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Abstract

This work investigates the structure, processability, and film performance of hydroxypropyl 

methylcellulose (HPMC) hydrocolloids affected by hydroxypropy substitution degree and blending 

with hydroxypropyl starch (HPS). The hydroxypropylation of HPMC could increase inter-chain 

hydrogen bonding, thereby promoting its gelation, and improve film-forming, but reduce the 

mechanical properties of the films. HPMC-HPS mixed hydrocolloid system showed a typical “sea-

island” morphology with the continuous phase changing with blend ratio. The content of 

hydroxypropy groups of HPMC affected the compatibility between HPMC and HPS, the 

morphology of the discrete phase, and the rheological properties of the blends. The fluid-like HPS 

enhanced the gel strength of HPMC when they had better compatibility. With a higher degree of 

hydroxypropy substitution, blend films exhibited a much denser structure, better oxygen barrier 

property, and appropriate mechanical properties. The knowledge obtained from this work could 

guide the development of edible packaging materials with desired properties and functionality.

Keywords: hydroxypropyl methylcellulose; hydroxypropyl starch; hydroxypropy group content; 

rheological properties; phase structure; oxygen barrier property



3

1 Introduction

Edible packaging based on natural polymers has been considered a promising alternative 

technology to traditional plastic packaging, which has attracted attention in recent years (Jeevahan et 

al., 2020; Mostafavi & Zaeim, 2020; Rangaraj, Rambabu, Banat, & Mittal, 2021). Although edible 

packaging cannot wholly replace petroleum-based plastic packaging, it may help to reduce the use of 

plastics, and thus alleviating plastic-related issues (Prabhu & Prashantha, 2018; Tavares, Souza, 

Goncalves, & Rocha, 2021; Zibaei et al., 2021). Edible packaging (films and coatings) can not only 

protect food from deterioration, but also be consumed directly along with the packed food products 

(Yong & Liu, 2021). Biopolymers, including polysaccharides and proteins, have been widely studied 

for the development of edible materials (Diaz-Montes & Castro-Munoz, 2021; Tavares et al., 2021). 

Cellulose is the most abundant polysaccharide in nature. Hydroxypropyl methylcellulose 

(HPMC), a chemical derivative of cellulose with good water solubility and biodegradability and 

excellent film-forming capability, mechanical and barrier properties, has been widely applied in 

different applications such as edible packaging, medicinal capsules, and drug delivery systems 

(Lopez-Polo, Silva-Weiss, Zamorano, & Osorio, 2020). However, the high price (Allenspach, 

Timmins, Sharif, & Minko, 2020), high production energy consumption (Y. F. Wang, Yu, Sun, & 

Xie, 2021), and low oxygen-barrier property of HPMC (Ghadermazi, Hamdipour, Sadeghi, 

Ghadermazi, & Asl, 2019; Muhammad-Javeed & Mohammed, 2018) limit its broader applications 

largely. Regarding this, HPMC is often blended with other polymers to produce edible films, since 

blending different polymers has been considered as one of the most cost-effective methods to reduce 

costs, cope with the property limitations of pure polymer matrices, achieve enhanced and/or new 

material properties, and to expand applications (Aghjeh, Khonakdar, & Jafari, 2015; Gegenhuber, 

Krekhova, Schoebel, Groschel, & Schmalz, 2016). Hydroxypropyl starch (HPS) is an ideal material 

to be blended with HPMC because of its low cost, abundance, excellent gas barrier property, and 

wide application in the food industry (W. W. Wang, Sun, & Shi, 2019).



4

Thermodynamically, most polymer blends are immiscible or incompatible systems on the 

molecular scale (Ibrahim & Karrer, 2010). However, the compatibility between polymers plays a 

pivotal role in determining the morphology, processability and final properties of the blends (Tanaka, 

Sako, Hiraoka, Yamaguchi, & Yamaguchi, 2020). The degree of compatibility of polymer blends, on 

a larger scale, may vary to a great extent. HPMC should have good compatibility with HPS 

considering the same chemical repeat unit (glucose with hydroxyl groups) of both HPS and HPMC. 

