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ARTICLE INFO ABSTRACT
Article history: Background: Biopolymer based edible films have emerged as potential alternatives for conventional plas-
Received 6 May 2021 tics in food packaging industry. The properties such as thickness, water vapour transmission rate (WVTR)
Accepted 12 November 2021 and transparency of these films would be significantly influenced by the solution components and con-

Available online 18 November 2021 centration and process conditions (pH, temperature and relative humidity of drying).

Results: Control and glycerol blended pectin films were developed as per 2* (two-level three-factor) fac-
K?yg"ords-' ble fil torial design of experiments by varying glycerol fraction (25% and 40% w/w) and solution concentration
Biodegradable films (3% and 5% w/v). The films made from 5% solution showed good moisture barrier properties. Glycerol

Egzgll;g/?ers addition reduced the moisture barrier capability of the films compared to control pectin films.
Edible films Statistical analysis suggests that, the solution pH and drying temperature considerably affect film prop-
Films erties while the effect of relative humidity of drying is not evident enough. However, the interaction
Food packaging effect of relative humidity (H) with the pH and temperature appeared significant. Regression models
Glycerol were fitted to the data by considering the main and interaction effects, which were significantly affecting
Pectin a particular property.

Regression model Conclusions: Detailed analysis reveals that for obtaining pectin based films with less thickness, low WVTR

Statistical design

. and high transparency, the optimal conditions preferred are low pH = 3, high T = 48°C and low to medium
Water Vapor Transmission Rate

humidity of drying (H = 40-50%). The fitted regression models were statistically significant at 90% con-
fidence level, pass Lack-of-fit analysis and are adequate to describe the effects of different factors on the
targeted film properties.
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1. Introduction

The growing demand for fresh and processed food having high
quality and extended shelf life leads to a significant growth in food
packaging industry [1,2]. The global food packaging market is
expected to reach around USD 650 billion by 2025. Conventional
coatings and films for food packaging are based on synthetic
petroleum-based polymers. These synthetic polymers are harmful
for human consumption. Furthermore, due to lack of proper recy-
cling methods, these packaging materials, after usage, end up in
landfills, beaches, rivers and oceans and cause nano- and micro
level contamination for the humans and environment. The envi-
ronmental concerns coupled with consumer awareness for sustain-
able alternatives have driven the research towards edible/ bio-
degradable coatings and packaging films. The edible/bio-
degradable packaging materials are based on bio-polymers derived
from agricultural waste and other natural resources [3,4,5]. The
main advantage of edible coatings is that they are palatable and
digestible in human body. However, biodegradable films need
not be edible but should be degradable within at least 6 months
under normal atmospheric conditions. Edible films majorly consist
of at least one component capable of forming a continuous and
cohesive matrix such as polymeric materials/hydrocolloids. Natu-
ral polymers based on carbohydrates, proteins, lipids and fats have
the ability to form gels in water, which, upon drying can form a
homogeneous film like structure [1,2,6]. Post harvesting, fruits
and vegetables lose moisture through transpiration which lead to
drying, loss of shine, freshness and aroma. Also, respiration of liv-
ing cells triggered by oxygen, causes increased release of carbon
dioxide (CO,), ethylene and heat due to oxidation of sugars and
other cell reactions. This ultimately leads to gradual maturation,
loss of nutrients and eventual deterioration. Edible coatings and
films can protect and improve shelf life and freshness of food by
controlling the internal atmosphere by providing moisture barrier
and facilitating equilibrium levels of oxygen and carbon dioxide,
and improve the mechanical handling property [4,5,6,7,8]. How-
ever, additional properties such as transparency, high tensile
strength, flexibility, ability to form very thin films, stability at cold
storage and atmospheric conditions and easy biodegradability are
also critical. They must also act as good carriers for various antiox-
idants, antimicrobials, vitamins and nutrients [9]. The appropriate
bio-based materials for edible films are chosen based on factors
such as availability, cost, moisture and gas barrier properties,
mechanical properties, transparency and resistance to microorgan-
isms. The edible films usually are composed of various bio-
polymers like carbohydrates, proteins and lipids with some
amount of plasticizers to form flexible films and other additives
such as binders, hydrophobic agents, fillers, antimicrobial agents
[10,11]. Researchers have developed different formulations of edi-
ble films and coatings based on proteins, polysaccharides, starch
and lipids to improve the shelf life of fruits and vegetables, meat,
poultry and minimally processed foods [9,10,11,12,13,14,15]. It is
ascertained that, lipid (e.g. fat) based films demonstrate good
moisture (water vapour) barrier properties, polysaccharides can
control the transmission of oxygen and other gases such as CO»,
while protein based films provide good mechanical stability [14].
Among carbohydrates, the class of polysaccharides are abundantly
available from natural sources and have an attractive property of
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gel formation in water. Pectin is an anionic poly-saccharide which
is usually present in many primary and middle lamella of plant cell
walls. Some natural sources of pectin include, citrus peels, banana
peel, mango peel, watermelon seed, sugar beet pulp and tomato
pulp to name a few [16]. Chemically pectin is a long chain of
Homogalacturonan (HG), Xylogalacturonan (XGA) Apiogalacturon
and Rhamnogalacturonan (RGA) I & II. Among all the components,
HG forms more than 65% of pectin whereas RGA I and II fraction is
only 35% and rest contribute to 10 to 20% of the pectin [16,17]. The
Homogalacturonan is composed of repeat units of (1 — 4)-0-D-g
alactouronic acid forming the backbone of pectin. The other sugar
moieties XGA and RGA are considered as the hairy region of the
pectin molecule. The galactouronic acid, based on the degree of
esterification (DE > 50%), show good gelling properties [10,16,17].
Because of its good gelling and binding properties, we have
selected pectin for the present study to develop edible films. Till
date, most of the researchers have worked on formulations based
on proteins, collagen, starch and cellulose. However, the literature
on pectin based films is not ample. Pectin is of low cost and abun-
dantly available in the tissues of fruits and vegetables which makes
it sustainable option to make the edible coatings and films
[18,19,20]. Yearly, around 50 mt of pectin is being produced world-
wide to meet the demand of ~150 mt [21]. Pectin based coatings
are known for good oxygen and carbon dioxide barrier and aroma
preservation properties along with their ability to retard lipid
migration but with a limitation of being hydrophilic [20,22,23].
Chakravarthula et al. [24] have developed composite films based
on pectin, alginate and whey protein in various concentrations.
They reported that whey protein or alginate did not enhance the
properties such as elongation modulus, water vapour permeability
of the pectin films, while, whey protein provided slight plasticizing
properties [24]. Cabello et al. [25] have studied the microstructural
changes in pectin films with the addition of plasticizers such as
glycerol and polyethylene glycol (PEG). They reported that glycerol
acts as internal plasticizer while PEG acts as external plasticizer.
Furthermore, glycerol reduces the water vapour barrier properties
of pectin films while a high molecular weight PEG improves the
water vapour barrier properties [25]. Mendes et al. [26] have
reported that addition of cocoa butter to pectin improves the
mechanical strength and thermal stability of the films along with
improved transparency and reduced water vapour transmittance.
Phuong et al. [27] have reported that the films with 50:50% of pec-
tin and nano-chitosan have showed improved tensile strength and
reduced moisture and gas permeability. Priyadarshi et al. [28] have
reported that addition of 50% of pullulan to pectin has improved
the water barrier properties and thermal stability of the films. You-
nis et al. [29] have reported that incorporating the chitosan/pectin
nano-fibres into pectin films improved water-proof ability, thermal
stability, break resistibility, stretch ability and UV blocking
capacity.

