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1. Introduction

Traditionally, invert sugar is prepared from sucrose using mineral acids. Invert sugar find applications for many areas of food
and pharmaceutical industries. Also, sugars are the key intermediates from biomass to chemicals. Biomass [1-3] is an
alternative renewable and sustainable source to substitute the fossil resources in order to meet the problem of increasing
energy demands together with global warming caused by CO, emissions due to its rapid consumption. The hydrolysis of
sucrose allows its conversion in to inverted sugars, i.e., glucose and fructose which are widely used in the food industry [4].
Enzymes and many mineral acids were the main industrial catalyst used for the hydrolysis of sucrose. However, they suffer
from different drawbacks such as the production of waste effluent, low thermal stability and recyclability of catalyst and
problems with separation and recovery of the catalyst from the product. The procedures are laborious and costly and this is
why it appeared the necessity to use some new methods like heterogeneous acid catalyst. This alternative has impost itself
because of its certain advantages comparing with both enzymatic and homogeneous method like the rigorous control of the
reaction, the reduction of the secondary product content, easier separation of catalyst, absence of equipment corrosion, the
possibility to pilot the catalytic processes at higher temperatures than in the case of enzyme processing which strongly favors

the equilibrium displacement of reaction products [5].
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Polymer based ion exchange resins and some inorganic materials with bronstead acid sites have been widely used as
solid acid catalyst for many organic reactions including hydrolysis reactions. The hydrolysis of sucrose has been carried out
over heterogeneous catalyst such as zeolites [6], Polystyrene with sulfonic acid group [7], sulfonated mesoporous silicas [8]
silica supported heteropolyacids [9]. But they suffer certain limitations because of low mechanical and chemical strength of
organic resins and while the use of inorganic ion-exchanger is limited by its non-reproducibility. Organic-inorganic hybrid, a
new class of materials is attractive for creating high performance is expected to provide many possibilities. Due to the
flexibility of the organic part these materials possess specific chemical reactivity and the presence of inorganic backbones
make them thermally and mechanically more stable.

The present work reports the applicability of a heteropoly acid based composite cation exchanger PANI-ZrTeW as
solid acid catalyst for the inversion of sucrose. The authors already reported the synthesis, characterisation and waste water
detoxification analysis of the composite exchanger PANI-ZrTeW [10]. PANI-ZrTeW was used as heterogeneous catalyst
because of their versatile properties, high exchange capacity and thermal stability. Also, optimum conditions for the catalytic

reaction were developed by analysing the various controlling factors of hydrolysis.

2. Experimental Section

2.1 Reagents

The main reagents used for the synthesis of the composite material and catalytic studies were zirconium oxychloride (E.
Merck), sodium tungstate (E. Merck), sodium tellurite (Lobachemie), aniline (E. Merck), ammonium persulphate (E. Merck).
sucrose and glucose (Sisco) and dinitrosalicylic acid, sodium sulphite, phenol and sodium potassium tartarate (E. Merck). All

other reagents and chemicals used were of analytical grade.

2.2 Apparatus and instruments

A glass column was used for column operations. ELICO L1613 pH meter was used for pH measurements. FT-IR
spectra were recorded on a Thermo-Nicolet Avtar 370 instrument using KBr pellet of the samples at spectral resolution of 4
cm-?, X-ray Diffractometer Bruker AXS D8 Advance for X-ray diffraction studies with Cu Ka radiations, TG Perkin Elmer
Diamond TG/DTA Analysis System for thermogravimetric/ derivative thermogravimetric analysis were used at a rate of 10°C
in nitrogen atmosphere. Jeol Model JSM-6390LV for SEM analysis, Jeol Model-Jed-2300 was used for Energy Dispersive
Spectrometric analysis. UV-Visible Spectrophotometer model JASCO V660 was used for catalytic studies. Magnetic stirrer

(Remi Equipments) was used for stirring purposes.

2.3 Synthesis of polyaniline zirconium (IV) tellurotungstate composite cation exchanger
Polyaniline gels were prepared by mixing of the acidic solutions of 0.05 M aniline and 0.1 M ammonium persulfate

in different volume ratios with continuous stirring by a magnetic stirrer keeping the temperature below 10°C for half an hour.

