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ABSTRACT
The aim of this work was to evaluate the influence of deacetylation degrees (DD, 0-50-100%) and
concentrations of glycerol (G, 0-5-10%) on the film solution rheology and physical properties of
salep glucomannan film. Solution rheology experiments demonstrated that the deacetylation can be
used as a tool to regulate film solution flow, its spread and also coating applications. Deacetylated
salep films were produced with and without glycerol. The non-plasticized film was obtained with
no cracks and bubbles. The deacetylation of purified glucomannan with the aid of glycerol significantly changed the physical properties of the film by increasing its density, opacity whereas light
transmittance and moisture content were decreased due to the formation of associations between
acetyl free regions of the glucomannan chains. Overall, 100% DD films with 10% glycerol demonstrated better physical characteristics. Findings suggest that deacetylation is promising chemically
modification method for the production of food packaging materials.
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Introduction
Deacetylation defines removing acetyl groups from glucomannan backbone by alkali treatment. Structural and functional characteristics of chemically modified glucomannan
exhibits alterations such as, thermo-reversible gel formation
with a higher water resistance and better mechanical properties due to the occurrence of hydrophobic interaction in
addition to hydrogen bonding (Li et al., 2018). This process
widely performed to konjac glucomannan based biodegradable film samples, in order to overcome high water-soluble, poor mechanical properties, brittleness, and sensitivity
to water, (Chen et al., 2011; Du et al., 2012; Jin et al., 2015;
Li et al., 2014). As compared with other modification methods which conducted to improve film properties, deacetylation can be evaluated as a facile method without using additional polymer or hydrophobic ingredients to produce the
film with better characteristics.
Salep, as another important glucomannan source, had few
reports on the film properties (Ekrami & Emam-Djomeh,
2014; Kurt and Kahyaoglu, 2014; Yilmaz and Vatansever,
2016), in addition, no research has been performed to cope
with salep glucomannan film deficiencies. Salep glucomannan (SG) is produced from the tuber of the Orchidaceae
family. Glucomannan is the main constituent present in the
tubers. As a hydrocolloid, salep forms viscous solutions
when dissolved in water due to the higher molecular weight.
The structure of glucomannan consists of a linear backbone
connected with β-(1 → 4) glycosidic bonds, which are composed of glucose and mannose units. The powder of salep
also contains starch (36.31%); protein (4.60%); and ash
(2.07%) (Kurt and Kahyaoglu, 2015). We have conducted
purification studies to isolate glucomannan and we obtained
clearer and more stable solutions with better flow characteristics (Kurt and Kahyaoglu, 2017b, 2017c).
The rheological properties of the film-forming solutions is
an crucial experiment because rheological parameters can
affect spreadability, thickness and uniformity of liquid coating layer which applied to food products by dipping, brushing or spraying. The mechanical properties and the optimizing processing design during application were affected by
flow behavior of film solutions. If the viscosity is high or
gel type structure, casting of film solution in thin layers and
the elimination of air bubbles will be difficult during high
shear processing operations, such as pumping, filling and
spraying application. It is also stated that, rheological parameters are useful for the evaluation of structure-function
relationships of polysaccharide solutions systems (Chen, et
al., 2009; Ma, et al., 2017a; Wu, et al., 2016). Therefore, to
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provide a broad understanding on the physical characteristics of edible films it is necessary to study the rheological
properties of the deacetylated glucomannan film solutions
due to the variations in the molecular structure.
If the film property of salep is improved by modification
methods, salep will have a potential to receive much interest
due to their environmentally friendly material behavior.
Therefore, the novelty and significance of this study on the
advance of polysaccharide based food packaging field is
stated as follow:
i.

ii.

iii.

The significance of deacetylation process with different degrees on the salep glucomannan film rheology and physical properties were evaluated for the
first time.
Moreover, the application of the different degree of
deacetylation at the presence of different glycerol
concentrations is also first attempt leading to reveal
plasticizer effect on modified glucomannan structure.
The purification process is needed so as to apply
deacetylation to glucomannan. For this reason, the
nine different edible films were produced from purified glucomannan. Therefore, this study also provided to observe the purification effect on the film
properties of salep.