The quality of an edible/bio-degradable film or coating depends
on processing conditions (pH, temperature and relative humidity
of drying), solution concentration, type of solvent, and type of
additives (plasticizers, emulsifiers, cross-linking agents, antimicro-
bials and anti-oxidants) [6,9,30,31]. Research papers discussing in
detail about the effect of process conditions on the properties of
pectin based films are scarce. Therefore in the present study we
have used statistical design of experiments to identify optimum
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process conditions such as pH of solution, temperature and relative
humidity of drying environment for developing pure pectin films
and glycerol (plasticizer) blended pectin films having minimum
thickness, more moisture barrier capability and more
transparency.

2. Materials and methods

Chemical grade extra pure pectin was purchased from Loba
Chemie Pvt. Ltd, Mumbai, India. The molecular weight of pectin
was in the range of 30,000-100,000. The degree of esterification
(DE) of pectin was 63-66% and methoxyl content was 6-10%.
The other chemicals such as glycerol, sodium hydroxide buffer
tablets and other required chemicals in analytical grade were pur-
chased from Sigma Aldrich. Double distilled water was made in our
laboratory.

2.1. Film preparation

All the films were prepared in a lab scale petri dish. In order to
make 3% weight/volume (weight/volume is mentioned as w/v here
after) of control pectin films, 3 g of pectin powder was dissolved in
100 mL of distilled water. The solution was homogenized for
20 min at a temperature of 50°C using a magnetic stirrer with heat-
ing arrangement. Then the solution was allowed to cool to room
temperature. The pH of the resulting solution was measured and
it would be usually acidic (pH = 2.8) because of the high acidic nat-
ure of pectin. Therefore, pH of the solution was adjusted to the
required value by adding sodium hydroxide buffer tablets. After
adjusting the pH, the solution was again heated to 50°C for
15 min. The hot solution was then homogenized using a Homoge-
nizer (IKA T25 ULTRA-TURRAX) at an rpm of 4000-6000 to get the
film forming solution. A 25-30 mL of this hot solution was poured
into a 100 mm diameter petri dish and spread by quivering. The
films were then dried by evaporating the solvent in a controlled
environment of temperature and relative humidity in a Humidity
chamber (NECSTAR NEC-HTC-150). The dried films were peeled
off and stored in a desiccator. Same procedure was used for prepar-
ing control pectin films using 5% w/v (5 g pectin in 100 mL water)
composition. Glycerol was used as a plasticizer to improve the flex-
ibility and strength of pectin films. Glycerol blended pectin films
(mentioned as “pectin + glycerol” here after) were prepared by
adding 1 mL of glycerol (Density of glycerol is 1.26 g/mL) to the
3% and 5% w/v pectin solutions in water. The same experimental
procedure stated above was used for preparing the glycerol
blended pectin films. Consequently, four types of pectin based
films were developed (1) control pectin films using 3% w/v solution
(2) control pectin films using 5% w/v solution, (3) pectin + glycerol
(P:G =3.00:1.26 w/w) films using 3% w/v solution (4) pectin + glyc-
erol (P:G = 5.00:1.26 w/w) films using 5% w/v solution. The pre-
pared films were stored in a desiccator containing silica gel (0%
relative humidity).

2.2. Characterization of the films

2.2.1. Moisture content and water solubility

The bound moisture content of the film was determined by
keeping a 2 cm x 2 cm film in a hot air oven at a temperature of
100 + 2°C for 6 h and then calculating the percent weight loss of
the film compared to the initial weight. The moisture content
was analysed by taking three samples from the same film to check
the consistency.

Water solubility of the films was tested by soaking a
3 cm x 3 c¢m film in water for 2 h. The remaining film was taken
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out, dried and weighed. Percentage water solubility was then cal-
culated using the formula

Winitiat — Wfinal

initial

%BWS = ( )Xl 00

where %WS is percent water solubility, Wipiiia is the initial dry
weight of the sample film, Wy, is the final dry weight of the sam-
ple film.

2.2.2. Surface morphology analysis

The surface morphology of the films was analysed using a Polar-
izing microscope (Olympus BX53; Olympus Optical Co., Ltd) to
evaluate the surface homogeneity and structure. Samples were
observed in black and white and the images were recorded at
10x magnification. The analysis was conducted at room tempera-
ture. The analysis was performed at ten different positions on the
film and repeated five times.

2.2.3. Thickness

Films were developed by pouring a 25-30 mL of the hot film
forming solution into a 100 mm diameter petri dish and spread
by quivering. The thickness of the film was measured using a
Micrometre screw gauge with 0.001 mm least-count, at ten ran-
dom positions on the film of 100 mm diameter.

