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A B S T R A C T

Since there is a current need for developing biodegradable mulch films that keep the advantages of those
manufactured with polyethylene but offering earlier biodegradation, new starch-based formulations were pro-
posed and analyzed. In this work, starch was chemically modified by phosphorylation with sodium tripoly-
phosphate and resulting films were later coated with chitosan. Starch phosphorylation was performed by two
different methodologies: chemical modification in aqueous suspension (AS) and reactive extrusion (REx). The
content of phosphorus and the degree of substitution (DS) were determined and calculated, respectively, for the
purpose of evaluating the efficiency of the phosphorylation reaction. This was used as a reference to analyze its
incidence on the structure of the materials tested. Fourier Transform infrared spectroscopy (FTIR) and X ray
diffraction (XRD) techniques were used to analyze chemical and structural modifications of the starch. Results
show that higher DS was achieved by REx method and that was supported by the analysis of FTIR and XRD
spectra. Films characterization indicates that phosphorylation by REx contributed to lower film moisture content
and to increase opacity and antimicrobial activity. With regard chitosan (CS) coating, SEM micrographs indicate
that it presented a porous structure that produces an increment in hydrophilicity, opacity and antimicrobial
activity.

1. Introduction

The development of biodegradable agricultural mulch films is
highly attractive and necessary in order to replace the conventional
polyethylene (PE) mulch films. The latter, are degradable in at least
100 years, time that exceeds their life use [1]. The use of PE mulch films
offers several advantages to farmers: they produce an increase in yields
and accelerate crop harvesting time by keeping a proper soil moisture
and raising soil temperature [2]. Moreover, mulch films contribute to
reduce the amount of herbicide utilization, since they filter the photo-
synthetically active radiation (PAR) and thus, prevent weed growth [1].
However, the main disadvantages of their use are the economic costs
that implie their collection after harvesting and the disposal of great
amounts of agrochemically-polluted PE [3]. Resent publications have
described that the long-time usage of non-biodegradable mulching can
produce soil deterioration [4,5]. At the same time, current trends argue

that the agricultural sector will be required in the coming years due to
the continuous increase in the world population and the consequent
need to increase food production [6]. This way, the development of
new agro-inputs and innovative technologies that let to increase yields,
the cultivation of poor soils and that allow to care for the environment
and resources, such as water and soils, are urgently required [6]. In this
context, starch appears as an interesting polymer that can be used as
base of new mulch formulations. Starch is cheap, highly and naturally
abundant, and can be processed in a continuous and traditional way in
order to obtain thermoplastic films [7]. Their main disadvantages such
as, poor mechanical properties and high hydrophilicity can be at least
partially overcame by adopting different strategies [8].

Crosslinking reactions are widely used in the chemical modification
of starch. In particular, phosphorylation allows to generate intra and
intermolecular bonds, and in this way contributes to decrease the rate
of retrogradation of their films [9]. In addition, crosslinking through
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phosphate groups is highly attractive for the application of thermo-
plastic starch (TPS) films as biodegradable and functional agricultural
mulches. Plants require large amounts of phosphorus for their growth
and development and it is expected that it could be available for plants
once the mulch has been biodegraded [10].

Starch phosphorylation can lead to the formation of mono-starch
and di-starch phosphates. The latter are obtained when two hydroxyl
groups are esterified by the same phosphate [11]. Phosphorylation can
occur in any of the carbons C-2, C-3 and C-6 and both amylose and
amylopectin can react, although the former has a lower tendency to-
wards crosslinking [9]. The most commonly used crosslinking agents
are sodium tripolyphosphate (TPP), sodium trimetaphosphate (TMP),
phosphoryl chloride and epichlorohydrin. The last one is highly toxic
and therefore its use is becoming less frequent [12].

Starch phosphates can be obtained by different methodologies. One
of them, contemplates their modification in dry and consists in heating
a reactive mixture of starch, sodium sulfate and TPP, or TMP, at a
predetermined pH [11]. Another approach is the modification of starch
in aqueous solution. For this purpose, starch dispersion is generally
used together with TPP, TMP or a mixture of both, a catalyst such as
Na2SO4 and the pH, temperature and stirring time are controlled. Fi-
nally, the mixture is dried in an oven at 40 °C [13]. Nevertheless, these
techniques have great disadvantages when compared to extrusion.
Modification in solution involves using large volumes of water and
amount of salts (10–30% w/w) to inhibit the gelatinization of the starch
and be able to work in a wider range of temperatures. Additionally, the
residence time in the reactor can be between 2 and 24 h. These re-
quirements make the process industrially expensive [14]. On the other
hand, the dry-mixing followed by oven-heating method usually gives
low yields of phosphorylation [13]. Finally, starch phosphates can be
obtained by reactive extrusion (REx). The extrusion technique itself
offers numerous advantages over other methods of starch modification
that must finally be processed by this technique to obtain the TPS [14].
REx allows incorporate perfectly mixed reagents with starch in the
extruder and by the temperature, pressure and shear allows the reaction
progress simultaneously with the processing of the material [14,15].