However, HPMC dissolves in water at a low temperature and congeals at a high temperature 

(thermal gel), whereas HPS undergoes gelation on cooling but solates upon heating (cooling gel) 

(Polamaplly et al., 2019; Zhong, Xie, Zhang, Sun, Qi, & Li, 2020). The opposite temperature-

induced gelation behaviors make it challenging to achieve a blend of these two biopolymers with 

high compatibility and fine phase distribution. Therefore, the compatibility and phase transition of 

HPMC-HPS blends are interesting scientifically and practically.

Cellulose is not soluble in usual solvents due to linear chains of D-glucose molecules linked by β-

1,4-O bonds and hydrogen bonds between the chains, which limits its potential applications (S. Y. Li 

et al., 2020). However, with the replacement of hydroxyl groups by methoxy and hydroxypropoxy, 

cellulose turns into a water-soluble polysaccharide (Liang et al., 2018; Rangaraj et al., 2021). The 

degree of substitution (DS) with hydroxypropy groups and methoxy groups provide an operation 

window for adjusting the physical and chemical properties of HPMC, such as viscosity and gelling 

properties (Silva et al., 2021; Zhu et al., 2021).

In this study, edible films based on an HPMC-HPS hydrocolloid system were prepared by 

solution casting. While HPMC and HPS have similar chemical structures, our hypothesis is that the 

degree of hydroxypropylation of HPMC can affect the compatibility with HPS and the material 

structure and properties of HPMC-HPS blends. In contrast, most previous studies have focused on 

the effect of the DS of HPMC on emulsion-stabilization ability (Shimada, Fonseca, & Petri, 2017), 

hydration (Arai & Shikata, 2017), drug release performance (Caccavo, Lamberti, Barba, Abrahmsen-
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Alami, Viriden, & Larsson, 2017), sewage treatment capacity (Martins, de Toledo, & Petri, 2017), 

and film properties (Otoni, Lorevice, de Moura, & Mattoso, 2018). Our results highlight largely the 

effect of the content of hydroxypropy groups in HPMC on the rheological properties, phase structure, 

and film properties of HPMC-HPS mixed hydrocolloid, which will guide the development of edible 

packaging materials with desired properties and functionality. 

2 Materials and method

2.1 Materials

A food-grade hydroxypropylated high-amylose corn starch was supplied by Penford (Australia). 

Three commercially available pharmaceutical-grade HPMC products were purchased from Aladdin 

Biochemical Technology Co., Ltd (Shanghai, China), with specifications listed in Table S1. 

Poly(ethylene glycol) (PEG 400) with a weight-average molecular mass (Mw) of 400 was purchased 

from Sigma-Aldrich.

2.2 Preparation of HPMC-HPS solutions

HPMC-HPS solutions (8 wt%) with different ratios (10:0, 5:5, and 0:10, w/w) were prepared. 

Specifically, HPMC and HPS were mixed in a form of dry powder and then dispersed in hot water 

(70 °C) with stirring for 30 min. Afterwards, the suspensions were heated to 95 °C and maintained at 

this temperature for 1 h to gelatinize HPS in a water bath, which was then cooled down to room 

temperature to dissolve HPMC. Rheological measurements were then performed.

2.3 Film casting

Films were prepared with HPMC-HPS solutions of 5 wt% concentration added with 1.5% PEG 

as a plasticizer. Before film casting, solutions were kept at 70 °C for 40 min with slow stirring. To 

obtain films, solutions (20 g) were poured onto a Petri dish (15 cm diameter) and then dried at 37 °C, 

after which the dry films were peeled off from the dishes. All the films were then kept under 75% 
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relative humidity (RH) at 25 °C for at least 3 days for further characterization. The thicknesses of the 

blend films are listed in Table S2.

2.4 Rheological measurements

Dynamic rheological properties of samples were investigated using a strain-controlled rheometer 

(MCR302, Anton Paar, Austria). A parallel-plate geometry (50 mm diameter) with the gap set at 0.8 

mm was used for the measurements.

To obtain the linear range of viscoelasticity, strain sweep measurements were performed from 

0.01% to 100% at a frequency of 1 Hz at 25 °C. 