2.2.4. Optical properties

Optical properties of edible films are essential sensory aspects
for consumer acceptability of the films. Transparency of the film
would improve overall acceptability of the film for packaging
applications. Color/transparency analysis of the films was done
using a Spectrophotometer (CHN SPEC & CS-580A) calibrated by
keeping a transparent polymeric film on a white plate
(L* = 86.75, a* = 0.93 and b* = —1.03). Film color was measured
by lightness/luminosity (L*), chromaticity (a*), chromaticity (b*)
on color scale. L* values refer to the range from black (zero) to
white (100), a* ranging from green (negative) to red (positive)
and b* ranging from blue (negative) to yellow (positive). Five
repetitive measurements were made for each sample at 5 different
locations on the sample and the average of the values was consid-
ered. Total colour difference/transparency parameter (AE) and
whiteness index (WI) were calculated as shown below:

AE= /(' — L + (@ — ) + (b" — b)’

WI =100 — \/(100—L)2+a2+b2

where, L*, a*, b* are standard values of a transparent sheet kept on a
white plate and L, a, b are the measured values of the samples. The
standard values of a transparent film used as reference in the pre-
sent study are L* = 86.75, a* = 0.93 and b* = —1.03.

2.2.5. Water vapour transmission rate

Water vapour transmission rate (WVTR) analysis of the films
was done at Northern India Textile Research Association (NITRA),
Ghaziabad, India, as per the ASTM standard ASTM E96/E96M-05
(water method). A brief description of ASTM E96 method: A cup
was filled with distilled water leaving a small gap (0.75” to
0.25") of air space between the specimen and the water. The cup
was then sealed to prevent vapour loss except through the test
sample. The atmospheric chamber was kept at a temperature of
32 + 2°C and a relative humidity of 50 + 2%. Air velocity was set
in the range of 0.02-0.3 m/s. Initial weight of the apparatus was
measured and noted followed by periodical readings of the weight
of apparatus until results became linear. The WVTR of the samples
in the present study is reported in the units of g m~2 day~'. The
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water vapour permeability (WVP) was calculated by the equation
below. WVP in the present study is reported in the units of g
m's!'Pal.

X

p*®(RH1 — RH2)

where x is the film thickness in meters (m), p* is the saturated
vapour pressure of water vapour at 32°C which is 4.75 kPa as per
thermodynamic saturated steam tables [32]. (RH1- RH2) is the dif-
ference in relative humidity between the two sides of the film
where, RH1 = 52% and RH2 = 0%.

WVP = WVITR x

2.3. Experimental design and statistical analysis

A two level 23 factorial design of experiments was used to
understand the effect of three independent variables or factors
such as pH of the solution (P), temperature (T) and relative humid-
ity (H) at which the films were dried. Among various properties of
the films studied, we have selected thickness (Th), Water Vapour
Transmission Rate (WVTR) and transparency parameter (AE) as
dependent variables or desired responses for the statistical analy-
sis in order to optimize the process conditions [33]. In the two-
level factorial design, the levels of the factors are generally called
“low” and “high” levels and coded as (—1) and (+1), respectively.
The ranges of the independent variables were chosen based on lit-
erature and preliminary screening of experimental observations
conducted in our lab. The low and high levels of the independent
variables considered for the present study are given in Table 1.
Based on the sensitivity and complexity of the experiments and
the results, Analysis of variance (ANOVA) at 90% confidence level
was used to identify statistically significant differences between
the mean results associated with each property and treatment.

Analysis of Main Effects and Interaction Effects: For a 23 factorial
design, the main effects of different factors and their interaction
effects (two-factor and three-factor interactions) on the responses
are determined. For example, the main effect of a factor or an inde-
pendent variable is defined as the change in response produced by
a change in the level of that factor from the low level (—1) to the
higher level (+1) averaged over the levels of other factors. The main
and interaction effects are determined using the method of con-
trast coefficients, which is well described elsewhere [33]. For
example, contrast coefficients for one set of data is provided in
supporting information (Table S1).

Regression Models: The present study aimed to obtain optimal
process conditions (three factors: P, T and H) to reduce the thick-
ness (Th), lower the WVTR and increase transparency (low AE
value) of the films. The first-order linear regression models with
main factors and their interaction terms were fitted to the experi-
mental data of the response variables, by neglecting the factors
that are not affecting the response variables based on the analysis
of the main and interaction effects.

Ypredicted = Po + P1P + 2T + B3H + B12PT + p13PH + 3 TH + B153PTH

Table 1

Details of low and high levels of the independent variables or factors chosen.
Levels
Low (—1) High (+1)

Independent variables

P: pH (number) 3 7
T: Temperature (°C) 22 48
H: Relative Humidity (%)
Desired Responses

Th: Thickness (mm) Minimize
AE: Color transparency (%) Maximize
WVTR: Water vapor permeability (g/m?/day) Minimize
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where Y refers to the response variable (Thickness (Th) or WVTR
(or) AE); B, is the intercept of the equation, and g, - f;,; are the
regression coefficients. P, T, and H are coded forms for the main fac-
tors: pH, Temperature and Relative Humidity. PT, PH and TH are
two-factor interactions between respective two factors. PTH is
three-factor interaction between P, T and H.

The intercept B, of the regression model is estimated by the
average of all response variable observations. The regression coef-
ficients f; - B3 are one-half the value of corresponding factor
effect estimates [33].

Four different data sets were used for regression model fitting,
which resulted in three response models for each data set (total
12 response models). The adequacy of all models was verified at
90% confidence level by applying lack-of-fit F-test and p-value [33].

