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Abstract

A series of alkenylated inulin samples were synthesized in aqueous solution using
alkenyl succinic anhydrides with varying alkenyl chain lengths (C8-C18). The
inulin derivatives (ASA-inulins) were characterized using NMR and FTIR and
their degree of substitution determined. The solution properties of the ASA-inulins
were investigated using dye solubilisation, surface tension and dynamic light
scattering and all three techniques confirmed that the molecules aggregated in
solution above a critical concentration (critical aggregation concentration, CAC).
The value of the CAC was found to be reasonably consistent between the different
techniques and was shown to decrease with increasing alkenyl chain length from
0.08% for the octenyl succinylated sample to 0.005% for the octadecenyl
succinylated sample. The hydrodynamic diameter of the ASA-inulins above the
CAC was determined from dynamic light scattering studies and was shown to
increase with alkenyl chain length from 4 nm for the octenyl derivative to 55 nm
for the hexadecenyl derivative. All of the ASA-inulins were shown to be able to
produce oil-in-water emulsions with a droplet size similar to emulsions prepared
using Tween 20 on storing for 21 days. The fact that the derivatives are able to
form micellar-like aggregates and stabilize emulsions makes them suitable
candidates for the encapsulation and delivery of water insoluble active compounds
with potential application in food, cosmetic, personal care and pharmaceutical

formulations.
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Introduction

Inulin is a storage polysaccharide and can be found in many plants including chicory,
leek, onion, gatlic, wheat, artichoke and banana but the main commercial source is
chicory'. It consists of linear chains of B (2 = 1) linked fructose units which are
terminated with a glucose residue. The fructose chains from chicory have a degree of
polymerisation, DP, typically of 2 - 60. Much effort has recently been devoted to the
chemical modification of inulin in order to develop industrial products with specific
characteristics. Several amphiphilic polymers obtained from inulin have been
prepared by esterification?, etherification®, and carbamoylation4 using fatty acid
methyl esters (FAME), alkyl epoxides, and alkyl isocyanates, respectively. van
Kempen et al.” have also recently reported the modification of oligofructose dissolved
in dimethylsulphoxide with fatty acids of varying chain length using lipase as a
catalyst. It is evident from the literature that most of the reactions have been
undertaken in organic solvents which can dissolve both the inulin and the
hydrophobic reactant. Recently, Morros et al.® and Kokubun et al.”® reported the
modification of inulin in water using alkenyl succinic anhydrides. Kokubun et al. L
prepared samples using octenyl and dodecenyl succinic anhydrides at varying degrees
of substitution. Surface tension and dye solubilisation measurements indicated that the
samples aggregated above a critical concentration referred to as the critical
aggregation concentration, CAC, which was found to decrease with increasing alkenyl
chain length and degree of substitution. It was also shown that these molecules are
effective emulsifiers and are able to stabilize oil-in-water emulsions®. The aim of the

present work was to extend the study of Kokubun et al.® and prepare a series of
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alkenyl succinylated inulin derivatives with varying alkenyl chain length (C8 to C18)

and to investigate their solution and interfacial behavior.

Materials and methods

Materials

Inulin coded INUTEC® H25P was supplied by Beneo Biobased Chemicals. This
material has previously been characterised using MALDI-TOF and it was found that it
contained molecules with a DP between 2 and 8 consistent with the data supplied by
the suppliers’. The inulin was dried at 70 °C for 24 hours before use. Octenyl succinic
anhydride (OSA) and dodecenyl succinic anhydride (DDSA), were obtained from
Aldrich Chemical Co.. Decenyl succinic anhydride (DSA), tetradecenyl succinic
anhydride (TDSA), hexadecenyl succinic anhydride (HDSA), and octadecenyl
succinic anhydride (ODSA) were obtained from Tokyo Chemical Industry UK Ltd,
Oxford and were used as received. Deuterated dimethyl sulphoxide (DMSO-dg; 99.9
atom % D) and potassium bromide were obtained from Sigma-Aldrich Chemie GmbH.
Sudan IV, a water insoluble diazo dye, was obtained from Eastman Kodak Company.
Medium-chain triglyceride (MCT) was obtained from Nisshin Oillio Group, Ltd,
Tokyo, Japan. It had been prepared from triglycerides and was a mixture of C8 and C10
fatty acids at the mixing ratio of 75:25. The density of oil was 0.95g/mL. Tween 20, 97%

(Aldrich, Gillingham,UK).
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Methods