Temperature sweeps involved heating from 5 °C to 85 °C at a heating rate of 2 °C/min. The 

frequency was set at 1 Hz and the strain at 1% (to be in the linear range of viscoelasticity). The 

sample was placed between the parallel plates, and then a small amount of silicone oil was applied to 

the periphery of the plates to prevent moisture evaporation. 

Frequency sweeps from 1 rad/s to 100 rad/s were also performed after isothermal equilibration 

for 3 min at both 5 °C and 85 °C. The strain was set at 1% (to be in the linear range of 

viscoelasticity). Storage modulus (G′), loss modulus (G″), and tan δ were recorded. The frequency-

dependence of G′ and G″ can be shown in the following power-law equations: 

(1)𝐺′ = 𝐺′0𝜔𝑛′

(2)𝐺′′ = 𝐺′′0𝜔𝑛′′

Based on these equations, the slopes (n′ and n″) and intercepts (G0′ and G0″) of log G′ vs. log ω and 

log G″ vs. log ω can be calculated.
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2.5 Light microscopy

HPMC-HPS (3:7, 5:5, and 7:3, w/w) solutions of a concentration of 3 wt% were used for 

microscopic observation with a Nikon Eclipse TE 2000-U optical microscope. The same method 

mentioned for solution preparation (section 2.2) was used to gelatinize HPS, and the solution was 

cooled down to 45 °C before casting on a glass. 1% (w/v) iodine alcohol solution, which was 

prepared by mixing 1 g of iodine and 10 g of potassium iodine solution in a 100mL flask, with 

ethanol subsequently added, was used to dye HPS. Afterwards, the films were dried at 45 °C before 

microscopic imaging.

2.6 Synchrotron small/wide-angle X-ray scattering (SAXS/WAXS)

SAXS/WAXS analyses of the films were carried out on the SAXS/WAXS beamline (flux, 1013 

photons per second) at the Australian Synchrotron (Clayton, Vic, Australia) at a wavelength λ = 1.47 

Å. The 2D scattering patterns were collected using a Pilatus 1M camera (active area, 169 × 179 mm; 

and pixel size, 172 × 172 μm). The scatterBrain software was used to acquire the one-dimensional 

(1D) data from the 2D scattering pattern. The SAXS data in the angular range of 0.015 < q < 0.15 

Å−1 and the WAXS data in the range of 0.095 < q < 2 Å−1 were used, where q = 4πsinθ/λ, in which 

2θ is the scattering angle and λ is the X-ray wavelength of the X-ray source. All data were 

background-subtracted, smeared-subtracted, and normalized before further analysis. 

2.7 Mechanical properties

The mechanical properties of the films were measured according to the ASTM D5938 standard 

using an Instron tensile testing apparatus (5565). Tensile strength (σt), elongation at break (εb), and 

elastic modulus (E) were measured at a crosshead speed of 10 mm/min. For each sample, five 

specimens were tested.
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2.8 Oxygen permeability (OP)

Oxygen transmission rates of the films (50 cm2) were measured by Mocon OXTRAN® 2/21H 

Master (MH) and Satellite (SH) systems (Mocon Inc., Minneapolis, MN) according to the ASTM D-

3985 standard. 

2.9 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of the films was carried out using a TGA (PerkinElmer Pyris 

1) system from 30 °C to 700 °C with a heating rate of 10 °C/min (in a nitrogen atmosphere). 

3 Results and Discussions

3.1 Morphology of the HPMC-HPS blends

Since both HPMC and HPS are dissolvable in water but not soluble in ethanol, ethanol can be 

used as a solution for iodine to infuse and stain the materials without dissolving them (Y. F. Wang, 

Zhang, et al., 2016). Fig. 1 shows the morphologies of HPMC-HPS blends with different HPMCs 

under optical microscopy. The blends displayed a typical “sea-island” structure, with the HPMC 

phase being bright while the HPS phase dark after being dyed with iodine. Clearly, the two 

polysaccharide phases were immiscible. As the ratio of HPMC increased from 50% to 70%, the 

continuous phase of the blend changed from HPS to HPMC. 

