was gelled at 303 K for 20 h (catalyst preparation
s optimized). Similarly ZrOCl2·7H2O was treated with decyl
olyglycoside (50%) aqueous solution and gelled at 303 K for

0 h. Both, Fe + Zn and Zr gel were mixed together aged for 5 h,
ried at 373 K. This as made bulk sample was calcined at 1173 K
or 9 h in air to remove the surfactant to obtain 10% (w/w) of
nFe2O4 on ZrO2.
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.3. Characterization of 10% (w/w) of ZnFe2O4 on ZrO2

repared by co-precipitation and templated approach

Catalysts were characterized by X-ray diffraction, BET sur-
ace area measurement, FT-IR and SEM.

.4. Reaction methodology and product analysis

The reactor consisted of a standard flat bottom cylindri-
al vessel of 5 cm, i.e. of 100 ml capacity equipped with four
qui-spaced baffles, a pitched-bladed turbine impeller and a
ondenser. The assembly was kept in an isothermal oil bath
t a known temperature and mechanically agitated with an
lectric motor. Melting points were determined using capil-
ary method. Specific rotations were recorded on a manual
olarimeter. Infrared spectroscopy was recorded on Model 500
pectrophotometer, Buck Scientific Inc. 1H NMR were recorded
n model of Hitachi Inc. and operated at 300 MHz. All the
ata are uncorrected. Each catalyst was studied for its catalytic
ehavior towards glycosidic bond formation with several fatty
lcohols at the 363 K. In a typical reaction d-glucose (10 mmol)
n toluene (16 ml) was stirred for 15 min at room temperature.
hen catalysts and fatty alcohols (C8–14, 20 mmol) was added,

he reaction carried at 363 K for stipulated time depending upon
he nature of substrate. Reaction mass was cooled and filtered
ver celite. Filtrate was evaporated in vacuum and the resulting
aterial was purified by column chromatography (toluene/ethyl

cetate = 15/5) to afford alkyl poly �-d-glucopyranoside.

. Results and discussion

.1. Catalyst characterization

.1.1. XRD of catalysts samples prepared by
o-precipitation method

As shown in Fig. 1 XRD of ZnFe2O4 (a) showed crystalline
ingle-phase spinel structure with d (Scherrer equation) = 10 Å,
= 8.398 Å which is comparable to the authentic ZnFe2O4 in

CPDS file. XRD of ZrO2 (b) shows intense peaks indicating
rystalline nature of ZrO2. XRD of ZnFe2O4/ZrO2 (c) shows
he formation of ZnFe2O4 on the surface of ZrO2, but the crys-
allinity of the sample was decreased by 60% compared to
nsupported ZnFe2O4 (a). A d-value was 12 Å, a = 8.233 Å, this
light decrease in a value and increase in nanocrystallite size
ndicates the interaction of ZnFe2O4 and ZrO2. XRD of catalysts
amples prepared by templated method: XRD of ZnFe2O4/ZrO2
d) in Fig. 1 indicates amorphous nature of the catalyst. Crystal-
ite size is calculated by Scherrer formula (Fig. 1, Table 1).

.1.2. BET surface area measurement
Results obtained from BET surface area measurement are

abulated in Table 1 shows the interaction of ZnFe2O4 and
rO2. Nanocrystallite size increases in ZnFe2O4/ZrO2 (CP).

ue to amorphous nature of ZnFe2O4/ZrO2 (T) nanocrystal-

ite size cannot be found out. Pore size of ZnFe2O4/ZrO2 (CP)
ecreases as compared to individual ZnFe2O4 and ZrO2 and
ore size of ZnFe2O4/ZrO2 (T) is very high; 30 Å due to tem-
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Fig. 2. Hysteresis of N2 adsorption/desorption over the surface of ZnFe2O4/
ZrO2 (T).
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ig. 1. X-ray diffraction pattern. (CP): co-precipitation method, (T): templated
ethod.

lated assisted route. Similar trend is observed in surface area
hich is very high for ZnFe2O4/ZrO2 (T). From Fig. 2 the
itrogen adsorption–desorption isotherm shown in Fig. 2 is
type-IV isotherm, as defined by the IUPAC, with a sharp

tep at intermediate relative pressures with an H2 hysteresis
oop due to capillary condensation. The isotherm, shows three
ell-defined stages can be identified: (a) a slow increase in
itrogen uptake at 0.0–0.15 relative pressures, corresponding to
onolayer–multilayer adsorption on the pore walls, (b) a sharp

tep at 0.15–0.70 relative pressures indicative of capillary con-
ensation in mesopores and (c) a plateau at 0.70–0.95 relative
ressures associated with multilayer adsorption on the external
urface. As observed from pore size distribution, a major part of

he surface area is contributed by pores with a diameter charac-
eristic of pores ranging from 20 to 37 Å, as shown the pore size
istribution (Fig. 3) the catalyst is mesoporous in nature.