3. Results and discussion

Four types of films were developed (1) control pectin films from
5% w/v solution (2) control pectin films from 3% w/v solution,
(3) pectin + glycerol (P:G = 5:1.26 w/w) films from 5% w/v solution
(4) pectin + glycerol (P:G = 3:1.26 w/w) films from 3% w/v
solution. All the films were developed based on the 23 (two-level
three-factors) full-factorial design of experiments. The experi-
ments were conducted randomly to avoid any bias. The values of
the responses that include: film thickness, WVTR, WVP, AE and
WI are summarised in Table 2 and Table 3 respectively for the four
film formulations mentioned above. The films were strong and
flexible enough to peel off from the petri dish and to handle. All
the films were stored in a desiccator to avoid any contamination
from moisture and atmospheric gases. The thickness of the films
was observed to be in the range of 0.12-0.28 mm, whereas the
transparency AE of the films was in the range of 1.63-19.68.
Where, AE = 1.63 refers to a more transparent film and
AE = 19.68 refers to a less transparent film with reference to the
standard used. It is important to note that the thickness and trans-
parency need not to be directly proportional. Because, the film
thickness depends on the concentration of the solution when the
same amount of solution with different concentrations was poured
in a petri dish of specific diameter. On the other hand, the trans-
parency is more influenced by the microstructure, components
and composition of polymer films rather than the thickness. For
instance, the microstructure of a film is typically influenced by
the pH of solution, properties of constituents of the film, solution
concentration, degree of homogenization and drying conditions.
Mean values of the four sets of films suggest that, the 5% solution
films (both control pectin and pectin + glycerol) were relatively
thick and less transparent compared to those prepared from 3%
solution. The AE of 5% control pectin films was in the range of
3.39 + 5.45 to 18.87 £ 5.45, while the AE of 3% control pectin films
was in the range of 3.1 £ 2.39 to 10.1 + 2.39 based on the process
conditions. For a control pectin film formed using 3% solution, and
dried at 50% relative humidity and 25°C, the AE reported by Chak-
ravarthula et al. [24] was 11.3 £ 1.1. Sartori et al. [23] have devel-
oped pectin + glycerol films (4% w/w of pectin solution with the
addition of glycerol at 1.5 w/w of pectin) dried at 40°C and 50%
RH. The developed film had a thickness of 0.074 mm and a AE of
11.4 + 0.8 [23]. The average AE of films from 5% solutions of both
control pectin and pectin + glycerol reported in the present work
(Table 2 and Table 3) match well with Chakravarthula et al. [24]
and Sartori et al. [23]. Furthermore, the 3% solution films showed
an average AE of 5.72 + 2.39 for control pectin and 8.52 + 5.25
for pectin + glycerol. This indicates that our films from 3% solution
are more transparent compared to Chakravarthula et al. [24] and
Sartori et al. [23]. The 32 films (control pectin & pectin + glycerol)
reported in the present study showed WVTR in the range of 1050 g.
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Table 2
The 23 factorial design matrix for control pectin films.
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Factors Responses for 5% w/v solution Responses for 3% w/v solution
Run No P T (°C) H (%) Thickness ~ WVTR WVP AE WI Thickness WVTR WVP AE WI
(mm) (g/m?/day)  (g/m s Pa) (mm) (g/m?/day)  (g/m s Pa)

1 3(-1) 22(-1) 40(-1) 0.186 1538 1.34E-09 637 813 0.201 1905.6 1.79E-09 321 8429

2 3 22 60 (+1) 0.152 1332 9.48E-10 8.72 80.33 0.092 20184 8.70E-10 478 83.28

3 3 48 (+1) 40 0.171 1050 8.41E-10 6.76 84.17 0.152 1135.2 8.08E-10 4.94 83.25

4 3 48 60 0.22 1304 1.34E-09 339 8741 0.230 2105.1 2.26E-09 3.10 88.07

5 7 (+1) 22 60 0.194 1444.8 1.31E-09 139 75.5 0.107 2575.2 1.29E-09 8.70 80.01

6 7 22 40 0.135 1588.8 1.01E-09 13.16 76.73 0.083 1838.4 7.15E-10 10.10 79.48

7 7 48 40 0.244 1245.6 1.42E-09 18.87 703 0.021 1953.6 1.92E-10 7.02 87.85

8 7 48 60 0.19 12121 1.08E-09 18.8 74.68 0.093 1675.2 7.30E-10 7.43 84.07
Mean 0.18 13394 1.16E-09 11.24 78.81 0.12 1900.8 1.08E-09 6.16 83.78
Std. dev 0.006 18.47 3.21E-11 0.16 0.13 0.009 21.28 2.25E-11 0.38 0.32

Table 3
The 23 factorial design matrix for pectin + glycerol films.
Factors Responses for 5% w/v solution Responses for 3% w/v solution
RunNo P T (°C) H (%) Thickness ~ WVTR WVP AE WI Thickness ~ WVTR WVP AE WI
(mm) (g/m*/day)  (g/m s Pa) (mm) (g/m*/day)  (g/m s Pa)

1 3(-1) 22 (-1) 40 (-1) 0.252 2025.6 2.12E-09 16.55 72.74 0.174 23474 1.91E-09 6.55 80.77

2 3 22 60 (+1) 0.119 22344 1.24E-09 4.64 82.56 0.093 2623.2 1.14E-09 1.63 85.45

3 3 48 (+1) 40 0.192 1728.7 1.55E-09 6.76  84.17 0.174 2635.0 2.14E-09 646  83.89

4 3 48 60 0.263 1917.6 2.36E-09 417 85.49 0.240 2644.0 2.97E-09 4.11 89.27

5 7 (+1) 22 60 0.282 1951.2 2.57E-09 15.52 74.05 0.241 2364.3 2.66E-09 7.73 80.60

6 7 22 40 0213 1809.6 1.81E-09 10.97 7816 0.184 2364.5 2.03E-09 19.68  69.13

7 7 48 40 0.171 1291.2 1.03E-09 17.21 77.00 0.160 1956.0 1.46E-09 13.08 81.63

8 7 48 60 0.209 2198.4 2.15E-09 12.73 82.55 0.160 2006.0 1.50E-09 8.94 87.57
Mean 0.212 1894.6 1.85E-09 11.07 79.59 0.178 2367.4 1.98E-09 8.52 82.28
Std. Dev 0.002 47.51 6.16E-11 0.49 0.45 0.006 52.62 1.08E-10 0.47 0.49