For the blends with different HPMCs, the HPMC domains in an HPS matrix have different 

morphologies. With an increased DS of HPMC, the HPMC phase areas became larger, probably 

indicating reduced compatibility between the two polysaccharides.
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HPMC:HPS HPMC1 HPMC2 HPMC3
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Fig. 1. Light microscopy images of HPMCs with different DSs, HPS and HPMC-HPS blends with 

the different HPMCs.
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3.2 Rheological properties of the film-forming solutions

3.2.1 Linear viscoelastic regions

Strain sweep results (Fig. S1) indicate that, in the test range (0.01–100%), all the samples were 

solution (G′ < G″) except for HPS (G′ > G″). Besides, HPS showed an apparent decrease in G′ and a 

remarkable increase in G″ when the strain was higher than 25%, whereas for the other samples both 

G′ and G″ decreased at high strain. For HPMCs, the linear viscoelastic region was 0.01–40%. All 

HPMC-HPS blends were in a solution state at room temperature as only HPMCs. However, addition 

of HPS reduced the upper strain limit for linear viscoelasticity.

3.2.2 Viscoelastic property as a function of temperature

Fig. 2 shows the dynamic viscoelastic properties of HPMCs with different DSs, HPS, and 

HPMC-HPS blends with different HPMCs. For HPS, with the temperature increasing initially, G′ 

was higher than G″, and both moduli decreased gradually, a common viscoelastic behavior of a gel. 

The cooling gelation of HPS had two distinct stages of the structural formation and the divide was 

the crossover of G′ and G″ (i.e. the gel-sol transition at ca. 59 ℃). A higher temperature weakened 

starch chain interactions and increased chain mobility (Zhang et al., 2015). 

For HPMCs, in the first temperature range, G′ was below G″, and both moduli decreased more 

quickly than those of HPS with increasing temperature. Then, the structural formation of thermal 

gelation of HPMCs start with a sharp decrease in tan δ and divided into two stages by the crossover 

of G′ and G″, which is consistent with other reports (Haque & Morris, 1993; Haque, Richardson, 

Morris, Gidley, & Caswell, 1993). The widely accepted mechanism is that HPMC chains existed in 

solution at low temperature with water cages surrounding hydrophobic clusters; heat absorbed first 

breaks the water cages and then exposes methyl groups to the aqueous surrounding; and then the 

hydrophobic association of hydrophobic groups on the polymer chains at higher temperatures led to a 

cross-linked network and gel formation. 



11

 
0 10 20 30 40 50 60 70 80 90

10-1

100

101

102

103

104

HPS

G
' a

nd
 G

'' 
(P

a)

Temperature (oC)

10-2

10-1

100

101

102

Ta
n 



 
0 10 20 30 40 50 60 70 80 90

10-1

100

101

102

103

104

HPMC1

G
' a

nd
 G

'' 
(P

a)

Temperature (oC)

10-2

10-1

100

101

102

Ta
n 



0 10 20 30 40 50 60 70 80 90
10-1

100

101

102

103

104

HPMC1-HPS

G
' a

nd
 G

'' 
(P

a)

Temperature (oC)

10-2

10-1

100

101

102

Ta
n 



 
0 10 20 30 40 50 60 70 80 90

10-1

100

101

102

103

104

HPMC2

G
' a

nd
 G

'' 
(P

a)

Temperature (oC)

10-2

10-1

100

101

102

Ta
n 



0 10 20 30 40 50 60 70 80 90
10-1

100

101

102

103

104

HPMC2-HPS

G
' a

nd
 G

'' (
Pa

)

Temperature (℃)

10-2

10-1

100

101

102

 T
an

 

 
0 10 20 30 40 50 60 70 80 90

10-1

100

101

102

103

104

HPMC3

G
' a

nd
 G

'' (
Pa

)

Temperature (oC)

10-2

10-1

100

101

102

 T
an

 

0 10 20 30 40 50 60 70 80 90
10-1

100

101

102

103

104

HPMC3-HPS

G
' a

nd
 G

'' (
Pa

)

Temperature (oC)

10-2

10-1

100

101

102

 T
an

 



12

Fig. 2. Storage modulus (G′, represented by square), loss modulus (G'′, represented by triangle) and 

tan vs. temperature curves for the solutions of HPMCs with different DSs, HPS, and HPMC-HPS 

(5:5) blends with the different HPMCs.