Materials and Methods
Materials
Purified glucomannan (GM) (Mw: 1.03 × 106 g/mol, PDI:
1.78) was used for differently deacetylated film production
(Kurt and Kahyaoglu, 2017b, 2017c). All chemicals used in
this study were of analytical grade. The ethanol, sodium hydroxide and glycerol were purchased from Sigma Chemical
Co. (St. Louis, MO, USA).
Film Preparation
The solution casting method was conducted for film formation as described earlier (Kurt et al., 2017). Before
deacetylation process, 1 g GM (0.5%, w/v) was dissolved in
200 mL distilled water, including different glycerol ratios
(0, 5 and 10 wt % of GM). The solution was heated up to
65°C and stirring of solution was maintained at this temperature for about 30 min to get a clear solution. Deacetylation
(DD) (0, 50 and 100 DD) was applied to the solution for
each plasticizer concentration, by adding determined
amount of sodium hydroxide to the solutions with the following equation (Kurt and Kahyaoglu, 2017a; Liu et al.,
2010):
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𝐷𝐷𝐷𝐷 (%) =

𝑊𝑊2 ×43

40×𝑊𝑊1 ×0.022

× 100

1

where W1 and W2 were the weight of GM and NaOH in g,
respectively. This equation was acquired based on the degree of acetylation of the purified glucomannan backbone
which was determined to be 2.2% in this study by using the
reported back-titration method (Xiao et al., 2015). The solutions (200 mL) at 65 °C were then cast in petri plates (15 cm
diameter) and dried at 40 °C for 24 h. The film characterization analyses were performed to all dried and peeled off
films which also conditioned for at least 48 h at 24 °C in
desiccators at 43% relative humidity (K2CO3 saturated solution). The differently deacetylated (DD; 0, 50 and 100%)
GM film samples with different glycerol (G: 0, 5 and 10%)
concentration were coded as 0DD-0G, 0DD-5G, 0DD-10G,
50DD-0G, 50DD-5G, 50DD-10G, 100DD-0G, 100DD-5G
100DD-10G, respectively.
Rheological Properties of Film Solutions
The rheological properties of film solutions were determined by using a rheometer (HAAKE Mars III; Thermo Scientific, Germany) that was equipped with a Peltier heating
system with a cone and plate configuration. Samples were
sheared continuously at a rate ranging from 0 to 100 s-1 for
2 min at 65 °C to fit the data to the Ostwald-de Waele model:

τ=K.𝛾𝛾̇ n

2

whereτ is the shear stress (Pa), 𝛾𝛾̇ is the shear rate (s-1), K is
the consistency coefficient (Pa.sn), and n is the flow behaviour index (dimensionless).
Film Thickness
Film thickness was measured by a digital micrometer (Mitutoyo, Manufacturing Co. Ltd., Japan) at ten random locations of each film.
Film Density
The film density was determined from the ratio between the
weight and volume (thickness × area). The density experiments were conducted in triplicate.
Film Moisture Content
To moisture content determination, the percentage of water
removed from the initial mass sample was analyzed gravimetrically by drying the samples at 105°C for 24 h (Kurt and
Kahyaoglu, 2014).
Film Color
The color of the films was determined using a colorimeter
(Colorflex, EZ, USA) in terms of lightness (L*), redness/greenness (a*), and yellowness/blueness (b*) values.

The total color difference (ΔE*) was calculated using the
following equation:
∆𝐸𝐸 ∗ = �(𝐿𝐿∗ − 𝐿𝐿)2 + (𝑎𝑎∗ − 𝑎𝑎)2 + (𝑏𝑏 ∗ − 𝑏𝑏)2

3

where L*, a*, and b* are the standard color parameter values
(93.61, -0.78 and 2.23, respectively) and L, a, and b are the
color parameter values of the sample. The measurements
were repeated six times for each film.
Light Transmittance and Opacity of Film
The barrier properties of films against visible light were
measured at wavelengths ranging between 300 and 800 nm,
using Cary 60 UV-visible spectrophotometer (Agilent Technologies, Victoria, Australia). The samples were cut into
rectangular pieces based on the lateral area of the spectrophotometer test cell and placed in the test cell. The reference
value was determined from an empty test cell. The opacity
value of the films was calculated by dividing the absorbance
at 600 nm by the film thickness (mm) (Kurt and Kahyaoglu,
2014). All determinations were performed in triplicate.