p
a
m

able 1
haracterization of catalysts

xide Precursor Nanocrystallite size

nFe2O4(CP) Zn(NO3)3 and Fe(NO3)3 10
rO2(CP) ZrOOCl 8
nFe2O4/ZrO2 (CP) Zn(NO3)3, Fe(NO3)3 and ZrOOCl 12
nFe2O4/ZrO2 (T) Zn(NO3)3, Fe(NO3)3 and ZrOOCl –

a Scherrer equation.
b BET measurement.
Fig. 3. Pore size by N2 adsorption/desorption of ZnFe2O4/ZrO2 (T).

.1.3. FT-IR measurement
Pyridine adsorbed FT-IR of ZnFe2O4/ZrO2 (T) the bands

bserved at ∼1635, ∼1493 and ∼1541 cm−1 are assigned to
yridine molecules bound to Brönsted acid sites and shows peaks

−1
t ∼1612, ∼1490, and ∼1448 cm that are due to pyridine
olecules bound to Lewis acid sites (Fig. 4).

a (Å) Pore sizeb (Å) BET surface area (m2/g) Physical properties

3.8 17 Semiconductor
6.2 24 Dielectric
4.7 20 Semiconductor

30 180 Semiconductor
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Table 2
Effect of various catalysts prepared by co-precipitation method

Catalyst Room temperature
resistivity

Time (h) % conversion
to APG

CuFe2O4 0.19 6 50
NiFe2O4 0.37 10 55
CoFe2O4 0.27 11 52.5
ZnFe2O4 0.59 4 60
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Fig. 4. Pyridine adsorbed FT-IR of ZnFe2O4/ZrO2 (T).

.1.4. SEM measurement
SEM of ZnFe2O4/ZrO2 (CP) shows the aggregates of crys-

allites which indicate that due aggregation of the catalyst
articles active sites are less accessible for the reaction to occur
n the surface of the ZnFe2O4/ZrO2 (CP). Whereas SEM of
nFe2O4/ZrO2 (T) shows the rod like morphology of the cat-
lyst particles indicating the increase in the surface area of the
atalyst with more access to the active sites for the formation of
lycosidic linkage, hence more and more product is favored on
nFe2O4/ZrO2 (T) compared to ZnFe2O4/ZrO2 (CP) (Fig. 5a
nd b).

It was thought desirable to study various reaction parameters
nder otherwise similar experimental conditions to establish the
eaction mechanism.

.2. Choice of catalysts for glycosylation reaction

To check effect of various catalysts for glycosidic bond for-
ation, reaction between fatty alcohol and d-glucose were taken

s model reaction. CuFe2O4, ZnFe2O4, CoFe2O4, NiFe2O4 and
0% (w/w) ZnFe2O4 supported on SiO2 and ZrO2 were used
o assess their efficacy in glycosylation reaction (see Table 2).

s per the trend Cu containing spinels show low room temper-

ture resistivity compared to Zn containing spinels that can be
xplained on the basis of a valency exchanged mechanism [14].
t is believed that, greater the energy of activation, greater will

I
w
s
a

Fig. 5. (a) SEM of ZnFe2O4/ZrO2 (CP
Catalyst]: 0.0088 g/cm3; d-glucose: 10 mM; n-meristyl alcohol: 20 mM; speed
f agitation: 900 rpm; temperature: 363 K.

e the energy required for electronic transition resulting in the
ecrease in the activity of the catalyst. Hence, from energy of
ctivation values CuFe2O4 (0.19), ZnFe2O4 (0.59), CoFe2O4
0.27) and NiFe2O4 (0.37), CuFe2O4 should exhibit highest
nd ZnFe2O4 lowest catalytic activity at the reaction temper-
ture. To our surprise the trend is exactly reversed. ZnFe2O4
howed the highest conversion towards glycosidic bond forma-
ion to give alkyl poly-�-d-glucopyranoside. The most probable
easons to these observations are: (1) In ZnFe2O4, tetrahedral
ite is occupied by Zn2+ ions and octahedral site is occu-
ied by Fe3+. In Zn2+, d10 orbital are more contracted than
ny other transition metal ion d-orbital. The decreased over-
ap of the oxygen 2p, 3d and 4s with the Fe3+ at octahedral
ite has an indirect but appreciable effect on the hopping pro-
ess. Catalytic activity is mainly due to the hopping of Fe3+