It can be seen that for HPMC1, during the first stages of structural formation, G′ and G″ 

decreased sharply with increasing temperature (62–65.8 ℃), as previously reported (Bajwa, Sammon, 

Timmins, & Melia, 2009). However, a higher DS could change the way the moduli change with 

temperature, and both moduli of HPMC3 increased with increasing temperature after 50 ℃. 

Moreover, the sol-gel transition shifted to a lower temperature with a higher DS. Specifically, the 

sol-gel transition temperatures of HPMC1, HPMC2, and HPMC3 were 65.8 ℃, 65.2 ℃, and 60.7 ℃, 

respectively. Regarding this, a higher DS results in higher inter-chain hydrogen bonding in HPMC, 

promoting gel structural formation.

For all the blends, the moduli increased with increasing temperature during the first stage of 

structural formation (57–64.8 ℃ for HPMC1-HPS, 59–64.1 ℃ for HPMC2-HPS, and 56–58.8 ℃ for 

HPMC3-HPS), indicating that HPS played an important role in the structural formation. The blends 

had intermediate moduli between those for individual HPMC and HPS. All the blends showed a 

similar pattern of viscoelastic properties to those for HPMCs due to the high viscosity of HPMC. 

However, blending HPMC with HPS made these effects of the DS of HPMC on G′ and G″ less 

apparent. For the blends, tan δ showed a similar pattern to pure HPMCs, but showed a lower 

dependence on temperature at low temperatures.

3.2.3 Viscoelastic properties as a function of frequency

Fig. 3a and b shows the moduli (G′ and G″) vs. frequency results at 5 °C for HPMCs with 

different DSs, HPS, and HPMC-HPS blends with different HPMCs. HPS showed a typical solid-like 

behavior (G′ > G″), whereas all the HPMC samples were fluid-like (G′ < G″). For the blends, G′ was 

very close to G″, and in most of the test frequency range, G′ was lower than G″, indicating a fluid-
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like behavior. However, for HPMC1-HPS, the crossover of G′ and G″ (G′ > G″) occurred at a high 

frequency, and for HPMC3-HPS, this at a low frequency. This may be due to the incorporation of 

HPS, which was a gel at the test temperature (5 °C), into the liquid-like HPMCs.
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Fig. 3. Storage modulus (G′) and loss modulus (G'′) vs. frequency curves for HPMCs with different 

DSs, HPS, and HPMC-HPS (5:5) blends with the different HPMCs at 5 ℃ (a and b) and 85 ℃ (c 

and d).

Table S3 lists the n′, n″, G0′ and G0″ values for the different samples at 5 °C. HPS showed 

clearly a solid-like behavior since the slopes were close to 0, and G0′ was much higher than G0″ 

(Ortega-Ojeda, Larsson, & Eliasson, 2004). For all the HPMCs, n′ was close to 1, and G0′ was much 

lower than G0″, confirming their liquid-like behavior (Zhang et al., 2015). For the blends, n′ and n″ 
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were slightly lower than those for HPMCs, suggesting that the blends behaved less like a liquid than 

HPMCs. HPMCs showed apparent frequency-dependence, whereas such dependence could hardly be 

observed for HPS. The blends also showed a frequency-dependence, which were slightly less 

apparent than that of HPMCs.

Both n′ and n″ for HPMCs were increased with a higher DS, indicating that hydroxypropylation 

increased the liquid-like behavior of HPMC and the frequency-dependence at low temperatures. For 

the blends, with a higher DS of HPMC, n′ was decreased, while n″ was increased, owing to the 

blending of HPS in a gel state. For both HPMCs and the blends, G0′ and G0″ were decreased with an 

increased DS of HPMC, which may be attributed to the weakened viscoelasticity of HPMC as the 

main contributing component.

Fig. 3c and d shows that at 85 °C, HPMCs had a typical solid-like behavior with negligible 

frequency-dependence and G′ > G″. For HPS, G′ was lower than G″ at high frequency, indicating a 

liquid-like behavior, which corresponds to its liquid state at high temperature. 