Synthesis

Inulin, 25g was dissolved in deionised water, 75g, at 25°C and a predetermined
amount of ASA dissolved in ethanol and added to the vessel with stirring through a
dropping funnel. As the solubility of higher ASAs was poor even in ethanol, it was
required to increase the amount of ethanol and warm the solutions to prevent
solidification in the dropping funnel. Throughout the reaction the pH was maintained
at pH 8.3-8.5 through addition of aqueous sodium hydroxide, (1, 3 or 10% w/w). The
reaction was continued until no further pH change was observed, typically this was
about 6 hours. The reaction mixture was then brought to pH 6.0 by addition of
aqueous hydrochloric acid, 5%. The solid product was recovered by freeze drying and
washed by Soxhlet extraction with cyclohexane for 6 hours, prior to drying in a

vacuum Ooven.

Characterisation

NMR spectroscopy

H!' NMR spectra of the ASA-inulins were measured using a 500 MHz NMR
Spectrometer at 25 °C. 5 mg of sample were dissolved in 0.7g of DMSO- dg then

added into a Smm thin wall NMR tube and dissolved at 25°C. The spectra were




119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

recorded using the Pulse Program ZG30 with a 30 degree pulse and a delay of 1s

together with Mnova 7.0 software.

Fourier-transform infrared spectroscopy (FTIR)

The ASA-inulin samples were dried in an oven at 70°C overnight. 1mg of sample was
milled with 100mg of dried KBr using an agate mortar and pestle for several minutes
to obtain a fine powder. A thin pellet was produced using a 15 ton manual press and a
P/N 03000 13mm pellet die (maximum load 10.0 tons) from Specac Limited. The
FTIR spectra were recorded in the range 4000-400 cm’! using a Perkin-Elmer FTIR
spectrometer RX 1 taking 16 scans at a resolution of 4 cm’™. Spectral analysis and
display were performed using the interactive Perkin-Elmer Read-IR3 version 3.0

software.

Critical aggregation concentration (CAC)

Dye solubilisation

The CAC was determined using the dye solubilisation technique as described
previously7. Stock solutions of 1% ASA-inulins were prepared and diluted to give
solutions of various concentrations. 10mg of the dye was added to 10ml of inulin
solution and the samples were left agitating at 40°C overnight. The solution was then
filtered to remove insoluble dye particles using a Millex-GP 0.22 pm filter (Millipore
Ireland Ltd) into disposable UV grade 10 mm path length cuvettes (CXA-110-0053

from Fisher Scientific Ltd). The absorbance of the solution was determined at a
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wavelength of 510nm using a Lambda 25 UV/VIS Spectrometer (Perkin Elmer). The

CAC was obtained from the point at which the absorbance first increased.

Dynamic light scattering

Dynamic light scattering measurements were performed using the Zetasizer Nano ZS
(Malvern Instruments Ltd, Malvern, UK) equipped with a 5 mw He-Ne laser (Ao
632.8nm) and a digital correlator at an angle of 175° to the incident beam. The
temperature was controlled to 25°C +/- 1°C. Samples were prepared by serial dilution
with filtered distilled water from a stock of 2.0g/dL to five sample concentrations in the
range of 0.004-1 g/dL. Samples were filtered using a Millex-GP 0.22 pm filter
(Millipore Ireland Ltd). Solutions were placed in disposable plastic cells with a cross
sectional area of 1em?. 15 runs were performed for each sample and the collection time
was 180 seconds. Zetasizer Software 6.20 © 2002-2010 Malvern Instruments Ltd was
used for data analysis. The CAC was determined from the change in the slope of the
plot of the intensity of scattered light as a function of concentration. The hydrodynamic
diameter of the aggregates formed above the CAC was obtained from the

Stokes-Einstein relationship using the instrument software.

Surface tension

The surface tension of the ASA-inulin solutions at varying concentration was
determined using a Tensiometer K8 with a 4 cm circumference Du Nouy ring (RI01
from Kriiss GmbH). All measurements were repeated three times and the average taken.

The temperature was kept constant at 25°C +/- 1°C during all the measurements. The
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CAC was determined from the change in slope of the plot of equilibrium surface

tension as a function of ASA-inulin concentration.