rom octahedral site to tetrahedral site. Thus in spinel lat-
ice cation distribution plays an important role in the reaction.
lso it is well known that p-type of semiconductors is active

nd selective towards dehydrogenation owing to rapid migra-
ion of holes. From thermoelectric power measurements it can
e concluded that in CuFe2O4 concentration of holes is less
ence dehydrogenation selectivity decreases from ZnFe2O4 to
uFe2O4 so the selective formation of the product is more. (2)
n ZnFe2O4 as Zn2+ and O2− overlap is poor, Zn–O bond is
eak hence lattice oxygen can be easily exchanged with the

ubstrate molecule, resulting in the increasing dehydrogenation
ctivity.

) and (b) of ZnFe2O4/ZrO2 (T).
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Table 3
(1) and (2) Effect of support and preparation procedure

1 2

Catalyst/support % conversion
to APG

Preparation procedure
of ZnFe2O4/ZrO2

% conversion
to APG

ZnFe2O4/SiO2 66.0 Co-precipitation (CP) 70.0
ZnFe2O4/ZrO2 70.0 Templated route (T) 83.0
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s
shown in the Fig. 7. It was seen that the initial conversion
increased up to 363 K and there after decreased due to charring
of glucose with increasing temperature. At 373 K alkyl poly-�-
d-glucopyranoside was also charred which gave dark color and
Catalyst]: 0.0088 g/cm3; d-glucose: 10 mM; n-meristyl alcohol: 20 mM; speed
f agitation: 900 rpm; temperature: 363 K.

.3. Effect of support (catalysts are prepared by
o-precipitation)

To study the effect of support 10% (w/w) ZnFe2O4 was
upported on SiO2 and ZrO2. ZnFe2O4/ZrO2 was found to
e the best catalyst with 70% conversion of n-decanol lead-
ng to the formation of alkyl poly-�-d-glucopyranoside. This
ay be due to increased in surface area and nature of the sup-

ort. ZrO2 is amphoteric in nature whereas SiO2 is acidic.
t was observed that when ZnFe2O4/SiO2 were used forma-
ion of alkyl poly-�-d-glucopyranoside was suppressed and
olyglucose that is; glucose–glucose condensation was favoured
roduct. When ZnFe2O4/ZrO2 were used formation of alkyl
oly-�-d-glucopyranoside was the main product and polyglu-
ose formation was suppressed. Thus acidity of ZnFe2O4 was
uned by supporting it with ZrO2 for further study 10% (w/w)
nFe2O4/ZrO2 was used (Table 3 (1)).

.4. Effect of preparation procedure

A 10% (w/w) ZnFe2O4/ZrO2 was prepared by two differ-
nt methods, viz, co-precipitation and templated approach. It
as seen that catalyst prepared by templated approach showed
3% formation of alkyl poly-�-d-glucopyranoside (Table 3 (2)).
ncrease in the surface area and pore size leads to increase in
ore product formation. In co-precipitation method hydrolysis

f the salts takes place very fast so there is no chance for the cat-
lyst to increase the surface area, while in templated approach
ydrolysis of the metal salt takes place very slowly in controlled
anner due to presence of the template, decly poly-glucoside.
he formation of metal template complex followed by hydrol-
sis leads to the formation of mesopores in the catalyst which
s retained after calcinations. Hence increases the surface area
eading to increasing product formation.

.5. Effect of solvent

Variety of solvents was used for the reaction as shown in
ig. 6. It was seen that in case of acetic acid due to its acidic
ature degree of polymerization of glucose was more and the
olour of the product also suffered which is undesirable. We
ave also checked the reaction without catalyst in acetic acid,

n this case we failed to obtain alkyl poly-�-d-glucopyranoside,
nd instead we obtained only poly glucose. Thus it was con-
rmed that catalysts plays the major role in the formation
f alkyl poly �-d-glucopyranoside. When dimethyl sulfoxide,

F
0
9

ig. 6. Effect of solvents. Catalyst: ZnFe2O4/ZrO2 (T); [Catalyst]: 0.0088 g/
m3; d-glucose: 10 mM; n-meristyl alcohol: 20 mM; speed of agitation: 900 rpm;
emperature: 363 K.