m2day™' to 2644 gm 2day"' and WVP in the range of
1.92 x 1071 gm s Pa! to 2.97 x 1072 g¢m~'.s~.Pa~l. These
WVP values are close to the available reported literature values.
Solak et al. [34] have used apple pectin (DE = 56.9%) to develop
films from 2.5% solution and dried at 35°C under vacuum. These
films reportedly shown WVP of 1.19 x 107 '° gm~!.s~'.Pa~! which
is very close to our values. Phuong Ngo et al. [27] have used pectin
extracted from Tiliacora triandra (DE of 48%) using a 2% solution.
These films reportedly showed WVP of 0.16 x 1071° gm~1s™ .
Pa~! which is close to our values. Liu et al. [35] have developed
high methoxy pectin films having WVP of 5.12 x 1071® gm™.
s 1.Pa~! which is very close to our values. Chakravarthula et al.
[24] have developed films from citrus peel extracted pectin which
reportedly shown WVP of 0.2 x 107!° gm~!.s~1.Pa~! which is in
close correspondence with our values. Sartori et al. [23] have
reported a WVP of 1.5 x 1071 g.m~1.s7'.Pa~"! for low methoxy pec-
tin films developed using 4% solution and is very close to our val-
ues. Younis et al. [29] have developed high methoxyl apple pectin
films having WVP of 1.5 x 1071 g.m~'.s~!.Pa~! which is very close
to the values reported in the present work. Both the control pectin
and pectin + glycerol films developed by us from 5% solution
showed ~30% less WVTR compared to 3% solution films. The WVTR
and WVP depends on factors such as the number of polar groups
(hydroxyl groups) present on the surface of polymer network,
thickness of the film and also microstructure of the film. The num-
ber of hydrophilic/polar groups depends on the degree of esterifi-
cation (DE) of pectin. The DE of chemical grade pectin used in
the present study was 63-66% and methoxyl content was in the
range of 6-10%. The DE and methoxyl content of present study falls
under medium range which gives gelling properties to pectin. At
high degree of esterification, WVTR decreases due to increase in
hydrophobic ester groups. This explanation justifies the relatively
high WVTR shown by the chemical grade pectin we have used
for our studies. The water transport in the polymer film usually
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is facilitated by sorption of water molecules and further migration
via polar hydroxyl groups. When the films are made from same
amount of sample in the same sized petri dish, the microstructure
of the 5% films would be more compact compared to 3% films. This
might have led to the decrease in WVTR of 5% films compared to 3%
films. When compared at the same solution concentration, addi-
tion of glycerol did not seem to show any improvement in terms
of thickness or transparency of the film. However, addition of glyc-
erol increased the WVTR by 30-40% which is not an encouraging
result. The increase in WVTR is due to the hygroscopic nature of
glycerol. Therefore, although glycerol is a good plasticizer to give
good tensile properties and flexibility to the pectin film, it
increases the hydrophilicity of the pectin film and thus the WVTR
[36]. A detailed statistical analysis of the effect of the three factors
(P, T & H) on the three responses (thickness, WVTR and trans-
parency) for all the four types of films is discussed in the Sections
3.3.1-3.34.

3.1. Moisture content and water solubility of the films

The bound moisture content of the films (both control pectin
and pectin + glycerol films) was observed to be between 2% and
7%. The pectin + glycerol films showed relatively more bound
moisture content than those from control pectin. The hygroscopic
nature of glycerol favours the absorption of water molecules lead-
ing to formation of hydrogen bonds in the polymer film matrix and
thus increases bound moisture percentage of the film.

All the pectin + glycerol films were completely soluble in water
as per the test details mentioned in Section 2.2.1. However, the
control pectin films were not completely soluble in water. Some
portion of the film still left insoluble even after 2 h. The water sol-
ubility of control pectin films observed to be in the range of 65-
75%.
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3.2. Surface morphology of films

The micrographs of film surfaces evaluated by optical micro-
scope (10x magnification), are shown in Fig. 1. The micrographs
clearly show that all the films were homogenous, uniform and
translucent. There were no agglomerations observed. The micro-
graphs for control pectin films are consistent with those reported
AFM and SEM micrographs elsewhere in the literature. The micro-
graphs of control pectin films in Fig. 1a,b,c appear similar to the
micrographs visualized using Atomic Force Microscope (AFM) by
Sartori et al. [23]. The control pectin micrographs also look similar
to the SEM images of control pectin films reported by Chakra-
varthula et al. [24], Phuong Ngo et al. [27], Priyadarshi et al. [28],
and Younis et al. [29]. The morphology of the films was supported
by the trends of transparency and WVTR, evidencing that the struc-
tural arrangement of the components in the film and processing/
drying conditions affect the overall characteristics of the film.
The surface morphology of the films formed at conditions of
pH =3, T =22°C, RH = 40% and pH = 7, T = 22°C, RH = 40% seems
to be similar. However, there is a visible difference in the morphol-
ogy of films at pH = 7, T = 22°C, RH = 40% and pH = 7, T = 48°C,
RH = 60%. This indicates that the drying conditions (temperature
and relative humidity) can influence the surface morphology of
films.

3.3. Main and interaction effects

3.3.1. Control pectin films made from 5% solution

The thickness, WVTR, WVP, transparency (AE) and whiteness
index (WI) values of the 23 full factorial experimental design are
summarised in Table 2. Standard deviation of the responses were
calculated by repeating the run numbers 3 and 7 three times.
Based on the repeated experiments 3 and 7, the standard deviation
in thickness, WVTR and AE were 0.006, 18.47 and 0.16, respec-
tively. The standardized effects of main factors, two- and three-
factor interactions, mean sum of squares and the percentage con-
tribution of each factor and factor combinations on the three
response variables are shown in Table 4. Positive effect means, as
the factor level increases, the response variable increases. Negative
effect represents a decrease in response variable with an increase
in the factor level.