Results and Discussion
Rheological Behavior of Film Solutions
The acceptable flow characteristic of the film-forming solution is being a moderate viscosity because high or low viscosity will lead to non-uniform film production (Wu, et al.,
2013). Some authors have suggested a viscosity lower than
700 mPas for coating applications (Nair et al., 2011) and the
appropriate viscosity is 1000–10,000 mPa s for other processing conditions of film solutions such as mixing, pumping and transfer to casting line and spreading the solution
smoothly (Rossman, 2009). The apparent viscosity (AV)
and parameters of Ostwald-de Waele model such as consistency coefficient (CC) and flow behavior index (FBI) of
9 different film solutions were presented in Fig.1. The parameters were found higher than the film solution produced
by unpurified salep even at one third of concentration (Kurt
and Kahyaoglu, 2014) as a results of interaction between
glucomannan chains by means of removing impurities
(Kurt and Kahyaoglu, 2015) which indicated the possibilities of lower usage of salep to obtained desired viscosity
(Kurt and Kahyaoglu, 2017b).
Increasing glycerol concentration affected differently AV,
CC and FBI values of deacetylated samples (Figure 1A).
The addition of 5% glycerol decreased the values of AV and
CC of samples. However, the decrease in these parameters
proceeded for only 100DD samples at further glycerol addition (10 %). The n values ranged between 0.70-0.77, indicating pseudoplastic behavior of samples (Figure 1A)
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(Saricaoglu et al., 2018) which associated with the destruction effect of shearing on polysaccharide macromolecules
composed of a large number of hydroxyl groups in the network (Ma et al., 2017b). Only 100DD-10G (n=0.77) sample
had lower pseudoplastic flow behavior, AV and CC values.
Therefore, this solution flows and spreads more easily, reflecting that the intermolecular interaction between glucomannan polysaccharides is destroyed by glycerol. The inhibition effect of glycerol was more apparent for 100DD. At
lower DD, glycerol increment may be provided forming
new hydrogen bonds and preserved their characteristics.
Increasing DD at the same glycerol content caused to same
decrement trend for the AV parameters (Figure 1B). The decrease in AV and CC with removing acetyl groups were reported for salep and konjac GM solutions and the results
were associated with the decrease of the entanglement force
between GM molecules (Kurt and Kahyaoglu, 2017a; Wang
et al., 2014). Higher hydrogen bonds between GM and water
occurred as results of higher acetyl contents which cause a
higher excluded-volume force reducing hydrogen bonds between GM chains. When acetyl group contents changed to a
lower degree by deacetylation, the volume of the polymeric
network can be diminished (Kurt and Kahyaoglu, 2017a).
The decrease in CC values with deacetylation from 0 to
50DD was more apparent at all glycerol concentration and
the further increase in DD had no significant effect on the 0
and 5% glycerol included samples but proceeding in the
decrement of CC was observed at 10% glycerol concentration. After deacetylation, the presence of glycerol had an additive effect on these decrements because in glycerol added
polysaccharide system, there is competition for hydrogen
bonds between polysaccharide chains and polysaccharideplasticizer; and direct interaction between polysaccharide
chains are partly reduced, resulting in lower viscosity
(Peressini et al., 2003). As a result, pronounced lowering effect of deacetylation on consistency and pseudoplastic behavior could be stated for the higher glycerol ratios. Additionally, the revealing of decreasing effect of deacetylation
process on film solution viscosity may eliminate the difficulties (high viscosity) of preparation of film solutions at
higher glucomannan concentration, provided lower concentration dependency.
Overall Evaluation of Film Appearance
The production of glucomannan (GM) films with deacetylation was achieved without and with 5 and 10% glycerol additions. The films had visually continuous and homogeneous with no cracks, bubbles, or visible phase separation and
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they were easily removed from the plates (Figure 2). The
easily peeled off non-plasticized films were not brittle and
hard indicated that GM was a good matrix-forming material.
The possibilities of cohesive film formation of KGM without plasticizer but failure for galactomannan (locust bean
and guar gum) were stated by Mikkonen (2009). The other
critical point was that fully deacetylation of glucomannan
(100DD) provided gel formation of film solutions as result
of the aggregation of GM molecules (Kurt and Kahyaoglu,
2017a).