imethylformamide and tetrahydrofuran were used as solvent,
hough degree of polymerization was in range but separation
f the major product from the reaction mass and solvent recov-
ry was difficult. In dimethyl sulfoxide the product obtained
ad undesirable odor. Polar surface area of solvents increase
rom toluene < THF < DMSO < DMF < acetic acid, this increase
n polar surface area, increases the formation of polyglucose
uppressing the formation of alkyl poly-�-d-glucopyranoside.
ence the formation of alkyl poly-�-d-glucopyranoside was
ore in toluene and product obtained was yellowish with degree

f polymerization in desirable range, also the solvent recovery
as easy. All further reactions were taken in toluene as reaction
edia.

.6. Effect of temperature

The effect of temperature on conversion under otherwise
imilar conditions was studied in the range of 323–373 K as
ig. 7. Effect of temperature. Catalyst: ZnFe2O4/ZrO2 (T); [Catalyst]:
.0088 g/cm3; d-glucose: 10 mM; n-meristyl alcohol: 20 mM; speed of agitation:
00 rpm; solvent: toluene.
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Table 4
Product analysis

Alcohol chain
length

Conversion
to APG (%)

MP (◦C) [α]25
D

1H NMR data of
�-d-glycoside

IR KBr (cm−1) Elemental analysis

Calculated Observed

C H O C H O

n-Octanol 75.0 62.0 33.8 4.09 (d, J = 7.8 Hz) 3412, 2928, 2831, 1075, 1030 57.53 9.58 32.89 57.50 9.60 32.90
n-Decanol 78.0 135.6 27.8 4.09 (d, J = 7.8 Hz) 3386, 2925, 2829, 1080, 1036 60.75 10.12 29.13 60.78 10.15 29.07
n-Dodecanol 80.0 144.5 22.7 4.09 (d, J = 7.8 Hz) 3390, 2935, 2821, 0851, 1040 65.85 10.36 23.79 65.83 10.35 23.82
n 3412, 2928, 2831, 1075, 1030 70.58 13.52 15.94 70.57 13.50 15.93

C alcohol: 20 mM; speed of agitation: 900 rpm; temperature: 363 K.
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-Meristyl alcohol 87.2 – – 4.09 (d, J = 7.8 Hz)

atalyst: ZnFe2O4/ZrO2 (T); [Catalyst]: 0.0088 g/cm3; d-glucose: 10 mM; fatty

dor to the final product. While at 363 K said problems was not
ncountered so further studies were done at 363 K.

.7. Effect of alcohols

To investigate the effect of chain length of fatty alcohols, gly-
osylation was also carried out with C8, C10, C12 and C14 under
therwise similar conditions. Table 4 summarizes the optimized
esults of alkyl poly-�-d-glucopyranosides of several alcohols
ver ZnFe2O4/ZrO2 (T) catalyst. It was found that the increase
n the carbon chain length increases the rate of alkyl poly-�-
lycosylation reaction. The possible reason may be the faster
eneration of alkoxide due to increase in carbon number. All
urther reaction parameters were optimized using n-meristyl
lcohol (C14).

.8. Effect of speed of agitation

The effect of speed of agitation was studied in the range of
00–1500 rpm and is shown in the Fig. 8. It was found that there

as practically no change in the conversion. This shows that

he influence of external resistance to the transfer of substrates
o the catalyst surface was absent, therefore further experiment
ere conducted at 900 rpm.

ig. 8. Effect of speed of agitation. Catalyst: ZnFe2O4/ZrO2 (T); [Catalyst]:
.0088 g/cm3; d-glucose: 10 mM; n-meristyl alcohol: 20 mM. temperature:
63 K; solvent: toluene.

c
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ig. 9. Effect of catalyst concentration. Catalyst: ZnFe2O4/ZrO2 (T); speed of
gitation: 900 rpm; d-glucose: 10 mM; n-meristyl alcohol: 20 mM; temperature:
63 K; solvent: toluene.