Analysis for less thickness: the two-factor interactions PH, TH and
three-factor interaction PTH show negative effects on thickness,
while P, T, H and PT show positive effects. The main factor T and
the three-factor interaction PTH followed by P and PT contribute
more for the thickness of the film, while the main factor H and
the other two-factor interactions PH and TH do not contribute sig-
nificantly. The positive effect of T along with a significant contribu-
tion (36%) clearly indicates that the low temperature is favourable
for getting thin films from 5% solution. However, the role of three-
factor interaction PTH (55%) is also significant and shows positive
effects on thickness indicating either a low to moderate P and a
low to moderate H at a fixed low T. The next significant contribu-
tion (2%) comes from P, which has a positive effect, indicating that
low pH is desirable to obtain thin films.

Analysis for low WVTR: The factors T, H, PT, PH and PTH show
negative effects on WVTR, while the factors P and TH show positive
effects. The main effects P and T and the two-factor interactions PH
and TH and the three-factor interaction PTH show significant effect
on the WVTR, while other factors do not seem to influence WVTR
significantly. Temperature has highest influence (66%) and has a
negative effect on WVTR. This indicates that a high temperature
is favourable to form films with low WVTR from 5% solution. The
next highest contributor is the two-factor interaction TH, which
has a positive effect. This means the TH effect should be low. As
it is already known that high T is favourable, it is the relative
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humidity (H), which has to be low to medium value in order to
reduce the TH effect.

Analysis for high transparency: High transparency means low AE
value. The factors H and TH show negative effects on the AE, while
P, T, PT, PH, PTH show a positive effect. The AE is affected more by
the main effects P, T and the two-factor interactions PT and TH and
the three-factor interaction PTH, while the effect of other factors is
insignificant. The highest contribution (82%) from pH (P) and a pos-
itive effect by P indicates that low pH is favourable to obtain trans-
parent films (low AE value) from 5% solution. The next
contributing factor is PT (12%) and has a positive effect on AE. In
order to reduce the PT, with an already fixed low P, a low to high
T are favourable to get transparent films.

The influence of two-factor interactions at the base level of the
third factor and the combined effect of the three factors in cube
form on the three response variables as a 3D surface plot using a
trial version of statistical design software Design Expert® [37] are
shown in Fig. 2, Fig. 3 and Fig. 4.

3.3.2. Control pectin films made from 3% solution

The thickness, WVTR, WVP, transparency parameter (AE) and
whiteness index (WI) results of the 2> full factorial design of con-
trol pectin films made from 3% solution are summarised in Table 2.
Contrast coefficients for calculating the effects of factors on the
responses were taken from supporting information Table S1. The
experiments 3 and 7 were repeated three times and the standard
deviation in thickness, WVTR and AE were 0.009, 21.28 and 0.38
respectively. The main effects, two- and three-factor interaction
effects, mean sum of squares and the percentage contribution of
each effect on the three response variables are provided in supple-
mentary material Table S2.

Analysis for less thickness: The factors P, PT and PTH show a neg-
ative effect on thickness while T, H, PH and TH show a positive
effect. The negative effect of P along with highest contribution
(53%), indicates that the high pH is favourable for obtaining thin
films. However, the effect of TH (21%) which has a positive effect
is also significant on thickness. This indicates that TH should be
low and can be achieved by low T or H. The next significant contri-
bution (11%) comes from PT which has a negative effect. If PT has
to be high, at a fixed high desirable P, the T should be low and sub-
sequently a low to moderate H to reduce TH effect.

Analysis for low WVTR: The factors T, PT, PH, TH and PTH show
negative effects on WVTR, while the factors P and H show positive
effects. The three-factor interaction term PTH has highest influence
(38%) and has a negative effect on WVTR indicating that PTH
should be high. The next highest contributor is H (25%) which
has a positive effect. Temperature, T also has 24% contribution
and shows a negative effect on WVTR. This means high tempera-
ture and low humidity of drying are preferable. In summary, low
H, high T and low P are desirable for to achieve films with low
WVTR out of 3% solution of control pectin.

Analysis for high transparency: The factors T, H, PT, PH, TH show
negative effects on the transparency parameter AE while P and
PTH show a positive effect. The highest contribution (81%) and a
positive effect by pH (P) indicates that, low pH is favourable to
get transparent films (low AE value). The next contributing factor
is PTH (7%) and PTH has a positive effect on AE. In order to reduce
the PTH, low H and high T are favourable to get transparent films
since we already have zeroed in on low pH.

The influence of two-factor interactions at the base level of the
third factor and the combined effect of the three factors in cube
form on the three response variables as a 3D surface plot are
shown in the supplementary material Fig. S1, Fig. S2 and Fig. S3
for brevity.
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Fig. 1. Surface micrographs of (a) 5% control pectin pH = 3, T = 22°C, H = 40%; (b) 5% control pectin pH = 7, T = 48°C, H = 60%; (c) 5% control pectin pH =7, T = 22°C, H = 40%; (d)
5% pectin + glycerol pH = 3, T = 22°C, H = 40%; (e) 5% pectin + glycerol pH = 7, T = 48°C, H = 60%; (f) 5% pectin + glycerol pH = 7, T = 22°C, H = 40%.
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Table 4
Values of main, two-factor and three-factor interaction effects for control pectin films from 5% wj/v solution.
Thickness WVTR AE
Term Effect Mean Sum % contribution Effect Mean Sum % contribution Effect Mean Sum % contribution
of Squares of Squares of Squares

P 0.0085 0.0001445 1.68 66.920 8957.24 4.02 9.855 194.242 82.02
T 0.0395 3.12E-03 36.37 —272.868 1.49E + 05 66.85 1.400 3.920 1.65
H 0.005 5.00E-05 0.58 —32.4675 2108.28 0.95 -0.070 0.0098 0.004
P-T 0.013 0.000338 3.94 —14.8775 442.68 0.2 3.870 29.954 12.65
P-H —0.0025 1.20E-05 0.15 -56.4775 6379.42 2.86 0.440 0.3872 0.16
T-H —0.0075 1.13E-04 131 142.533 40,631 18.24 -1.615 5.216 2.20
P-T-H —0.049 0.004802 55.97 —87.4775 15304.6 6.87 1.245 3.100 1.31

3.3.3. Pectin + glycerol films made from 5% solution

The thickness, WVTR, WVP, transparency (AE) & whiteness
index (WI) results of the 23 full factorial design of control
pectin + glycerol (P:G = 5:1.26 w/w) films made from 5% solution
are summarised in Table 3. Contrast coefficients for calculating
the effects of factors on the responses are taken from the support-
ing information Table S1. The experiments 3 and 7 were repeated
three times and the standard deviation in thickness, WVTR and
AE are 0.002, 47.51 and 0.49 respectively. The main effects, two
and three-factor interaction effects, Mean sum of squares and the
percentage contribution of each effect on the three response vari-
ables are shown in Table 5.