Emulsification properties

15w/w% oil-in-water emulsions were prepared by mixing 1.5g oil and 8g of a 2.5%
aqueous solution of the alkenyl succinylated inulin and 0.5g water to make 2.35%.
ASA-inulin emulsion samples contained in a 20mL glass tube using an IKA T25 Digital
ultra-Turrax homogenizer at 24000 rpm for 3 minutes. Emulsions were also prepared
using Tween 20 for comparison. The droplet size of the emulsions was measured by
laser diffraction immediately after preparation and afier storing at room temperature for
a period of up to 21 days using the Mastersizer-2000 (Malvern Instruments, UK). Two
or three drops of the sample were introduced into the dispersion unit containing
distilled water. The dispersion unit pump speed was 2000 rpm and the obscuration was
between 10% and 30%. The refractive index of the dispersing medium and the
dispersed particles were 1.33 and 1.45 respectively. Measurements were carried out in

duplicate and the average value reported.

Results and discussion

Characterisation

Figures la and 1b show the 'H NMR spectra of the native and OSA-inulin samples

respectively. The prominent peaks at 2.5 ppm and 3.35 ppm are from the solvent i.e.
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DMSO and HDO respectively and the peaks from 3.4 ppm to 5.3 ppm are from the
inulin itself (Figure 1a)’. "H NMR signals at 0.85 ppm, 1.26 ppm and 1.94 ppm'" 12
correspond to the methyl and methylene groups of the octenylsuccinic anhydride
(Figure 1b). The amount of alkenyl chains incorporated into the modified samples was

calculated from the ratio of the area of the peak at 0.85 ppm to the area of the peaks

from 3.4 — 5.3 ppm and the results are shown in Table 1.

FTIR spectra of the native and OSA-inulin samples are presented in Figure 2. The
peaks for the native inulin at 3398cm™, 2930 cm” and 1028cm™ indicate O-H
stretching, CH, stretching and C-O-C bending, 1'espectively7’ B The spectrum of
OSA-inulin shows two new peaks at 1576 cm! and 1734 cm™ due to the formation of
the ester linkage. Similar findings were found for the other modified samples (data not
shown). The peaks are assigned to asymmetric COO- stretching and ester carbonyl
stretching respectively”. In studies on starch modification ft has previously been
reported that the CHy stretching band at 2930cm™ increased after modification
because of the contribution from the carbon chain associated with the alkenyl succinic
group'’. However the CH, stretching band at 2930cm™ for our modified inulins was

not comparably enhanced in agreement with the findings of Kokubun et al.”.
Critical aggregation concentration (CAC)

The absorbance values obtained for the ASA-inulins in the presence of Sudan IV are
given in Figures 3a and 3b. It is noted that the values increase significantly above a
critical concentration which is attributed to the formation of micellar — like aggregates

and the dissolution of the dye in their hydrophobic core’. The CAC values for all the
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ASA-inulins are summarised in Table 2. It is seen generally that the CAC decreases as
the alkenyl chain length increases as is expected and also as noted by Kokubun et al.”
and van Kempen et al.” for hydrophobically modified inulins. The actual CAC values
for the OSA- inulins are lower than those reported by Kokubun et al.” and this is
attributed mainly to the fact that the present samples have a significantly higher degree
of alkenylation. The values, however, are higher than those reported by van Kempen et
al.’. This is probably due to the fact that, in our study, modification was carried out
using alkenyl succinic anhydride, which leads to the incorporation of a free carboxylate
group present in the surfactant head group giving an anionic charge. This was not the
case for the samples produced by van Kempen et al. which were non-ionic’. It is well
known that ionic surfactants have a higher critical micelle concentration (CMC)
compared to non-ionic surfactants due to the fact that, for ionic surfactants, electrostatic
repulsions between the surfactant head groups in the micelle oppose the micellisation

Process.

The scattering intensity of solutions of the ASA-inulin samples are plotted as a function
of concentration in Figure 4a and 4b. The sharp increase in the scattering intensity
above a certain concentration is attributed to the CAC and the formation of aggregates.
The CAC values are given in Table 2 and are of the same order of magnitude as the

values obtained by dye solubilisation.

The z-average hydrodynamic diameters of the ASA-inulin samples are given as a
function of concentration in Figure 5a and are plotted as a function of alkenyl chain
length in Figure 5b. It is noted that in general the size of the aggregates increases with

the alkenyl chain length as might be expected. The value for ODSA-inulin is a little
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lower than might be expected from the trend shown and this is probably due to the fact
that it has a significantly lower degree of modification than the other samples. Kokubun
et al.” reported higher values of 13nm and 30nm compared to values of 4nm and 12nm
in this study for OSA- and DDSA- modified inulin samples respectively. The main
reason for the difference is attributed to the fact that the DP of the inulin used in the
present study was 2-8 while in the study of Kokubun et al.” the inulin had a DP of >10.
van Kempen et al.5 also used inulin with a DP of 2-8 and reported values of between
4.3nm to 13.4nm for C8 — C18 modified inulins consistent to the values reported here

using inulin of a similar DP.