The objective of this work was to develop and study the properties
of native and phosphorylated thermoplastic corn starch films obtained
in two different ways: modification in aqueous suspension with sub-
sequent extrusion and compression molding; and phosphorylation by
REx and subsequent compression molding. Additionally, the effect of a
chitosan coating on each of the materials developed was studied. CS is a
linear chain cationic polymer derived from chitin, the second most
abundant polymer in nature [16,17]. It has numerous properties that
make it highly attractive for its application in agriculture, among which
its antibacterial, antifungal and biostimulant capacity stand out [18].
The interaction between starch-based films and water was studied by
measuring its moisture content, moisture absorption, solubility and
contact angle. In addition, its superficial morphology was observed by
scanning electron microscopy (SEM) and was related with water in-
teraction results. The transparency of each film was also determined by
measuring its light transmittance. Antibacterial properties of starch-
based films were evaluated against Pseudomonas syringae pv. tomato
DC3000 (Psy), a phytopathogenic bacterium that affect tomato crop
[19].

It should be noted that the novelty of this research work does not lie
in the methodology of phosphorylation by wet chemistry. The novelty
of this work was centered in the comparison of the CS-coated modified
TPS by means of two methodologies: a traditional one by means of wet
chemistry and another one by REx. This last methodology can be con-
sidered as a green methodology, since it is energy efficient and does not
require water consumption [20]. In particular, the phosphorylation
reaction was selected with a view to the application of these materials
as agricultural mulch films, which once biodegraded can enrich the soil
in a mineral such as phosphorus, which is beneficial for the growth of
food crops. Besides, the surface of these materials was covered with

chitosan with the aim of giving antimicrobial protection to the food
crops in an ecological way. Thus, the proposed material formulation for
application in agriculture as biodegradable mulches has not been pre-
viously published and represents an innovative approach for the re-
placement of traditional ones.

2. Experimental section

2.1. Preparation of phosphorylated corn starch in aqueous suspension

The chemical modification of corn starch was carried out according
to the procedure reported by Gutiérrez et al. [21] with some mod-
ifications. Briefly, 4 l of distilled water was placed in a 10 l capacity
reactor and 1 kg of corn starch was dispersed using stirring at 150 rpm.
Then 34.90 g of 0.05M K2SO4 were added and the pH of the dispersion
was brought to 11 with 1M NaOH. Then, 30 g of TPP (3% w/w) was
added. Reaction conditions such as pH and phosphate forming agent
were chosen as reported by other authors. According to O'Brien et al.
[22] pH 11 favors the formation of di-starch phosphates and according
to Moad [14], TPP gives better yields than SMP. Once all the reagents
were added, the mixture was heated to 45 °C and the stirring was
maintained for 3 h. After this time, 2% (v/v) HCl was added to set the
pH at 7.0 and the modified starch was allowed to decant for later fil-
tering and drying in an oven at 40 °C for 48 h.

2.2. Preparation of phosphorylated corn starch via reactive extrusion (REx)

The preparation of corn starch phosphate films by REx was carried
out by processing a mixture of corn starch with 20% (w/w) glycerol and
10% (w/w) water as plasticizing agents. The water used as a plasticizer
was further used to dissolve TPP and K2SO4 in the same concentrations
used for the modification in solution 3% (w/w) and 0.05M, respec-
tively and the pH was brought to 11 using 1M NaOH. The employed
extrusion conditions are detailed below.

2.3. Preparation of thermoplastic films

The following films were obtained by extrusion and subsequent
compression molding: thermoplastic starch (TPS), TPS phosphorylated
in aqueous suspension (TPS-P-AS) and TPS phosphorylated by REx
(TPS-P-REx). For that, an Extrualex Doble Argentina (Buenos Aires,
Argentina) double screw extruder with six heating zones was used. In
each case, a mixture of distilled water 10% (w/w) and 20% (w/w)
glycerol was used as plasticizer, the screw speed was set at 130 rpm and
the following temperature profile was used: 90/100/105/110/120/
120 °C. According to Salay et al. [23] subsequent temperature incre-
ments (130–175 °C) decrease the amount of phosphate bound to the
starch, so that the temperature was kept below these values.

Once extruded, approximately 90 g of each material were pressed
using a hydraulic press at 130 °C and 70 Bar for 20min. The mold was
cooled by circulating water and was not opened until its temperature
reached 40 °C. An aluminum mold of 30 cm×30 cm and 0.2mm of
thickness was used to obtain each film.