The salt was prepared by mixing boiling aqueous solutions of Na,WO,-2H,0 and NaTeO3 upon vigorous stirring.
pH was adjusted to acidic by adding 1.0 M HNO; drop wise, the gelatinous precipitate locally formed disappears upon
stirring. After boiling for a few minutes, the clear solution was precipitated by addition of an aqueous solution of zirconium

oxychloride. A white gelatinous precipitate was formed.
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Zirconium (IV) tellurotungstate incorporated polyaniline composite was prepared by simple stirring method. The ex-situ
polymerized gels of polyaniline were added to the white inorganic precipitate of zirconium (1V) tellurotungstate and mixed
thoroughly with constant stirring, the resultant mixture turned slowly into green colored slurry. The green colored gel was
kept for 24 h at room temperature (25 + 2 °C) for digestion. The supernatant liquid was decanted and the gel was filtered. The
excess acid was removed by washing with DMW and the material was dried in an air oven at 30 °C. The dried products were
immersed in DMW to obtain small granules. They were converted to H+ form by treating with 1.0 M HNO; for 24 hrs with

occasional shaking, intermittently replacing the supernatant liquid with fresh acid. The excess acid was removed after several
washings with DMW and then dried at 30°C. The particles size of the range (125 pm) was obtained by sieving and was kept

in desiccators.
2.4 Chemical characterizations of catalyst

2.4.1 Stability of catalyst: About 250 mg portion of the composite cation exchanger (H+ form) was treated with 20 mL of
different common acids (HCI, HNOs, H,SO,), bases (NaOH, KOH, NH,OH), sodium nitrate solution, and few organic
solvents (DMSO, DMF, acetone, THF, CHCIl3, CCl,) and also with demineralized water for 24 hrs with occasional shaking.

Changes in color, nature and weight of the catalyst were noted.

2.4.2 lon-exchange capacity (IEC): The ion exchange capacity of the material was determined by column chromatographic
method. 1.0 g of the exchanger in H* form was taken in a glass column of 1.1 cm diameter. The H* ions were eluted by
percolating 100 ml of 1.0 M NaCl solution. The effluent was collected and titrated against standard sodium hydroxide

solution. The ion exchange capacity in meqg™ was calculated using the formula,

av
IEC = —
w

Where, a is the molarity, v is the volume of alkali used during titration and, w is the weight of the exchanger taken [11].

2.4.3 Thermal effect and Effect of ionic radii on IEC: The effect of temperature on ion exchange capacity was studied by
heating the material at different temperature for 3 hrs and the Na" ion exchange capacity was determined by column process
after cooling them at room temperature. The effect of the size and charge of the exchanging ions on the ion-exchange

capacity was determined by using other alkali and alkaline earth metal solution as eluent in addition to NaCl.

2.4.4 pH-titration: A pH-titration study of PANI-ZrTeW was performed by the method of Topp and Pepper [12]. 500 mg of
the cation-exchanger in the H*-form were placed in several 250 ml conical flasks, followed by the addition of equimolar
solutions of alkali metal chlorides and their hydroxides in different volume ratio. The final volume is kept 50 ml to maintain
the ionic strength constant. The pH of each solution was recorded [13-15] after every 24 h until equilibrium was attained,

which needed ~5 days and pH at equilibrium was plotted against the milli equivalents of OH™ ions added.

2.4.5 Catalytic experiments: The catalytic experiments were carried out in a round bottom (R.B) flask at 50°C. In this
experiment, the reactor was loaded with 1000 ml of 0.5 M sucrose. Reactions were started by adding 0.50 g of catalyst. In all
experiments the stirrer speed was kept constant at 500 rpm. After the hydrolysis catalyst was separated from the reaction

mixture, washed with water and dried at 30°C. A portion of the solution was taken out at known time intervals and was
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analyzed by spectrophotometer by DNSA (Dinitrosalicilic acid) method. According to this method, the reductant sugar
reduces DNSA, which produces forming orangeish colour complexes, which can be quantified by UV-Visible
spectrophotometric method with an absorption band at 540 nm. A standard curve containing glucose allows the association of

absorbance with the concentration of hydrolysis reaction products [16].

. [TRS]
Hydrolysis %= %100
Where, [TRS] is the total reductant sugar (glucose+fructose) and Sy is the initial sucrose concentration.

3. Results and Discussion

3.1 Characterization of catalyst

Various samples of cation exchange composite material have been developed by the incorporation of the heteropoly acid
ZrTeW into the polymeric matrix of conducting polymer poly aniline under different conditions. PANI-ZrTeW appeared as
greenish dark crystals prepared under different composition having maximum ion exchange capacity of 1.48 meqg™ was
selected for detailed study. This comparatively high ion exchange capacity than its inorganic counter parts is attributed due to
the presence of freely movable H' ions and H,O molecules situated in the cavities of the polymeric matrix. Due to its high
cation (H" ion) exchange capacity sample was selected for catalytic studies.