For HPMCs, a higher content of hydroxypropy groups led to increased moduli. In this regard, 

the increased number of hydroxypropy groups could promote chain interactions and facilitate gel 

formation. However, for the blends containing HPMC, the moduli decreased with a higher DS of 

HPMC, which could be due to decreased compatibility. 

For all the blends, both n′ and n″ were close to 0, and G0′ was much higher than G0″ (Table S3), 

confirming their solid-like behavior at 85 °C. Besides, for the blends containing HPMC, both n′ and 

n″ were close to those for HPMC, and the moduli remained stable with increasing frequency. All 

these results suggest that it was HPMC that mainly contributed to the viscoelasticity of the blend gels 

at a high temperature (85 °C). 

The moduli of the blends containing HPMC2 or HPMC3 were between those of pure HPS and 

the respective pure HPMC. This could be due to the weakening effect of HPS, which is a solution at 

a high temperature. In contrast, for HPMC1, both G′ and G″ of the blend were higher than those of 
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the pure HPMC. This may be attributed to the relatively good compatibility between HPMC1 and 

HPS. 

3.3 Characteristics of films

3.3.1 Crystalline structure

Fig. S2a shows the SAXS patterns for the films of HPS and HPMCs. All the samples present 

apparent characteristic peaks at high q values (q > 0.3 Å−1). From Fig. S2a, HPMCs showed a well-

defined peak at about 0.537 Å−1, indicating that all the HPMCs with different DSs have a certain 

crystalline structure. In contrast, HPS showed a well-defined peak at about 0.397 Å−1, corresponding 

to the typical B-type crystalline structure of starch at 5.3°. With an increased content of 

hydroxypropy groups, the characteristic peak at 7.2° for HPMC seemed to be more intense. It is 

speculated that hydroxypropylation is favorable for cellulose processing (the disruption of the 

original hydrogen bonding network) and thus for post-processing recrystallization. 

Fig. S2b shows the SAXS patterns for the HPMC-HPS blend films. All the blend samples 

showed two SAXS peaks at about 0.537 Å−1 and 0.397 Å−1, corresponding to the characteristic peaks 

of HPMC (at 7.2°) and HPS (at 5.3°), respectively. As for pure HPMCs, the HPMC characteristic 

peak for the blends became more intense with an increased DS of HPMC. The intensity of the HPS 

characteristic peak at 5.3° did not show apparent change with variation in the DS of HPMC. 

Moreover, compared with for the corresponding pure samples, both the intensities of the HPMC and 

HPS characteristic peaks for the blends were smaller, indicating suppressed crystallization of both 

HPMC and HPS. 

The crystallinity of polymer materials should largely influence their physical properties such as 

mechanical properties. These will be further discussed in the following sections. 
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3.3.2 Fractal structure

Fractal geometry is used to describe disordered objects possessing dilation symmetry, meaning 

that they look geometrically self-similar under the transformation of scale such as changing the 

magnification under microscopy (Schaefer, 1989). Fractal structures have two categories, namely 

mass fractal dimension (Dm) and surface fractal dimension (Ds), both of which can be calculated 

according to the Porod equation: 

(3)𝐼(𝑞) ∝ 𝑞 ―𝛼

where I is the SAXS intensity, q is the scattering vector, and α is an exponent called the Porod slope 

(Suzuki, Chiba, & Yarno, 1997). The relation between α and D follows as Dm = α (α < 3), and Ds = 6 

− α (3 < α < 4). Dm is used to indicate the compactness while Ds can be seen as an indicator of the 

degree of smoothness (Li, Wang, Zhao, Qiao, & Zhang, 2020). 
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Fig. 4. lnI(q) vs. lnq patterns and their fitted curves for the films of HPMCs with different DSs, HPS, 

and HPMC-HPS (5:5) blends with the different HPMCs.

Fig. 4 shows the lnI(q) vs. lnq patterns and their fitted curves for HPMC-HPS blend films. All the 

samples were seen to have a self-similar fractal structure within a certain limit. Since all the Porod 
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slopes (α) were smaller than 3, the fractal structures in all the samples were presented as a mass 

fractal, indicating HPMC-HPS films had a smooth surface with the fractal dimension D = Dm = α. 