2.4. CS coating

The TPS, TPS-P-AS and TPS-P-REx films were placed on aluminum
foil under a hood and then a solution of CS at 1% (w/v) in 1% (v/v)
acetic acid was poured over them and spread over the entire surface
with the help of a glass rod. Once dry, the same procedure was carried
out on the other side of the films. The resulted samples were labeled
TPS-CS, TPS-P-AS-CS and TPS-P-REx-CS and were stored in poly-
ethylene bags at 60% RH.
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2.5. Characterization techniques

2.5.1. Determination of phosphorus content and degree of substitution (DS)
The determination of phosphorus content was made following the

procedure described at IRAM 15013 [24]. The degree of substitution
was then calculated as presented in Eqs. (1) and (2) for the formation of
mono- and di-starch phosphates [25], respectively.

− =

−

DS(mono starch phosphate) 162%P
3100 97%P (1)

− =

−

DS(di starchphosphate) 324%P
3100 96%P (2)

where %P is the percentage of phosphorus determined.

2.5.2. Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectra were measured by attenuated total reflectance

(ATR). They were acquired with a Nicolet 6700 Thermo Scientific in-
strument, in the range of 500 to 4000 cm−1, with 32 scans at a re-
solution of 4 cm−1 and room temperature.

2.5.3. X ray diffraction (XRD)
XRD patterns were acquired in a PANalytical X-Pert Pro dif-

fractometer with CuKα radiation (λ=1.5406 Å) at40 kV and 40mA.
All measurements were conducted at room temperature in the 2–33°
(2θ) range at scanning speed of 1°/min. Crystallinity percentage, Xc
(%), was calculated according to Eq. (3), as reported previously by
Hermans&Weidinge [26].

=X A
A

(%) 100%C
C

T (3)

where AC is the area under the crystalline section of the spectrum and,
AT, is the total area under the diffractogram.

2.5.4. Moisture content (MC)
The moisture content was determined thermogravimetrically in

samples of approximately 0.5 g placed in an oven at 100 °C for 24 h. The
procedure was performed in triplicate for each sample and the moisture
content was calculated using Eq. (4):

=

−

MC
w w

w
x% 100%i f

i (4)

where wi and wf are the initial and final weights of each sample. The
results were expressed as mean ± standard deviation.

2.5.5. Moisture absorption (MA)
Samples of 1 cm×1 cm were cut out and dried in an oven at 40 °C

for 48 h. Next, the initial weight of each sample was recorded and
placed in moisture controlled containers. The moisture absorption of
the films was studied at room temperature and in two different en-
vironments: at 60% RH, prepared using an aqueous glycerol solution at
72% (w/w); and at 90% RH, prepared using an aqueous solution of 34%
(w/w) glycerol. The mass of each sample was recorded regularly for
two weeks and it was analyzed in triplicate. The mass gain was de-
termined using Eq. (5):

=
−

×MA w w
w

(%) 100%t 0

0 (5)

where wt is the weight of the sample at time of exposure t and w0, is the
initial weight of the dry sample. The results were expressed as MAeq

(%) ± standard deviation, being MAeq (%), the equilibrium moisture
absorption, taken as the maximum value registered for each sample.

2.5.6. Water solubility (WS)
The dissolution percentage of the films was determined gravime-

trically. Approximately 0.5 g of each sample was dried in an oven at
100 °C for 24 h. After that, its initial mass was recorded and the sample

was placed in 50ml of distilled water at room temperature (22 °C) for
24 h. Then, the solution was removed and the remaining films were
placed in an oven at 100 °C for 24 h. Finally, its final weight was re-
corded and the solubility percentage (% WS) was determined using Eq.
(6):

=

−

WS
w w

w
x% 100%i f

(6)

where wi and wf are the initial and final weights of each sample. The
experiment was carried out in triplicate and the results were expressed
as mean ± standard deviation.

2.5.7. Contact angle (CA)
Contact angles (θ) were measured using a Ramé-Hart goniometer

model 100–25-4 by placing a drop of 5 μl of ultra-pure water (Merck
Millipore) on the surface of each film and by using the software “Drop
image advanced”. The experiments were carried out at 25 °C and at
least 5 measurements per sample were carried out. Results are pre-
sented as average ± standard deviation.

2.5.8. Scanning electron microscopy (SEM)
The surface morphology at the top of each sample was observed

with a JEV JSM-6460 LV microscope. Small pieces of each film were
placed on an aluminum sample holder and coated with a thin layer of
gold to ensure electrical conductivity.