The surface tensions of the ASA-inulins at the air-water interface are shown as a
function of concentration in Figures 6a and 6b. The CAC value for each of the
samples was obtained from the inflexion in the curve and the results are reported in
Table 2. The values are in reasonable agreement with the values obtained using the
dye solubilisation and dynamic light scattering methods. The surface tension was
found to be between 31-34 mNm at the CAC for all of the samples apart from
ODSA-inulin which had a much higher value (43mNm). This discrepancy may be due
to its lower degree of modification. Kokubun et al.” reported values of~35-40mNm
for OSA-inulin and DDSA-inulin and van Kempen et al.’ reported values of

~34-40mNm for inulin samples modified with C8 — C16 alkyl chains.

The CAC values for the ASA- inulins obtained using the different techniques are
plotted as a function of the alkyl chain length in Figure 7 which clearly shows the

decrease in CAC with increasing alkyl chain length. The free energy decrease for the
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transfer of a—CHy— unit from the bulk phase to the micelle (A Gomic) can be calculated by

equation (1) derived by Rosen'™'°,

10gCMC = (AGnic/2-303RT)M + Kppie (1)

Where m is the number of carbons in the alkyl chain and K,,;, is a constant for the
same hydrophilic group. The calculated AG,,;. per CHy is -0.79 kJ/mol at 25°C.
Zhang and Marchant'® reported a AGp;. value for the N-alkylmaltoamide seties of
-1.86kJ/mol at 25°C. van Kempen et al.’ using the same procedure obtained a value of

-3.1 kJ/mol.

The surface excess, I , is related to surface tension by the Gibbs equation, which for a

1:1 ionic surfactant is given by equation (2) (3).

r=-() ) @

Surface excess values were determined from the slope of the lines for the plot of y-InC
just below the CAC> 7 and the results are shown in Table 3. The values obtained for the
surface excess were used to calculate the surface area occupied by each molecule, A,

using equation (3)

Ao &)

=
R

where N, is Avogadro’s number.
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The area occupied per molecule was found to vary between 0.66 and 1.06 nm’
for the inulins modified using C8-C16 alkenyl chains and are of a similar order to
values reported by van Kempen et al.’ of 0.46 to 0.91 nm”* and Stevens et al.* who
reported an area per molecule of 0.9 nm? for a hydrophobically modified inulin sample.
The high value obtained for the ODSA inulin (1.78 nm?) may be a consequence of is
low solubility which is likely to result in molecular aggregation. The values for A are
Jarger than those reported for simple sugar-based surfactants with on one or two sugar
residues. For example, Soultani et al.”® reported values of 0.05 — 0.2 nm?’ for
hydrophobically modified fructose and sucrose surfactants while Garofalakis et al.”
reported values of 0.29 — 0.68 nm? for surfactants based on xylose, galactose, sucrose
and lactose. For the modified inulins the area occupied will ultimately depend on the
number and position of the hydrophobic groups attached to the backbone. If there are
several hydrophobic groups randomly distributed along the backbone, the carbohydrate

moieties would be expected to lie flat at the interface and occupy a much larger surface

area than inulin molecules with the hydrophobic groups attached at one end.

Emulsion stability

The droplet size distributions for the emulsions prepared using the various modified
inulin samples and Tween 20 were determined shortly after preparation and after 21
days and are presented in Figures 8a and 8b respectively. The corresponding ds,» and
dy, 3 values are given in Figures 9a and 9b. It was found that the modified inulin
samples with alkylene chain lengths C10-C18 produced emulsions with slightly

smaller droplet sizes than the C8 inulin and the Tween 20. There was little change
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observed in the droplet size on storing for 21 days. This is consistent with the study
by Kokubun et al.® which showed that DDSA-inulin yielded emulsions with a droplet
size smaller than OSA-inulins (both with DS 12 mole%).