The fractal structure parameters for HPMC-HPS blend films were provided in Table S4. Concerning 

pure HPMC, the D value for HPMC1 was the largest, and with an increased DS, the D value for 

HPMC decreased gradually, indicating that the incorporation of bulky hydroxypropy groups in 

methylcellulose molecules led to a self-similar structure with a lower density. 

For the 5:5 HPMC-HPS blend, the D value increased with a higher DS of HPMC, which might 

result from the decreased compatibility between HPMC and HPS. A similar result was shown in 

HPMC-HPS with different molar substitution with hydroxypropy groups in HPS (Y. F. Wang et al., 

2018).

3.3.3 Tensile properties

The E, σt and εb values of HPMC-HPS films were shown in Fig. 7. For pure HPMC films, a 

higher DS of HPMC generally led to lower E, σt, and εb, indicating that the hydroxypropylation of 

HPMC decreased material mechanical properties probably by reducing chain interactions (hydrogen 

bonding) after cooling.

With a higher DS, the E, σt and εb values of the blends were reduced, which corresponds to the 

reduced compatibility between HPS and HPMC. The σt values of the blend samples were between 

those of the two single-polymer films, but closer to that of HPS. The E values of the blend samples 

were close to that of HPMC, but the E values of HPMC1-HPS were higher than those of the two pure 

components. This could be due to the good compatibility between HPMC1 and HPS as shown in 

microscopy results. The blends with HPMC2 or HPMC3 even showed lower εb values than that of 

either HPMC or HPS, indicating reduced compatibility between the two biopolymers at a high DS of 

HPMC. Incompatible polymers have a phase-separated structure and tend to form weak points, 

which are detrimental to stress transfer.



18

10:0 5:5 0:10
0

200

400

600

800a
Y

ou
ng

's 
m

od
ul

us
 (M

Pa
)

HPMC/HPS ratio

 HPMC1
 HPMC2
 HPMC3

10:0 5:5 0:10
0

10

20

30

40

50

60b

Te
ns

ile
 st

re
ng

th
 (M

Pa
)

HPMC/HPS ratio

 HPMC1
 HPMC2
 HPMC3

10:0 5:5 0:10
0

20

40

60

80

100c

El
on

ga
tio

n 
at

 b
re

ak
 (%

)

HPMC/HPS ratio

 HPMC1
 HPMC2
 HPMC3

Fig. 5. Tensile properties of the films of HPMCs with different DSs, HPS, and HPMC-HPS (5:5) 

blends with the different HPMCs.

For both pure HPMCs and HPMC-HPS blends, a high DS of HPMC led to marginally higher 

crystallinity (see the SAXS results) but decreased mechanical properties. This indicates the 

mechanical properties were mainly determined by chain interactions (hydrogen bonding).

3.3.4 Oxygen permeability

The oxygen permeability (OP) results of HPMC-HPS films were shown in Fig. 6. The OP values 

of pure HPMC films were all much higher than that of the pure HPS film, indicating the better 

oxygen barrier property of starch films (Ortega-Toro, Jimenez, Talens, & Chiralt, 2014; Y. F. Wang, 

Yu, et al., 2016). For pure HPMC films, an increased content of hydroxypropy groups resulted in a 

decrease in OP, which could be ascribed to reduced chain interactions.



19

 
10:0 5:5 0:10

0

50

100

150

200

250

O
xy

ge
n 

pe
rm

ea
bi

lit
y 

(c
c/

m
2 /d

ay
)

HPMC/HPS ratio

 HPMC1
 HPMC2
 HPMC3

Fig. 6. Oxygen permeability of the films of HPMCs with different DSs, HPS, and HPMC-HPS (5:5) 

blends with the different HPMCs.

For the blend films, with an increased content of HPS, the OP value of films decreased 

considerably, which is in agreement with our previous study (Y. F. Wang, Yu, et al., 2016). Besides, 

the OP value decreased with an increased DS of HPMC (similar to that of pure HPMC films), 

indicating the hydroxypropy groups content of HPMC had a significant effect on the OP value 

although HPS plays a much more important role in the OP of the blends. This also suggests that OP 

is mainly determined by the chemical nature of polysaccharides but not the density of the self-similar 

structure. 