2.5.9. Transparency (T)
The transparency was determined using an Agilent 8453 UV–Visible

spectrophotometer. The analyzed films were cut to a length of 4 cm and
2 cm in width and fixed to the measuring cell with adhesive tape. Then,
the transmittance spectrum was recorded in the wavelength range from
290 to 1100 nm and the transmittance at 600 nm was employed to
obtain the transparency according to Eq. (7) [27].

=
−

T
T

x
log 600

(7)

where T is the transparency, T600 is the transmittance at 600 nm and x is
the average thickness of the films in mm.

2.5.10. Antibacterial properties
The antibacterial activity of the films was evaluated on the viability

of the phytopathogenic bacterium Pseudomonas syringae pv. tomato
DC3000 (Psy). Psy was maintained on King's B (KB) agar medium [56]
containing suitable antibiotics, 50 μgml−1 rifampicin and 50 μgml−1

kanamycin according to Mansilla et al. [19]. Small pieces of each film
(20mg) were incubated with cell cultures in an exponential phase (106

cells ml−1) for 24 h at 30 °C. Once this time had elapsed, an aliquot of
the cultures was extracted, diluted appropriately into fresh KB medium,
and plated on KB-agar medium. Colonies were counted after incubation
at 30 °C overnight, and the number of CFU in the original culture was
calculated from dilution factors. The results were expressed as a per-
centage with respect to the treatment with TPS. Three independent
experiments were performed.

3. Results

3.1. Chemical and structural characterization

The phosphorus content of native and phosphorylated thermoplastic
starch (TPS) films (in aqueous suspension and by reactive extrusion -
REx), and the degree of substitution by formation of mono- and di-
starch phosphates are presented in Table 1.

As can be seen, the REx proved to be more effective than the aqu-
eous suspension phosphorylation method. Similar results were pre-
viously reported by Landerito and Wang [13], who worked on the
phosphorylation of starch by various techniques and found that the
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modification by REx was more rapid and effective than the methodol-
ogies of modification in suspension and oven-heating. Moreover, and
according to expectations, it was found that in all cases the degree of
substitution by formation of di-starch phosphates was higher than
mono-starch phosphates, indicating that have been formed covalent
bonds between the starch chains [28]. The values obtained are in the
order of those reported by Seker et al. [29] and are higher than those
reported by Deetae et al. [25] for the phosphorylation of rice starch.

In order to identify the functional groups associated with the che-
mical modification of the starch and its coating, the infrared absorption
spectra were measured (Fig. 1). The main bands observed, together
with their interpretation, are included in Table 2.

According to Table 2, the analyzed samples of TPS, TPS-P-AS and
TPS-P-REx, showed the characteristic absorption bands of corn starch.
Phosphorylation, either by aqueous suspension or by REx, did not
produced significant changes in the appearance of the infrared spectra.
The presence of the phosphate groups is identified by the band asso-
ciated with the stretching of the P]O group that appears approxi-
mately at 1244 cm−1 [30]. However, the appearance of this band has
not been observed, probably due to that the phosphorus concentrations
in the modified materials are very small and that the band is expected
to appear in the fingerprint area, so it could be probably overlapped

with other bands. Similar results were found by Galicia-García et al.,
2011 [15], who worked on the phosphorylation of corn starch and did
not observe this band in their starches.

According to Seligra et al., 2016 [31] the ratio of intensities at the
maximum absorption of the OeH group (3286 cm−1) and the band at
1149 cm−1, related to the stretching of the CeO bond in C-OH, gives
information about the amount of available hydroxyls in each system.
The intensity quotient for TPS, TPS-P-AS and TPS-P-REx gave 4.69, 4.60
and 3.79, respectively. As can be seen, there were no large differences
between TPS and TPS-P-AS and, instead, a large decrease in the number
of free OeH of TPS-P-REx was observed, which is in line with the re-
sults of DS.

According to Sevenou et al. [32], the ATR-FTIR technique is a sur-
face analytical method that allows obtaining short-range order in-
formation in starch samples since the penetration of the beam is ap-
proximately 2 μm. In this way, the films that were coated with chitosan
presented only their absorption bands. The one corresponding to the
stretching of the NeH groups was overlapped with the absorption band
of the OeH and appeared approximately at 3245 cm−1 [33]. The rest of
the typical bands of chitosan are shown in Table 2. Additionally, it was
observed that the peak of adsorbed water, which appears at
1646.93 cm−1 in the starch, runs towards lower wavenumbers in the
films with chitosan coating (1637.29 cm−1) which suggests that the
interaction with this one it is even stronger [34].

Starch samples prepared by extrusion and subsequent compression
molding may retain a part of the natural crystallinity of the granule, as
a result of incomplete gelatinization of the starch, or they may present a
new type of crystallinity associated with retrogradation of the starch
after processing. Fig. 2 shows the diffractograms of the developed films
and their percentages of crystallinity calculated using Eq. (3).