Figure 1. Apparent viscosity (30 s-1, Pas), consistency coefficient (K, Pa.sn) and flow behaviour index (n) of
film solutions (A) at same deacetylation degree
(DD, %) and (B) at the same glycerol concentration (G, %)
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Figure 2. Physical appearance of salep glucomannan film samples as a function of deacetylation degree (DD, %) and
glycerol content (G, %)
Film Thickness
The thickness values of the films varied between 33.85 and
50.66 µm (Figure 3). Thickness values of the unmodified
films increased with the glycerol concentration but decreasing trend was observed for the deacetylated samples. According to the literature, increasing film thickness with the
glycerol concentration was generally attributed to the more
adsorbed water due to its hydrophilic character. This could
be observed at very high glycerol content. However, in this
study the water content of unmodified films decreased with
glycerol. Therefore, increasing film thickness could be related to the extending the structure of film through increasing molecular volume of network due to the increasing the

presence of glycerol content between the macromolecular
chains (Mikkonen, 2009; Thakhiew et al., 2010), further increase in glycerol (10%<) may be responsible for the higher
water content and free volume of a system (Lai et al., 2006).
The lower viscosity values of deacetylated film solutions
suggest thinner film production (Piermaria et al., 2009). In
general, deacetylated samples had lower thickness values
for the same glycerol contents as compared with control
samples, possibly formation of associations between acetyl
free regions of the GM backbone (Liu et al., 2010), thus
restructuring the polymer organization to a less expanded
structure with decreased volume, resulting in thinner polymer films (Razavi et al., 2015). The effect of removing ace-
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tyl groups from the GM backbone on thickness was significant at higher glycerol content. The lowest thickness values
observed for the fully deacetylated samples with the presence of 10% glycerol (gelled film solution). Deacetylation
of GM allows acetyl-free regions of the backbone to associate, leading to the formation of junction zones and a threedimensional network (Huang et al., 2015). Glycerol addition
had improving effect on the mentioned formation by more
hydrogen bonding during film forming process, providing
further rigidity for the deacetylated film.
Film Density
The thinner films showed higher density values, due to the
lower volume (Razavi et al., 2015). However, increased
density of unmodified films (higher film volume) with glycerol increment could be attributed to the lower water content
of that sample. Despite using same polymer concentration
with no variations in molecular weight, higher density values of deacetylated films could be explained with increased
interaction between the molecular chains of the glucomannan, resulted in different polymeric film structure production (Pelissari et al., 2013). This result is consistent with the
water barrier properties of films due to the reduced interstitial spacing within the matrix of polymeric films and, consequently, producing lower water transmission. The higher
density value (2.05 g/cm3) than previously reported unpurified salep film density (1.27 g/cm3) for the same glycerol
content (10%) (Kurt and Kahyaoglu, 2014) indicated improving the effect of removing impurities on GM interactions.

moisture content (9.0%) of 10% glycerol included purified
salep films than unpurified salep (19.13%) (Kurt and
Kahyaoglu, 2014) could be explained with the decreasing
hydrophilic character of salep by removing impurities (such
as starch, protein and ash) and also hindering the formation
of porous structure, which weakens water retention by capillarity (Pelissari et al., 2013). Moisture content decrement
was also attributed to the diminishing the hydrophilic groups
as a result of increased interaction between constituents of
film mixture which in turn decreased the interaction between polymeric materials and water molecules (Liu et al.,
2017).

Film Moisture Content
It is evident that the presence of glycerol and modification
of GM backbone with alkali affected both the interaction of
polymer matrix and its hydrophilic nature. Water contents
of films shown in Fig. 3 decreased with increasing glycerol
contents which could be attributed to the diminishing ability
of the GM granules to absorb water due to the small molecular size of glycerol allowing more hydrogen bonding instead of allowing higher free volume for more water absorption at higher glycerol concentration than in this study (Lai
et al., 2006). On the other hand, deacetylation slightly lowered water values of non-plasticized film while at the presence of glycerol removing acetyl groups in 50% ratio had no
effect on this value. The ability of the lowest water susceptibility occurred when acetyl groups were completely removed from film included 10% glycerol. This modification
with the presence of glycerol probably altered GM conformation, making the polymer network lower hydrophilic as
was observed with the water absorption, solubility and improved water barrier properties in this study. The lower
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Figure 3. (A) Thickness, (B) density, and (C) moisture
content of salep glucomannan film samples as a
function of deacetylation degree (DD, %) and
glycerol content (G, %)
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Film Color
Optical properties such as color are crucial especially in the
production of food packaging for the consumer preference
and also crucial for the storage of food up to its sensitive
character to the light. Visually, all films were almost clear
and transparent and no significant differences in the color
parameters and total color differences were determined. The
mean values of parameters of 9 different films as follows:
L*=90.62 ±0.14, a*=-0.91 ±0.02, b*=3.52 ±0.23, and
ΔE*=3.26 ±0.20. The high lightness L* value indicates the
high transparency of samples, which is a desirable property
for the edible film packaging and coatings. The negative a*
and close to zero value states the absence of characteristic
tones of red color and positive b* value shows yellow color.
Consistent results with the our study were reported by
Razavi et al. (2015) for sage seed gum film as plasticizer
independency of color parameters. The degree of total color
difference from the standard color plate (ΔE*) indicates the
high clearness of film at low degree. Increased clearness
with glycerol addition but lower clearness values than our
results were determined for the exopolysaccharide films of
kefiran (ΔE*= 9-15) (Ghasemlou et al., 2011). The independence of film color parameters to deacetylation and glycerol degrees may be probably associated with low water
contents of modified films, which had no changing effect on
the reflection of light at the film surface in spite of structural
changes.