Analysis for less thickness: The factors T, PT and PTH show a neg-
ative effect on thickness while P, H, PH and TH show a positive
effect. The three-factor interaction PTH has highest contribution
(35%) and has a negative effect on thickness. Furthermore, the
effect of PT (25%) which has a negative effect is also significant
for regulating thickness. This indicates that PT should be high
and can be achieved by a high T or P. The next significant factors
are PH (18%) and TH (19%) which have a positive effect indicating
that these values should be low. By comparing all the effects and
contributions, it is clear that a high T, low P and low to moderate
H are the favourable conditions.

Analysis for low WVTR: The factors P, and T show negative effects
on WVTR while the factors H, PT, PH, TH and PTH show a positive
effect. Humidity H has highest influence (57%) while has a positive
effect on WVTR. This indicates that low humidity of drying is pre-
ferred. The three-factor interaction term PTH has 20% influence
and has a positive effect on WVTR indicating that PTH should be
low. The next highest contributor is T (8%) which has a negative
effect indicating that high temperature is favourable.

Analysis for high transparency: The factors T, H and PTH show a
negative effect on the transparency AE, while the factors P, PT, PH
and TH show a positive effect. The highest contribution (37%) and a
positive effect by pH (P) indicates that, low pH is favourable to
obtain transparent films (low AE value). The next contributing fac-
tor is PTH (21%), which has negative effects on AE. Humidity H has
a negative effect and 13% contribution indicating that higher
humidity is desirable. PT and PH also have same contribution
(12-13%) but having a positive effect on AE.

The influence of two-factor interactions at the base level of the
third factor and the combined effect of the three-factors in cube
form on the three response variables thickness, WVTR and AE in
the 3D surface plot format are shown in supplementary material
Fig. S4, Fig. S5, and Fig. S6 respectively.

3.3.4. Pectin + glycerol films made from 3% solution

The thickness, WVTR, WVP, transparency (AE) & whiteness
index (WI) results of the 23 full factorial design of control
pectin + glycerol (P:G = 3:1.26 w/w) films made from 3% solution
are summarised in Table 3. Contrast coefficients for calculating
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the effects of factors on the responses are taken from the support-
ing information Table S1. The experiments 3 and 7 were repeated
three times and the standard deviation in thickness, WVTR and
AE are 0.006, 52.62 and 0.47 respectively. The main effects, two
and three-factor interaction effects, mean sum of squares and the
percentage contribution of each effect on the three response vari-
ables are provided in supplementary material Table S3.

Analysis for less thickness: The factors PT and PTH show negative
effects on thickness while P, T, H, PH and TH show a positive effect.
The PT interaction term has highest influence (50%) and show neg-
ative effects on film thickness indicating that a high PT value is pre-
ferred. The three-factor interaction PTH has a 33% contribution and
has a negative effect on thickness. Furthermore, the terms showing
positive effects such as PH and TH have %-contributions of 4% & 6%
respectively. This indicates that PH and TH interaction terms
should be low. By comparing all the effects and contributions, it
is clear that a high T, low to medium P and low to medium H are
the favourable conditions.

Analysis for low WVTR: The factors P, T, PT, PH and TH show neg-
ative effects on WVTR while the factors H, and PTH show positive
effects. The factor P has highest influence (59%) with a negative
effect on WVTR. This indicates that a high pH is preferrable. The
two-factor interaction term PT has 28% influence and has negative
effects on WVTR indicating that PT should be high. The next high-
est contributor is T (5%) which has negative effects indicating that
high temperature is favourable. In summary, low to medium
humidity, high temperature and medium to high pH are desirable
to obtain 3% pectin + glycerol films with low WVTR.

Analysis for high transparency: The factors T, H, PT and PH show
negative effects on the transparency AE, while the factors P, TH
and PTH show positive effects on AE. The highest contribution
(53%) with a positive effect by pH (P) indicates that, low pH is
favourable to achieve high transparent films (low AE value). The
next contributing factor is H (31%) and H has negative effects on
AE indicating that high humidity of drying is favourable. The TH
interaction term has 6% influence with a positive effect indicating
that TH should be low. As H should be high, the T can be low.

The influence of two-factor interactions at the base level of the
third factor and the combined effect of the three factors in cube
form on the three response variables thickness, WVTR and AE in
the 3D surface plot format are shown in the supplementary mate-
rial Fig. S7, Fig. S8 and Fig. S9 for brevity.

Detailed assessment of the effects of main factors and their
interactions on response variables for the four sets of films (32
films in total) developed, revealed that the three response variables
(thickness, WVTR and AE) are mainly affected by the pH, temper-
ature and their interaction with humidity. Humidity alone does not
seem to have any significant effect. The preferred conditions for
developing films with less thickness, less WVTR and low AE are,
acidic or low pH (3), high temperature (48°C) and low to medium
humidity values (40-50%).
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Fig. 2. Control Pectin from 5% solution. Two factor interactions on Thickness (a) effect of interactions of P & T at H = 50%; (b) effect of interactions of P & H at T = 35°C; (c)

effect of interaction of H & T at pH = 5; (d) effect of three factors P, T & H.