All the systems showed mainly an amorphous fraction with a small
crystalline portion in agreement with the diffractograms previously
reported in the literature [35]. No differences were found in diffraction
peaks positions for the coated and uncoated samples with chitosan. All
the developed materials showed characteristic crystallinity patterns of
type A, common of cereals [36], and of type VH, typical of starches
whose conformations in double helices have been interrupted due to the
presence of glycerol (plasticizer) and formed new simple helical gly-
cerol-amylose complexes [35]. In this way, the peaks that appear at 2θ °
~ 13.4 and 19.8° (6.5 and 4.4 Å) are attributed to the organization in
VH structures, while those that appear in 2θ ° ~ 17.3 and 22.2° or 5.1
and 3.9 Å, respectively, to a type A structure [15,36]. VH type structures
are typical of retrogradation and type A structures may be due to in-
complete starch gelatinization and also, to retrogradation [7].

Muhrbeck et al., 1991 [37] studied the effect of the degree of
phosphorylation on the crystallinity of native potato starch. This starch
possesses ester phosphates directly attached to amylopectin molecules.
The phosphorus content is approximately 1 phosphate per 200 glucose
units (~ 0.1%w/w). In their work, these authors reported that the de-
gree of phosphorylation is inversely proportional to the crystallinity
and that it would be related to the carbon to which the phosphate group
is attached. When this group is attached to the C6 atom, which has an

Table 1
Phosphorous content and degree of substitution (DS) for TPS, TPS-P-AS and
TPS-P-REx.

TPS TPS-P-AS TPS-P-REx

P (%p/p) 0.01 0.06 0.39
DS (Mono-ester) 5E−4 3E−3 0.02
DS (Di-ester) 1E−3 6E−3 0.04

Fig. 1. Infrared absorption spectra of (a) TPS, (b) TPS-CS, (c) TPS-P-AS, (d)
TPS-P-AS-CS, (e) TPS-P-REx and (f) TPS-P-REx-CS, obtained by ATR-FTIR in the
range of 4000 to 500 cm−1.

Table 2
Wavenumber at the maximum of the infrared radiation absorption band of the developed materials.

Functional group TPS TPS-Q TPS-P-AS TPS-P-AS-CS TPS-P-REx TPS-P-REx-CS

O-H Stretch of starch, glycerol and water (cm−1) [31,39] 3286.2 3245.7 3286.2 3245.7 3286.2 3245.7
Stretching of CeH in CH2 (cm−1) [39] 2927.5 2935.2 2927.5 2935.2 2927.5 2942.9
O-H bending adsorbed water (cm−1) [31,42] 1646.9 1637.3 1646.9 1637.3 1646.9 1637.3
C-H bending in CH2 (cm−1) [39,54] 1365.4 1382.7 1365.4 1382.7 1365.4 1382.7
Stretching of CeO in C-OH (cm−1) [34,39] 1149.4; 1078.0 – 1149.4; 1078.0 – 1149.4; 1078.0 –
Stretching of CeO in C-OC (cm−1) [31,34,54] 1014.4 – 1014.4 – 1014.4 –
Stretching of P]O (cm−1) [30] – – – – – –
N-H bending (Amide II) (cm−1) [33,55] – 1529.3 – 1533.2 – 1535.1
C=O stretch (Amide I) (cm−1) [33,55] 1637.3 – 1637.3 – 1637.3
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outward orientation in the alpha helices, it interferes with the crystal-
lization of amylopectin. On the contrary, the phosphates in C3 are lo-
cated towards the interior of the alpha helices and it is believed that
they do not interfere with the crystalline structure. At this work, it was
found that the phosphorylation of corn starch by REx produced a sig-
nificant decrease in the crystallinity of the starch which suggests that
the modification has been more effective as found by the analysis of the
phosphorus content and DS. In the same way, only a slight increase in
the crystallinity of TPS-P-AS with respect to TPS was observed by XRD
and is correlated with a small increase in the degree of substitution.
However, when analyzing the same materials but with chitosan coat-
ings, it was found that the crystallinity of each of them, but mainly that
of TPS-P-REx-CS, increased remarkably, which may be due to the fact
that during the coating process, the amylose and amylopectin of the
starch in contact with the aqueous solution of chitosan could acquire
greater mobility and, consequently, accelerate its retrogradation, in
such a way that the coated films presented similar crystallinity [38]. In
other words, during the coating process, the samples are exposed to an
aqueous medium containing chitosan, so the hydrophilic starch absorbs
part of this moisture, producing an increment in the free volume of the
material and causing the molecules to acquire mobility to organize
themselves in a crystalline structure [39].