wavelength. The enhanced interaction between GM molecules in the film matrix by deacetylation and the presence of
glycerol at this range caused to more absorption of the energy of incoming light, thus impeding the visible light transmission through the films was determined (Soo and Sarbon,
2018). Similar with this study, deacetylation with a degree
of 52% increased the transparency of konjac glucomannan
(KGM) film but increasing deacetylation degree (70 and
86%) decreased film transparency (Jin et al., 2015).

Light Transmittance of Film
The differences in the deacetylation degree and glycerol
concentration affected visible light transmission of samples
(Figure 4A) because the arrangement or alignments of polymer in film network most likely have a role on this property. An increasing content of glycerol lowered the visible
light transmission of 0DD samples. The similar phenomenon was stated by Liang and Wang (2017). However, glycerol increment resulted in opposite results for the deacetylated samples such as (i) raising effect on 50DD films and
(ii) no effect on light transmission of fully deacetylated film
(Figure 4A). For the non-plasticized film conditions,
deacetylated samples exhibited lower light transmission but
similar values observed for 50DD and 100DD. Deacetylated
samples revealed different behaviors after glycerol addition.
As compared with 0DD, 50% deacetylated samples had high
transmission but 100DD showed lower light transmission
for the plasticized samples. (Figure 4A). The differences between deacetylated samples were clearer at 10% glycerol
concentration. Film 50DD-10G exhibited the highest visible
light transmission, while films 100DD-5G and 100DD-10G
showed the lowest visible light transmission in the high

Figure 4. (a) Light transmittance, and (b) opacity of salep
glucomannan film samples as a function of
deacetylation degree (DD, %) and glycerol content (G, %)
Film Opacity
Opacity values of all film formulation are presented in Figure 4B. The results agreed with the light transmittance of
films. Opaqueness increment by deacetylation was observed
at the presence of 10% glycerol more specifically. The similar increase in the opacity was also reported for the films
incorporated with polyphenols which improve absorption
ability by means of their aromatic groups (Liu et al., 2017)
and also the addition of different polymeric materials which
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resulted in light scattering (Condés et al., 2018). However,
the results in this study were attributed to the enhanced interaction between GM molecules by deacetylation which
prevented the light to transmit through the films consequently film opacity increased. This suggested phenomenon
between GM molecules reduced the biopolymer-water interactions, providing the formation of an opaque polymer
matrix, consistent with the lower water contents of deacetylated films (Pelissari et al., 2013). Additionally, the increase
in film opacity by glycerol incorporation was significant for
the fully deacetylated glucomannan based film which revealed the formation of more tightly packed polymer network (Chang and Nickerson, 2015). Lower light transmittance and high opacity values of deacetylated salep films
made it preferable as compared with unmodified salep for
the protection of packaged food against light catalyzed degradation reactions formations. Regarding the purification effect on film properties, it could be stated that unpurified film
had higher opacity values (3.74 UA/mm) (Kurt and
Kahyaoglu, 2014) than purified salep (1.95 UA/mm) obtained in this study at similar glycerol content (10%), due to
the presence of impurities such as starch and protein
(Mikkonen et al., 2010).

Conclusion
For the first time, salep glucomannan films were successfully synthesized with various degrees of deacetylation and
glycerol concentrations. The non-plasticized film was produced from purified salep with no cracks, bubbles, or visible
phase separation. Rheological experiments showed that
deacetylation process decreased consistency and pseudoplastic behavior of film solutions, resulting in lower concentration dependency during film production. Acetyl free region of the glucomannan backbone leads to more associations so the thinner films with high density were obtained
with deacetylation. Deacetylation had no effect on color parameters but decreased light transmittance and increased the
opacity of films. By controlling the degree of acetylation
and glycerol ratio, film solution rheology and physical properties of films can be regulated by tailoring biopolymers to
give specific film properties. Solubility, barrier, mechanical
and structural characteristics will be evaluated in further
study.
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