The work described in this paper has demonstrated that inulin can be successfully
modified in aqueous solution by alkylene succinic anhydrides with alkenyl chain
lengths varying from C8-CI8 and the derivatives have been shown to form
micellar-like aggregates in solution. The CAC values have been found to decrease
with increasing alkenyl chain length while the hydrodynamic size of the aggregates
has been shown to increase with increasing alkenyl chain length. It has also been
shown that the inulins are able to produce stable oil-in-water emulsions with a droplet
size similar to emulsions formed with Tween 20. The dye solubilisation experiments
have demonstrated that the ASA-inulins are able to form micellar-like aggregates and
dissolve hydrophobic compounds within their hydrophobic core. This coupled to the
fact that they can stabilize oil-in-water emulsions makes them suitable candidates for
the encapsulation and delivery of water insoluble active compounds with potential

application in food, cosmetic, personal care and pharmaceutical formulations.

Acknowledgements

The authors gratefully acknowledge colleagues at Bangor University for undertaking
NMR measurements and IR and PAW are grateful to the BBSRC Integrated Biorefining

Research and Technology (IBTI) Club [Grant Reference Number BB/1005315/1] for

financial support.

References



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

1. Meyer, D. ‘Inulin’ In Handbook of hydrocolloids Philips, G. O., and Williams, P. A.
eds CRC press Boca Raton, FI, USA Woodhead Publishers Ltd Cambridge, UK,
2014; pp829.

2. Rogge, T. M.; Stevens, C. V. Facilated synthesis of inulin esters by
trans-esterification. Biomacromolecules, 2004, 5, 1799-1803.

3. Rogge, T. M.; Stevens, C. V; Booten, C. V.; Levecke, B.; Vandamme, A.;
Vercauteren, C.; Haelterman, B.; Corthouts, J.; D’hooge, C. Improved synthesis
and physicochemical properties of alkoxylated inulin. Topics in Catalysis, 2004,
27, 39-47.

4. Stevens, C. V.; Meriggi, S.; Peristeropoulou, M.; Christoy, P. P.; Booten, K.;
Levecke, B.; Vandamma, A.; Pittevils, N.; Tadros, T. F. Polymeric surfactants
based on inulin, a polysaccharide extracted from chicory. 1. Synthesis and
interfacial properties. Biomacromolecules, 2001, 2, 1256-1259.

5. van Kempen, S. E. H. J.; Schols, H. A.; van der Linden, E.; Sagis, L. M. C. Effect
of variations in the fatty chain on functional properties of oligofructose fatty acid
esters. Food Hydrocolloids, 2014, 40, 22-29.

6. Morros, J.; Levecke, B.; Rosa, I. M. Chemical hydrophobic modification of inulin
in aqueous media: Synthesis of beta-hydroxyalkyl ethers of inulin. Carbohydr.
Polym, 2010, 81, 681-686.

7. Kokubun, S.; Ratcliffe, I; Williams, P. A. Synthesis, characterization and
self-assembly of biosurfactants based on hydrophobically modified inulins.

Biomacromolecules, 2013, 14, 2830-3836.



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

8. Kokubun, S.; Ratcliffe, L; Williams, P. A. Functional properties of
hydrophobically modified inulin in Gums and Stabilisers for the Food Industry
17 P.A. Williams and G.O. Philips, eds RSC Special Publication 346, Cambridge,
UK, 2014, pp245.

9, Evans, M.; Gallagher, J. A.; Ratcliffe, 1; Williams, P. A. Functional properties of
hydrophobically modified inulin in Gums and Stabilisers for the Food Industry
17 P. A. Williams and G. O. Philips, eds RSC Special Publication 346,
Cambridge, UK, 2014, pp73.

10. Verraest, D. L.; Peters, J. A Batelaan, J. G.; Vanbekkum, H. Carboxymethylation
of inulin. Carbohydr. Res, 1995, 271(1), 101-112.

11. Chi, H.; Xu, K.; Xue, D.; Song, C.; Zhang, W.; Wang, P. Synthesis of dodecenyl
succinic anhydride (DDSA) com starch. Food Research Internal, 2007, 40,
232-238.

12. Tizzotti, M. I.; Sweedman, M. C.; Tang, D.; Schaefer, C.; Gilbert, R. G. New H-1
NMR Procedure for the Characterization of Native and Modified Food-Grade
Starches. Journal of Agricultural and Food Chemistry, 2011, 59, 6913-6919.

13. Fares, M. M.; Salem, M. S.; Khanfar, M. Inulin and poly (acrylic acid) grafted
‘nulin for dissolution enhancement and preliminary controlled release of pootly
water-soluble Irbesartan drug. Internal Journal of Pharmaceutics, 2011, 410(1-2),
206-211.

14, Bai, Y., Shi, Y. C; Wetzel, D. L. Fourier transform infrared (FT-IR)

microspectroscopic census of single starch granules for octenyl succinate ester



385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

modification. Journal of Agriculture and Food Chemistry, 2009, 57, 6443-6448.