Additionally, Gutierrez et al., 2015 [35] claim that an increase in
the crystallinity of a semicrystalline material is directly related to a
decrease in moisture content, so it is expected to find a lower moisture
content for TPS-P-Rex sample. Regarding the results found by FTIR, this
sample would have a lower amount of free OH groups, so both results
would be suggesting lower moisture content. The results of this de-
termination are presented later.

3.2. Films interaction with water

As mentioned earlier, agricultural mulches help maintain soil
moisture by reducing the rate of water evaporation. In this way, films
that have a rather hydrophobic character, such as PE, tend to have very
low moisture absorption and water vapor permeability. In the parti-
cular case of starch films, its behavior is rather hydrophilic, a char-
acteristic that can be modified to a certain degree, by replacing part of
its hydroxyl groups with new functional groups.

The interaction between water and the developed materials was
studied through tests of determination of moisture content, moisture
absorption in different environments, water solubility and contact

angle.
The moisture content results are presented in Fig. 3. It can be seen

that phosphorylation in aqueous suspension produced films with a
higher moisture content than those of native starch and phosphorylated
obtained by REx.

The ability to bind water molecules by native and modified starch
depends on the availability of binding sites for these molecules.
According to Sukhija et al., 2016 [12] the new functional groups in-
troduced during the chemical modification of the starch weaken the
hydrogen bonds present in it, thus facilitating the penetration of the
water molecules. In this way, it can be explained why the starch reacted
in aqueous suspension had a higher moisture content. The TPS and the
TPS-P-REx have been obtained directly by extrusion.

The decrease in MC occurs as a consequence of the decrease in OH
groups. The sample of starch modified by REx presented a MC slightly
lower than that of TPS and this is in agreement with the results of the
analysis of the ATR-FTIR spectra and XRD, and coincides with that
reported by Gutiérrez et al., 2015 [35], who worked with the phos-
phorylation of cassava starch. In this way, the decrease in MC of TPS-P-
REx, with respect to TPS, suggests that part of the hydroxyl groups of
the starch have been replaced in the phosphorylation reaction, as was
found with the calculation of the DS.

Regarding the chitosan coating, it was found that it does not show a
clear trend in the moisture content of the films. TPS and TPS-CS did not
show significant differences, while there was a decrease in MC with
respect to TPS-P-AS and a slight increase in moisture content with re-
spect to TPS-P-REx. These irregularities could be associated with in-
homogeneities in the coating appearance. Surface morphology was
analyzed by SEM and results are presented later in the text.

The moisture absorption curves of the films were measured in
controlled environments at 60 and 90% RH and they are shown in
Fig. 4. In both cases, the films initially exhibited a rapid absorption of
moisture and then reached a plateau after 200 and 50 h, for each en-
vironment, respectively. The different samples did not show significant
differences in moisture absorption when they were in a controlled en-
vironment at 60% RH. In Fig. 5, equilibrium moisture absorptions are
shown for each case, taken as the maximum of MA for each curve.

When comparing the absorption at 90% RH of TPS with the phos-
phorylated samples, it was found that TPS-P-AS had a lower absorption
and, on the contrary, no significant differences were observed in the MA
of TPS and TPS-P-REx. In this way, the TPS-P-AS films seemed to be the
more resistant to water. Regarding the effect of the coating with chit-
osan, it was found that in all cases, the coating increased the water
absorption capacity of the samples, which can be related with FTIR
results that suggested that chitosan interaction with water is stronger
than that with starch.

Fig. 2. X-ray diffraction patterns of (a) TPS, (b) TPS-CS, (c) TPS-P-AS, (d) TPS-
P-AS-CS, (e) TPS-P-REx and (f) TPS-P-REx-CS, obtained by XRD in the range of
3 to 33°.

Fig. 3. Percentage of moisture content (MC) present in TPS, TPS-CS, TPS-P-AS,
TPS-P-AS-CS, TPS-P-REx and TPS-P-REx-CS.
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Fig. 6 shows the results of the water solubility test. The results in-
dicate that the phosphorylation of corn starch produces a slight increase
in the solubility of its films, both for TPS-P-AS and for TPS-P-REx, with
WS being a bit higher for the latter. In the literature, opposite trends
have been reported regarding the solubility of phosphorylated starch
films. Some authors argue that cross-linking produces a decrease in
solubility [12,29,39,40], which they attribute to the formation of
covalent bonds between starch chains that would act strengthening the
structure and limiting the mobility of the chains in the amorphous zone;
while other authors found an opposite trend [35,41], thus attributing
the increase in solubility to a greater interaction with water, proposing
that phosphorylation makes the matrices more hydrophilic. Regarding
the effect introduced by the presence of the chitosan coating, it was
found that it seems to contribute to decrease the percentage of dis-
solution of the TPS and TPS-P-REx samples. However, no significant
differences were found for the phosphate starch in aqueous suspension.