Mass % of C-8.09%, N-0.35%, O-7.6%, Zr-26.99%, Te-22.36%, W-34.61% was found from EDS analysis.

The catalyst was found to be quite stable in different concentrations of mineral acids such as 10 M HNO3, 5.0 M H,SO,4 and
12 M HCI, 0.05 M solutions of bases and organic solvents like ethanol, acetone, CCl4,DMSO,DMF etc.
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FIG. 1. Thermal effect on IEC.

Thermal effect on IEC in FIG. 1 shows a gradual decrease in ion exchange capacity with increase in temperature for PANI-
ZrTeW. It is evident from the data that composite material PANI-ZrTeW retains 80% of its IEC up to 250°C. After this

temperature the decrease in IEC may be due to decomposition of organic moieties from the composite exchanger.

The effect of size and charge on ion exchange capacity for PANI-ZrTeW were studied for alkali metals and alkaline earth

metal cations. The order was found to be Li* < Na* < K*; Mg** < Ca*’< Ba”* (FIG. 2).
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FIG. 2. Effect of hydrated ionic radii on IEC.

This sequence is in accordance with the hydrated radii of the exchanging ions [17]. The ions with smaller hydrated radii
easily enter the pores of the exchanger, resulting in higher sorption [18]. pH titrations were performed for NaCl/NaOH,
KCI/KOH systems (FIG. 3).
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FIG. 3. pH titration of PANI-ZrTeW

It shows two inflection point which indicated the nearly bifunctional behavior for the exchanger due presence of two ionizing
groups, i.e., strong and weak acidic H+ ions present in the composite material ionize. The exchange capacity obtained from
the curve is in agreement with that obtained by the experimental method. It appears to be a strong cation exchanger as
indicated by a low pH (~2) of the solution when no OH" ions were added to the systems. The solution is progressively
neutralized with the addition of hydroxide ions and at the same time ion exchange process is going to completion. Thus, the
curve shows gradual rise of pH with the addition of OH-and become constant after complete neutralization of the cation

exchanger.
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FIG. 4. FTIR spectra of a) ZrTeW and b) PANI-ZrTeW.

FTIR spectrum of ZrTeW in FIG. 4a shows a broad band in the region 3200-3500 cm™ and a sharp peak in the region 1600
cm. These bands justify the presence of — OH stretching and bending mode. A sharp peak at 1387 cm™ is attributed to W-O
bond. The band observed in the 650-967 cm™ region is due to the symmetric and asymmetric stretching of M-O-H bond. In
the IR spectrum of PANI-ZrTeW (FIG. 4b), an assembly of bands in the region 1400-1600 cm * may be ascribed to the
stretching vibration frequency of C—N bonds and a band around 3100 cm™ may be related to the stretching of NH bonds of
benzenic and quinonic rings present in the material [19]. A broad band around 3000 cm™ results from symmetric and
assymetric stretching vibration of H,O molecule. A peak observed at 1289 cm™ was attributed to stretching vibration of C-H
in the benzenoid ring and that observed at 1474 cm™ was attributed to C=N stretching vibration of quinoid ring [20]. A band
at 1576 cm™ indicates the C-C stretching vibration of quinoid ring [21]. Also, a broad band in the region 2371 cm™ was
characteristics of N-H bending vibration. A sharp band at 790 cm™ shows the presence of para substituted aromatic rings,
indicating polymer formation. Other characteristic band associated with inorganic precipitate is reflected with slight shift in
the composite material. It gives an evidence for the encapsulation ZrTeW in the polymeric matrix of polyaniline and forms
PANI-ZrTeW composite material.
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FIG. 5. TGA of a) ZrTeW and b) PANI-ZrTeW.

Thermogram of ZrTeW in FIG. 5a shows 16% loss of weight at around 102°C due to the evaporation of external water
molecules and condensation of structural hydroxyl groups. Above this, heat energy changes without any appreciable weight
loss. This may be due to phase changes of the material. As the temperature increases, it shows a gradual weight loss and
about 77% of the weight is lost when the temperature reaches 900°C. From the TG scans of PANI-ZrTeW (FIG. 5b) it is

evident that the composite material also shows the same decomposition pattern as its inorganic counterpart up to 500°C, after
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increasing heat energy up to 900°C the thermogram shows that 46% of the material is retained. This clearly reveals that the
composite material is quite stable at high temperatures than ZrTeW and can be used in high temperature applications. XRD

pattern of the ZrTeW and PANI-ZrTeW is given in FIG. 6.
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FIG. 6. XRD pattern of ZrTeW and PANI-ZrTeW.