15. Rosen, M. J. The relationship of structure to properties in surfactants IV.
Effectiveness in surface or Interfacial Tension Reduction. J. Colloid and
Interface Science, 1976, 56, 320-327.

16. Zhang, T.; Marchant, R. E. Novel Polysaccharide Surfactants: The effect of
Hydrophobic and Hydrophilic Chain Length on Surface Active Properties. J.
Colloid and Interface Science, 1996, 177, 419-426.

17. Becerra, N.; Toro, C.; Zanocco, A. L.; Lemp, E.; Gunther, G. Characterization of
micelles formed by sucrose 6-O-monoesters. Colloids and Surfaces A:
Physicochem. Eng. Aspects, 2008, 327, 134-139.

18. Soultani, S.; Ognier, S.; Engasser, J. M.; Ghoul, M. Comparative study of some
surface active properties of fructose esters and commercial sucrose esters.
Colloids and Surfaces A. Physicochemical and Engineering aspects, 2003, 227,

35-44
19. Garofalakis, G.; Murray, B. S.; Sarney, D. B. Surface activity and critical

aggregation concentration of pure sugar esters with different sugar headgroups. J.

Colloid and Interface science, 2000, 229, 391-398



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

List of Figures

Figure 1. Proton NMR spectra of (a) unmodified inulin (Inutec H25P), (b)

OSA-inulin.

Figure 2. FI-IR spectra of unmodified inulin (Inutec H25P) and OSA-inulin.

Figure 3a. Absorbance at 510nm of OSA-, DSA-, and DDSA- inulin samples at

varying concentration in the presence of Sudan IV dye.

Figure 3b. Absorbance at 510nm of TDSA-, HDSA-, and ODSA- inulin samples at

varying concentration in the presence of Sudan IV dye.

Figure 4a. Scattering intensity as a function of concentration for OSA, DSA and

DDSA modified inulins.

Figure 4b. Scattering intensity as a function of concentrations for TDSA, HDSA,

ODSA for modified inulins.

Figure 5a. Z-average hydrodynamic diameter as a function of concentration for

modified inulins with different alkenyl chain lengths.

Figure Sb. Z- average hydrodynamic diameter as a function of alkenyl chain length for

ASA-inulins.
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Figure 6a. Surface tension of OSA, DSA and DDSA-inulin samples as a function of

concentration.

Figure 6b. Surface tension of TDSA, HDSA and ODSA-inulin samples as a function of

concentration.

Figure 7. Critical aggregation concentrations of the ASA-inulins as a function of

alkenyl chain length.

Figure 8a Droplet size distributions of emulsions prepared with 2.35% Tween 20 and

modified inulins with various length of alkenyl chain at room temperature on day 1.

Figure 8b Droplet size distributions of emulsions prepared with 2.35% Tween 20 and
modified inulins with various length of alkenyl chain at 25 °C after storage at room

temperature for 21days.

Figure 9a. Droplet size for 15% oil-in-water emulsions prepared using 2.35% modified

inulins at room temperature on day 1.

Figure 9b. Droplet size for 15% oil-in-water emulsions prepared using 2.35% modified

inulins after storing at room temperature for 21days.
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529  Table 1. Degree of substitution of the modified inulins.

Sample % substitution / moles
OSA 29.6
DSA 28.7
DDSA 22.7
TDSA 26.2
HDSA 39.8
ODSA 12.9
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532  Table 2. Critical Aggregation Concentrations of the modified inulin samples using

533  various techniques.

CAC %  Dynamic Light Dye Solubilisation ~ Surface tension

sample Scattering

(Intensity)
OSA 0.0840.005 0.0740.01 0.07£0.01
DSA 0.06+0.005 0.04+0.01 0.0540.01
DDSA 0.04£0.01 0.02+0.005 0.0440.01
TDSA 0.0240.005 0.009+0.001 0.0154+0.005
HDSA 0.01540.005 0.0074+0.001 0.015+0.005
ODSA 0.01240.005 0.0045+0.0005 0.005%0.001
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538

Table 3. Surface excess (I') and molecular cross-sectional area (A) determined at 25°C.

Surfactant Maximum Surface excess Molecular area
() x 10~ (mol/m?) (nm”)
OSA 2.24 0.74
DSA 1.58 1.06
DDSA 2.52 0.66
TDSA 1.66 1.00
HDSA 1.94 0.86
ODsSA 0.93 1.78
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