The measurement of the contact angle formed by the water with the
surface of the films makes it possible to evaluate the hydrophilic
character of each material. The greater the attraction between water
and surface, the smaller the contact angle observed and therefore, the
more hydrophilic the material [40].

The contact angles determined are shown in Fig. 7. Results indicate
that there were no significant differences in the water contact angle of
TPS, TPS-P-AS and TPS-P-REx. However, when studying the effect of
the coating, the TPS-P-AS-CS and TPS-F-RE-CS films presented an in-
ferior angle than their uncoated matrices, suggesting that CS-coated
films surface presented high hydrophilicity, while no significant dif-
ferences were found in the TPS and TPS-CS results. In general, a lot of
variation was found between the measurements, possibly due to the
heterogeneity of the films surface as suggested also by MC results.

Previously, it has been reported that films prepared with modified
starches should have a different contact angle from that of their un-
modified matrix [42]. However, the contact angle is a technique for
measuring the surface hydrophilicity of films and, as observed by ATR-
FTIR, the surface of the modified starch films is quite similar to the
native one.

Fig. 8 shows the SEM micrographs at the top surface of the devel-
oped materials. The images of the uncoated films are presented in the
figures (a), (c) and (e). At first glance, there were no large differences in
their surfaces. These presented a homogeneous aspect but with some
irregularities mainly in the case of TPS and TPS-P-AS. Regarding mi-
crographs (b), (d) and (f) of the chitosan-coated films, it was observed
that the coating showed high porosity, with different sizes and shapes.

These results can be related mainly with the results of contact angle
and with those of moisture absorption. As it is observed, the surfaces

Fig. 4. Moisture absorption curves as a function of exposure time in environ-
ments at: A: 60% RH, and B: 90% RH, for ■ TPS, ● TPS-CS, ▲ TPS-P-AS, ▼
TPS-P-AS-CS, ◆ TPS-P-REx and ◀ TPS-P-REx-CS.

Fig. 5. Equilibrium moisture absorption (MAeq) in environments at: A: 60% RH
and; B: 90% RH for TPS, TPS-CS, TPS-P-AS, TPS-P-AS-CS, TPS-P-REx and TPS-P-
REx-CS.

Fig. 6. Water solubility of TPS, TPS-CS, TPS-P-AS, TPS-P-AS-CS, TPS-P-REx and
TPS-P-REx-CS.

Fig. 7. Contact angles of TPS, TPS-CS, TPS-P-AS, TPS-P-AS-CS, TPS-P-REx and
TPS-P-REx-CS with water.
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were not uniform and it may be for this reason that the determination of
the contact angle presented a high degree of dispersion. In addition, the
MAeq of the chitosan-coated films was higher than that of the uncoated
films and this can be explained considering the greater absorption
surface represented by the porous coatings of chitosan.

3.3. Films interaction with light

Fig. 9 shows the transparency results of the developed materials
determined by UV–Visible spectroscopy and by using of Eq. (7). It is
important to mention that the large values of transparency in Fig. 9
refer to less transparent films. The results show that the modification of
the starch, either by REx or by the aqueous suspension method, led to
the obtaining of films with a higher value of T (greater opacity).

According to Gutiérrez et al. (2017) [43], the crosslinking sites act as
radiation scattering sites. Similar results have been previously reported
by Gutiérrez et al. [44] who worked on the phosphorylation of corn
starch. Regarding the coating with chitosan it was found that in all
cases, the opacity increases and this may be due to the light being
scattered by the presence of the coating.

3.4. Antibacterial properties

The results of the antibacterial activity of TPS films are shown in
Fig. 10. In this test, approximately 20mg of each film were incubated
with Psy cell cultures for 24 h and then the colony forming units were
counted.

As shown in Fig. 10, it was found that the phosphorylated starches
produced an inhibition of the bacterium growth, being higher in TPS-P-

Fig. 8. Micrographs obtained by SEM for (a) TPS, (b) TPS-CS, (c) TPS-P-AS, (d) TPS-P-AS-CS, (e) TPS-P-REx, (f) TPS-P-REx-CS. Bar= 5 μm.

Fig. 9. A: Transmittance percentage of light in the range of 200 to 1100 nm,
and B: Transparency (T) for (a) TPS, (b) TPS-CS, (c) TPS-P-AS, (d) TPS-P-AS-CS,
(e) TPS-P-REx, (f) TPS-P-REx-CS. High values of T represents low transparent
films.