.9. Effect of catalyst concentration

Rate of reaction is directly proportional to concentration of
atalyst based on the entire liquid phase volume. The catalyst

oncentration was varied from 0.006 to 0.011 g/cm3 on the basis
f total volume of the reaction mixture keeping all other condi-
ions similar. Fig. 9 shows the effect of concentration of catalyst
n the formation of alkyl poly-�-d-glucopyranoside. The con-

ig. 10. Catalyst reusability and stability. Catalyst: ZnFe2O4/ZrO2 (T); [Cata-
yst]: 0.0088 g/cm3; speed of agitation: 900 rpm; d-glucose: 10 mM; n-meristyl
lcohol: 20 mM; temperature: 363 K; solvent: toluene.
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Scheme 1. Reaction o

ersion increased with increase in concentration of catalyst,
hich is due to the proportional increase in the number of active

ites. However, beyond 0.0088 g/cm3 concentration of catalyst,
here was no significant increase in the conversion and hence all
urther experiments were carried out at this catalyst loading.
.10. Catalyst reusability and stability

ZnFe2O4/ZrO2 (T) catalyst has good reusability and with-
ut pretreatment it can shows selective conversion up to

a
s
v
2

cheme 2. Reaction of glucose and fatty alcohol over the surface of the ZnFe2O4/ZrO2
ose and fatty alcohol.

ve cycles (see Fig. 10). The catalyst was easily recovered
y filtration and could be reused five times for the alkyl
oly-�-glycosylation reaction without affecting the activity or
electivity of the process. After fifth run the activity of the cat-
lyst decreases, the XRD pattern of the used catalyst shows
o structural deterioration. The decrease in activity can be

ttributed to pore blockage by deposition due to which active
ites becomes inaccessible. The catalysts can be easily reacti-
ated after washing it with acetone and treating it at 373 K for
4 h.

(T)catalyst to afford poly-�-d-alkyl glucopyranoside and poly-glucopyranoside.
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[14] J. Vervey, P. Brown, F. Groter, F. Romeijn, V. Santhu, Phys. Chem. 5 (1951)
64 N.S. Chaubal et al. / Journal of Molecula

. Reaction and reaction mechanism

The �-glycosidic bond formation of d-glucose with alcohol is
ne-step reaction as shown in Scheme 1 (see glycosidic bond for-
ation in the circle, R = C8–C14 alcohols). In the above reaction

3) is the major product whereas (4) is side product. Formation
f (4) alters the physico-chemical property of polyglycosides so
roduct (4) is undesirable, hence reaction suffers and application
f the product is restricted.

The most satisfactory mechanism for Fischer glycosylation
as proposed by Levene et al. [15], in which aldoses or ketones
n treatment with alcohols containing acid catalysts yield glyco-
ides as a major product. The major reaction takes place usually
ia �-furanoside or �-furanoside formation. Such intermediates
urther convert to pyranosides. For present catalytic system we
uggest following mechanism. d-Glucose (A) shows anomer-
zation of pyranose form which presumably is occurring rapidly
nder acidic conditions [16]. This anomerization occurs through
ia ring opening followed by addition of fatty alcohol (B) to
orm unstable intermediate (C) and lost of water molecule to
orm �-furanoside or �-furanoside (D). Presently we are not
ure about the exact anomeric form of furanoside; however the
ajor product is alkyl poly-�-d-glucopyranoside. Another alco-

ol molecule addition and elimination in furanose (D) gives alkyl
oly-�-d-glucopyranoside as a major product as shown in (G).
he formation of alkyl poly-�-d-glucopyranoside occurs due to
ttack of –OH of C1 of d-glucose (A) on –OH of C4 of alkyl
-d-glucopyranoside (G). The alkyl poly-�-d-glucopyranoside
hows inside the rectangular box (Scheme 2).

During the course of the reaction, as the catalyst surface is
cidic, formation of polyglucose (H) takes place. Polyglucose
ormation occurs due to attack of –OH of C1 of d-glucose (A) on

OH of C4 of another d-glucose (A). After the formation of the
roduct on the surface of the catalyst, desorption of the product
akes place and the surface of the catalyst again starts the new
eaction cycle with the adsorption of glucose and fatty alcohol.

[

[

alysis A: Chemical 267 (2007) 157–164

. Conclusion

The efficacy of different catalysts was evaluated at 363 K
ith 0.0088 g/cm3 catalyst loading and toluene as a reaction

olvent at 900 rpm. ZnFe2O4/ZrO2 (T) prepared by template
oute shows excellent conversion and selectivity towards alkyl
oly-�-d-glucopyranosides due to increase in surface area of
he catalyst. C14 fatty alcohol shows maximum formation of
lkyl poly-�-d-glucopyranosides because of the ease of alkoxide
ormation. The catalyst could be reused five times and was easily
ecovered by filtration without affecting the activity or selectivity
f the process.
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