X-ray diffraction pattern of both material show number of low intensity peaks at different 26 values which confirms the

amorphous nature of the material.
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FIG. 7. SEM images of (a-b) ZrTeW and (c-d) PANI-ZrTeW.

SEM micrographs of ZrTeW and PANI- ZrTeW in (FIG. 7a and 7b) and (FIG. 7c and 7d) shows quite similar morphology
confirmed the development of particles with almost same shapes and dimensions. Both samples have voids and can be
attributed to transportation of ions between solid exchanger and external solution. The particles were broad in size range,

having an irregular shape and no sign of crystalline structure.

3.2 Catalytic experiments
In order to evaluate the catalytic activity of the composite material sucrose hydrolysis was selected as model reaction due to

its high ion exchange capacity. For the optimization of reaction conditions such as catalyst loading, initial concentration of

sucrose on the hydrolysis, temperature effect and pH effect a detailed experiment was conducted.
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FIG. 8 (a) pH effect (b) Temperature effect (c) Effect of conc. of sucrose (d) Catalyst dosage effect on sucrose inversion
by PANI-ZrTeW.

FIG. 8a summarizes the optimum pH values for the maximum hydrolysis of sucrose by PANI-ZrTeW. It can be seen that
maximum hydrolysis of 91% was attained in 30 minutes at a pH value of 2. It can also observe that with increase in pH%
hydrolysis of sucrose was decreased; therefore pH 2 was selected as an optimum value. After adding the PANI-ZrTeW
composite catalyst, pH of the sucrose solution was shifted to acidic region due to the presence of high H+ ions present in the
catalyst. The composite material contains functional group such as -NH,, -NH, -OH with the change in the solution pH
behavior of these functional group also changes. At low pH values most of these functional groups are present in protonated
form and can furnish large number of H* ions in aqueous solution, which helps to increase the rate of inversion of sucrose.
Temperature of the solution is an important parameter that affects the rate of inversion of sucrose; an increase or decrease of
temperature of will change the % hydrolysis of sucrose by composite catalyst and is depicted in FIG. 8b. It seems that there is
an increase in rate of inversion of sucrose with increase in temperature. Also, shows a net gain 37% yield in the reaction
when the temperature increases from 30°C to 50°C. Thus 50°C was selected as the optimum temperature for the reaction by
PANI-ZrTeW.

In order to study the effect of concentration of sucrose on % yield of TRS a reaction with a temperature of 50°C, pH of 2 and
catalyst dosage of 1.0 g was chosen and is depicted in FIG. 8c. About 94% yield of TRS was observed within 60 minutes by
using 0.5 M sucrose concentration and was preferred as optimum concentration of sucrose. Further increase of concentration
has not that much increase in the yield because still the catalyst amount was 1.0 g which already releases its maximum H*

ions in solution.

Effect of catalyst dosage on the hydrolysis reaction of 0.5 M sucrose was shown in FIG. 8d by keeping a temperature of 50°C
and a pH of 2. Which shows an increase in % hydrolysis with increase of amount of catalyst. This means that acid
concentration played an important role in hydrolysis reaction because use of larger amount of composite catalyst resembles
the use of larger amount of soluble strong acid. An approximate gain of 40% was observed when the catalyst dosage was

increased from 0.2 gto 1.0 g.

3.3 Reusability of the catalyst
After catalytic experiments the catalyst was separated and regenerated by acidifying with 1.0 M HNO,. Its reusability as

heterogeneous catalyst has been tested in six cycles.
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FIG 9. Reusability of the catalyst.

FIG. 9, a gradual decrease in catalytic activity of PANI-ZrTeW was observed from first cycle to sixth cycle, which may be
due to the loss of some amount of catalyst in washing after every cycle. The total loss of catalyst activity after six runs was
8% of the starting amount of PANI-ZrTeW.

4. Conclusion

In the present study, an ambient reaction condition was developed to encapsulate zirconium (IV) tellurotungstate in the
matrix of polyaniline for composite catalyst preparation. Spectral analysis confirmed the composite formation. The composite
material is stable at high temperature and exhibiting promising ion exchange capacity. Due to high cation exchange capacity

of the material, it can be successfully used as a heterogeneous catalyst for sucrose inversion.
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