Fig. 10. Antibacterial activity of the different thermoplastic starch films as-
sayed on Psy. Cells suspended in KB medium containing 20mg of each film
were incubated with shaking for 24 h at 30 °C. The number of CFU for each
experimental condition was then quantified. The results were expressed as a
percentage with respect to the TPS treatment. Data are mean values (± stan-
dard deviation) of 3 independent experiments.
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REx-CS-treated cells. According to Sitohy & Ramadan 2001 [45] and
Wei et al., 2011 [9], starch phosphates are less susceptible than native
starch to be degraded by bacteria since they have a lower susceptibility
to hydrolysis caused by α-amylases. Sitohy & Ramadan 2001 [45] argue
that the presence of phosphate groups acts by inhibiting the action of
these enzymes and that the inhibition is higher, the higher the degree of
substitution of the starch, which is in line with the reported results.

4. Discussion

The effects produced by the use of mulches in soil moisture not only
depend on rainfall and climatic factors, but also on the type of material
used for mulching [4]. In this work, the results of interaction between
water and the phosphorylated materials did not show very large
changes with respect to the properties of the native starch. The mate-
rials developed may not reach the levels of soil moisture that are ob-
tained with the use of PE mulches. However, as previously reported, in
general, the use of mulches is more beneficial in this sense than the
uncovered soil (bare soil) [5,46–48]. Additionally, plastic agricultural
mulches maintain even more moisture in the soil than the widely or-
ganic ones [46]. Moreover, several studies have shown that various
biodegradable agricultural mulches showed lower moisture retention
and, nevertheless, crop yields were the same as those obtained with PE.
For example, corn starch and poly (butylene adipate-co-terephthalate)
(PBAT) based mulches produced the same yield of strawberries [1],
similar results were obtained for a cultivation of grapes with TPS-PBAT
and PLA-PBAT mulches [49] and in another work, biodegradable
mulches of different colors produced the same tomato yields as those
obtained with PE films [50]. Apparently, the greatest importance of the
use of these materials lies in the protection of the seed at the beginning
of its development. In this first stage is when the plant needs soil
moisture to germinate and for this reason, mulches developed in this
work could be used in short crops in order to protect the plant in the
early stages of its development [49]. A benefit that could be presented
by starch mulches is that they could allow the passage of water from
rainfall, since they are more permeable than PE. In this way the mulch
would represent a physical barrier for the evaporation of water and at
the same time would have a greater permeability that would allow to
incorporate part of the water of precipitations [48].

The use of agricultural mulch in tomato production is associated
with increases in yields, better fruit quality and less weeds presence.
These benefits are related to changes in the microclimate of the plant
such as soil heating and moisture content [51]. This first factor is di-
rectly related to the interaction of light with mulch films [52]. The
composition of the light that manages to cross the agricultural mulch
has a great influence on the growth and quality of the product [52].The
insulating effect of the mulch depends on the ability to reflect and
transmit solar energy. It absorbs the sun's radiation and reduces the
heat loss from the soil with a consequent increase in its humidity and
temperature [4]. For its part, photosynthetically active radiation (PAR)
is used to perform photosynthesis by plants and contemplates radiation
of wavelengths between 400 and 700 nm. It is important that the films
are opaque to this radiation to prevent the growth of weeds that then
compete for the nutrients with the plant of interest [53]. In this sense,
both the phosphorylation and the use of a coating of chitosan contribute
to improve the optical properties of the mulch films developed.

The antibacterial action presented by the developed materials ap-
pears as a benefit that would keep a very low inoculum of the phyto-
pathogenic tomato bacteria. Psy, bacterium produces the bacterial spot
in tomato and is the main bacterial disease responsible of large eco-
nomic losses for this crop [19].

5. Conclusions

Starch phosphorylation was carried out by two methodologies: AS
and REx. REx resulted in the more effective since it produced higher

phosphorous contents and DS than that obtained with AS method. FTIR
and XRD techniques were in line with those results. Water interaction
analysis suggested that REx produces a decrease in moisture content
and no significant differences in MAeq were found with TPS. REx pre-
sented higher WS but this was improved by coating with CS. No sig-
nificant differences in CA were observed when compared with TPS.
Films obtained by REx presented also higher opacity and antimicrobial
activity which represent an interesting advantage for the proposed
application.

CS coated films presented stronger water interaction that uncoated
films which was related to the higher MAeq at 90% RH of coated films
and minor CA. Thus, the coating increased the water adsorption capa-
city of the films and makes them more hydrophilic. By analyzing CS-
coated top surface of films could be seen that it presented high porosity
and that different samples presented differences in porous sizes and
shapes. CS coating produces also more opaque films. Only in the case of
TPS-P-REx-CS the presence of CS produced and increment in the anti-
microbial activity.

Despite no greater changes were observed in thermoplastic phos-
phorylated starch films water interaction, encouraging results were
obtained by transparency and antimicrobial analyses. Future work in-
cludes the report of other critical characteristics necessary for mulching
such as mechanical and barrier properties and also, their biodegrada-
tion behavior.
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