3.4. Regression models, ANOVA and lack-of-fit analysis

The first-order linear regression models were fitted for different
responses (Th, WVTR and AE) as a function of independent vari-
ables (P, T, H and their interaction terms), which affect the
responses significantly. The general model equation along with
the model parameters or the coefficients of regression model fitted,
analysis of variance (ANOVA) and the details of R?, model-p value
and the p-value for individual terms for the three response vari-
ables (Th, WVTR and AE) for all the four sets of films are reported
in Table 6. The R? values (Table 6) for all the models are close to
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1.0, suggesting good fitness of the models. For instance, comparison
of model predicted responses (Th, WVTR and AE) with experimen-
tal responses for the control pectin films made from 5% solution in
Fig. 5 shows a close correspondence, suggesting well representation
of responses as a function of different factors. Similar close corre-
spondence was also observed for other three types of films made
from different concentrations/composition (supplementary mate-
rial Fig. S10, Fig. S11 and Fig. S12 for 3% control pectin films, 5%
pectin + glycerol films and 3% pectin + glycerol films respectively).

In addition, the check for statistical significance of models and
lack-of-fit analysis was performed (Supporting Information
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Fig. 3. Control Pectin from 5% solution. Two factor interactions on WVTR (a) effect of interactions of P & T at H = 50% (b) effect of interactions of P & H at T = 35°C; (c) effect of

interaction of H & T at pH = 5; (d) effect of three factors P, T & H.

Table S4 and Table S5). Both statistical F-test and p-value showed
that the regression models are significant (i.e., regression coeffi-
cients are important) and the lack-of-fit is not significant at a
90% confidence level. This shows that the fitted models are ade-
quate approximation to provide good predictions for the desired
responses as a function of different factors considered.

4. Conclusions

Four sets of pectin based films were developed with varying
concentrations of pectin and glycerol. A 23 (two-level three-
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factor) statistical design of experiments was used to find the opti-
mum process conditions (pH of solution, temperature and relative
humidity of drying) for obtaining the targeted film properties,
which include less thickness, low WVTR and high transparency.
The films made from 5% concentration solution have exhibited
improved characteristics compared to those prepared from 3%
solution. The extent of improvement depended on the process con-
ditions. Furthermore, glycerol that was used as a plasticizer,
increased the moisture absorption of the pectin films due to its
hygroscopic nature. Based on the level of statistical significance
of all the main and interaction factors effects on the response vari-
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Fig. 4. Control Pectin from 5% solution. Two factor interactions on AE (a) effect of interactions of P & T at H = 50%; (b) effect of interactions of P & H at T = 35°C; (c) effect of

interaction of H & T at pH = 5; (d) effect of three factors P, T & H.

ables: (a) the factors, pH of the solution and drying temperature,
have the most significant effect on the film thickness (b) along with
pH and temperature, the effect of relative humidity of drying is
also significant on WVTR (c) transparency of the films is affected
majorly by pH of the solution. Based on the detailed analysis, the
optimal conditions are low pH = 3 and a high T = 48°C and a low
to medium relative humidity H of drying (40-50%) for developing
films with less thickness and low WVTR and high transparency.
Statistical analysis showed that the regression models are signifi-
cant and the lack-of-fit is not significant at 90% confidence level,
suggesting that the fitted models are adequate to describe the
effects of different factors on the targeted film properties.
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Table 5
Values of main, two factor and three factor interaction effects for pectin + glycerol films from 5% w/v solution.
Thickness WVTR AE
Term Standardized Mean Sum % contribution Standardized Mean Sum % contribution Standardized Effect Mean Sum % contribution
Effect of Squares Effect of Squares of Squares
P 0.01225 0.0003 1.51 -107.57 23142.6098 3.78 6.077 73.872 37.34
T —0.00775 1.20E-04 0.61 -164.83 54337.8578 8.86 —1.7025 5.80 2.93
H 0.01125 2.50E-04 1.27 418.03 349498.162 57.02 -3.6075 26.08 13.15
P-T —0.04975 0.0049 24.95 29.23 1708.7858 0.28 3.4275 235 11.87
P-H 0.04225 3.60E-03 18 106.37 22629.1538 3.69 3.6425 26.53 13.41
T-H 0.04325 3.70E-03 18.86 130.03 33815.6018 5.52 0.0725 0.0105 0.0053
P-T-H —0.05875 0.0069 34.8 252.77 127785.346 20.85 —4.5875 42.09 21.27
Table 6

Coefficients of regression model and ANOVA for fitted models of the response variables.

Control Pectin 5% film Control Pectin 3% film Pectin + glycerol 5% film Pectin + glycerol 3% film

Th

WVTR

10

AE (Predicted)

15

20

Fig. 5. Comparison of experimental vs regression model for the films developed with control Pectin 5% solution.
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AE Th WVTR AE Th WVTR AE Th WVTR AE
BO 0.1865  1339.416 11.2462 0.1224  1900.84 6.16 02126  1866.385  11.069 01783  2367.4 8.5225
1 0.0043% 33.4112° 4.9367° —0.0464° 109.759° 2.1525° 0.0061° 3.0388° 0.008? —~194.9° 3.835°
2 0.0198"  —136.484° 0.7088° —-183.559>  —0.5375° —82.415° —57.15%
B3 192.641° 209.015° —1.8038* 41.9% —2.92°
p12 0.0065° 1.9437°  —0.0206° -0.55° -0.0249° 1.7137° —-0.031°>  —13435" —0.9725°
p13 -28.188° 0.0159°  —78.041° 0.0211° 1.8212° 0.009° -1.1025°
p23 713163 —0.8163° 0.0293" 0.0216° 65.015° 0.01122 1.2975%
p123 —0.0245°  —43.6888" 0.6138> —0.0173* —234.041° 0.6525° —0.0294°  126.385° —2.2937° -0.0255" 39.65°
R? 0.99 0.96 0.99 0.98 0.99 0.99 0.98 0.92 0.97 0.97 0.97 0.97
Adj R? 0.95 0.91 0.98 0.94 0.98 0.97 0.93 0.82 0.89 0.9 0.91 0.92
Model-p  0.007 0.02 0.003 0.04 0.009 0.003 0.04 0.05 0.06 0.06 0.06 0.05
Regression Model: Ypredicted = Bo + 1P + B2 T + psH + 1o PT + p13PH + B3 TH + B3 PTH.
“refers to the terms significant at statistical p < 0.1 level.
brefers to the terms significant at statistical p < 0.05 level.
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