3.3.5 Thermal degradation

The TGA and DTG (derivative thermogravimetric analysis) curves for the films (see Fig. S3) 

show two well defined thermal degradation stages. The first stage took place between 30 and 180 °C, 

which can be attributed to the moisture evaporation from the materials. The second stage related to 

the thermal decomposition of the polysaccharides occurred in the temperature range of 300–450 °C. 

Pure HPMC films displayed a similar peak at 361 °C, while the pure HPS film showed lower thermal 

stability, with its decomposition occurring at 315 °C. All the blend samples showed two 



20

decomposition peaks at 361 °C and 312 °C, representing HPMC and HPS respectively, implying that 

the content of hydroxypropyl groups in HPMC did not affect the thermal stability of the blends.

3.4 Further discussion

It is known that a small change in the chemical structure of polymers can result in dramatic 

changes in their rheological properties (Chun & Yoo, 2007). In turn, the understanding of changes in 

the rheological properties of polymers caused by chemical modification is helpful in understanding 

their structure and other properties (Lee & Yoo, 2011). In this study, the rheological properties of 

polysaccharide solutions show an obvious dependence on the DS of HPMC. Although a higher 

content of hydroxypropy groups led to increased moduli of HPMC, the moduli of the blends 

decreased with a higher DS of HPMC, which means HPS disrupted the hydrophobic interactions and 

thus the gelation of HPMC at a high temperature. The moduli of HPMC1-HPS at 85 °C were higher 

than that of the two pure components. This indicates better compatibility between HPMC1 and HPS, 

which is also confirmed by the morphology results and tensile mechanical properties. 

While the influence of cellulose hydroxypropylation on the crystallinity and factual structure of 

pure HPMCs and HPMC-HPS blend films was noticed, our data indicate the film physical properties 

(mechanical properties, OP, and thermal stability) were not mainly determined by crystallinity and 

the density of the self-similar structure, but rather by the chemical nature of polysaccharides and 

their chain interactions. 

4 Conclusion 

This work concerns the effect of hydroxypropylation of HPMC and blending with HPS on the 

structure, rheological properties, and film performance of HPMC hydrocolloids. HPMC-HPS mixed 

hydrocolloid systems showed a typical “sea-island” morphology with the continuous phase changing 
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with blend ratio. With a higher DS of HPMC, the HPMC domains in the HPS matrix become more 

combined leading to larger areas, suggesting reduced compatibility between the two polysaccharides. 

HPMC played a dominant role in the rheological properties of HPMC-HPS blends. A higher DS 

of HPMC led to a decreased gelling temperature and an increased gel strength. Regarding this, the 

incorporation of hydroxypropy groups increased the inter-chain hydrophobic interactions of HPMC 

at a high temperature, and thereby promoting the thermal gelation of HPMC. The compatibility 

between HPMC and HPS decreased with a higher DS of HPMC. Interestingly, at a high temperature, 

the liquid-like HPS could enhance the gel strength of HPMC when they had good compatibility.

The content hydroxypropy groups in HPMC influenced the crystallinity, fractal structure, OP, 

and mechanical properties of HPMC-HPS blend films. A higher DS caused greater compactness of 

the self-similar structure as reflected by higher D. An increase in the DS of HPMC led to higher 

crystallinity and reduced OP. The mechanical properties of the blends were generally between those 

of the individual polysaccharides, while a higher DS of HPMC decreased the mechanical properties 

of both pure HPMCs and the HPMC-HPS blends. 

Our results here have shown that the structure and properties of HPMC-HPS biphasic systems 

could be changed by the chemical modification of cellulose. Based on the results of this work, 

appropriate chemically modified HPMC and starch could be selected to develop new materials for 

food packaging and even wider applications.
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Highlights:

 Hydroxypropyl methylcellulose (HPMC) was blended with hydroxypropyl starch (HPS)

 The continuous phase of HPMC-HPS mixed hydrocolloid changed with HPMC/HPS ratio

 Hydroxypropylation promoted HPMC gelation

 Good compatibility between HPMC and HPS enhanced the HPMC-HPS gel strength

 HPMC hydroxypropylation improved the oxygen barrier effect of HPMC-HPS film


