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Abstract: Global water crisis is a topic that requires the development of methods that ensure water
cleaning without residue generation. Chitosan-starch blend dopped with different natural extracts or
inorganic compounds is broadly applied for water remediation. In this work, a series of chitosan-starch
biofilms were produced with the addition of red radish and pomegranate extracts. The study was
conducted using formic and acetic acid to determine the effect of the acid on materials integration and
biofilm properties. It was found that acetic acid produces films with higher tensile strength and
weathering resistance. However, formic acid performs a better antimicrobial activity and BOD and
COD control when mixed with red radish anthocyanins. The chloride ion interaction had better results
for those films produced with formic acid. Future work will pursue formulations combining the four
elements: formic acid, acetic acid, red radish extract, and pomegranate extract, to improve the resistance
of the biofilms, maintain the antimicrobial activity, the retention of organic material, and interact with
salts ions for achieving water treatment at significant scale.
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1. Introduction

The global water crisis has overcome us. Nowadays, many cities on all continents have
a challenging issue with water supply [1-3], without mentioning the constant water crisis in the
Middle East [4,5]. Mexico is not the exception, and the water crisis has exponentially arisen
because of the rupture of marsh borders, resulting in the mixing of fresh and saltwater [6,7].
Among the several water treatment methods, some focus on sustainable materials or processes
that look to accomplish water purification and avoid residual production [8-10].

The use of films and biofilms is one of the most studied methods. Chitosan-starch blend
dopped with different natural extracts or inorganic compounds is broadly applied for water
remediation and other medical and food applications [11-14]. In this work, red radish
(Raphanus sativus) and pomegranate (Punica granatum) extracts were used to enhance the
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microbiological properties of chitosan-starch films. Anthocyanins from red radish and
pomegranate have been mainly applied as antioxidants to prevent food decomposition, as
colorants, or as sensors for different applications [15-22]. This research was conducted to study
the effect of the extracts on the antimicrobial capacity, biochemical oxygen demand (BOD)
and chemical oxygen demand (COD) reduction, and chloride ion (CI) capture in aqueous
media, having as substrate chitosan-starch films.

2. Materials and Methods

The methodology was subdivided into three stages: obtention of natural extracts,
biofilms production, and application tests. Two different acids were used to qualify the
integration of the chitosan-starch blend.

2.1. Materials.

From Sigma-Aldrich: Chitosan (85%) deacetylated medium molecular weight, starch
from rice, hydrochloric acid fuming (37%), ethanol HPLC, tartaric acid (99%), deuterated
water, and tetramethylsilane. From Fermont: Glacial acetic acid (99.9%), formic acid (95%),
glycerol (99.7%), and sulphuric acid (98%). From BD Bioxon: Potato dextrose agar, violet red
bile agar, and agar-agar. From JT Baker: sodium chloride, silver nitrate, and potassium
chromate. Sodium hydroxide was purchased from Merck and deionized; distilled water was
purchased from Hycel.

2.2. Obtention and characterization of natural extracts.

Pomegranate extract was obtained with a food processor from the entire fruit. The blend
was filtered to remove fiber residuals and centrifugated at 6000 rpm for 20 min. The
supernatant was stored at 5°C. For radish extract, 100 g of red radish peel was mixed with 200
mL of an acidic aqueous solution (HCI 1%) with ethanol (50:50). The mixture was blended
and filtered to eliminate coarse particles. The liquid phase was centrifugated at 6000 rpm (20
min), and the supernatant was aged for 24 h at 5 °C. After aging, some sedimentable particles
were observed, and the centrifugation process was repeated until there were no fine particles.

After obtention, the natural extracts were analyzed to determine the total anthocyanin
content with a UV-Vis spectrophotometer (Agilent Cary 60). The extracts were adjusted to
pH=1 with HCI 4 N. 250 uL of each one was diluted in 12 mL of acidic ethanol (ethanol/HCI
1N 85:15) and centrifugated at 6000 rpm (40 min). The mixtures were gauged to 25 mL with
acidic ethanol and manually mixed before analysis. The total anthocyanin content of each
source was calculated with Equations 1 and 2, respectively [23,24]. For pomegranate, the total
anthocyanin was determined as cyanidin 3-glucoside:

€y = Mw x 10° (2) (=) (3) (1)

&1 m
where C; is the concentration of total anthocyanin (mg/kg), MW is the molecular weight of
cyanidin 3-glucoside (449 g/mol), A1 is absorbance (at 535 nm), €1 is molar absorptivity of
cyanidin 3-glucoside (25.965 cm™M™1), V is the total volume of anthocyanin extract, and m is
sample weight (g). The anthocyanin content in the red radish extract was calculated using the
following equation, adjusting pH to 1 and 4,5:

CZ:(AZXMWX103)( ! ) )

Ea XL
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where C; is the concentration of total anthocyanin (mg/L), Az is the absorbance at 510 nm for
pH 1,0 minus the absorbance at 510 nm for pH 4,5, MW is the anthocyanin molecular weight
(433,2 g/mol), &, is the extinction coefficient (31.600 Lcm™mol™), and L is the path length (1
cm).

Extracts were also analyzed through NMR in a Bruker Ascend 400 system @400 MHz
with 30° pulses (16 scans/s at 25 °C). H! and C** were obtained from 30 mg/0,55 mL D,0O
solution.

2.3. Biofilm production.

The chitosan-starch blend was produced from the precursor solutions of the materials.
Chitosan precursor started with 1 L of an aqueous solution with acetic or formic acid (1% v/v).
20 g of chitosan was added to each solution and mixed under mechanical stirring for 24 h. The
starch precursor started with 1 L of water heated at 90 °C, in which 20 g of rice starch was
added under constant stirring for 20 min or until no grume observation and then cooled to
ambient temperature. The rheological behavior of biopolymer solutions was studied in a
rotational rheometer with temperature control (Anton Paar Rheolab QC) at a shear rate of 50
1/s for temperatures 20, 25, 30, 35, 40, and 45 °C. Then, the films were produced from an 80
mL mixture according to the quantities shown in Table 1. Natural extracts were added in 0,4
mL, 1,6 mL, and 4 mL. In all cases, 0,25 mL of glycerol was added to the mixture [11,25-27].

Table 1. Experimental design for the biofilm blends where A=acetic acid, F=formic acid, P=pomegranate
extract, and R=red radish extract, in %v/v.

ID Chitosan (C) Starch (S) Glycerol Extract

CSA 49,9 49,9 0,25 0
CSAP0,5 49,65 49,65 0,25 0,5
CSAP2 48,9 48,9 0,25 2
CSAP5 47,4 47,4 0,25 5
CSAR0,5 49,65 49,65 0,25 0,5
CSAR2 48,9 48,9 0,25 2
CSAR5 47,4 47,4 0,25 5

CSF 49,9 49,9 0,25 0
CSFP0,5 49,65 49,65 0,25 0,5
CSFP2 48,9 48,9 0,25 2
CSFP5 474 47,4 0,25 5
CSFRO0,5 49,65 49,65 0,25 0,5
CSFR2 48,9 48,9 0,25 2
CSFR5 474 47,4 0,25 5

The mixtures were poured on XPS plates (220 x 97 mm) and aged in darkness for three
weeks under temperature and humidity-controlled conditions (23 °C, 30-50% RH) to form the
films in triplicate. Once created, the mechanical, optical, and durability properties of biofilms
were determined.

The thickness was measured for each film in five points, as shown in Figure 1a. The
thickness was reported as the average (mm), and tests were performed with an OBI brand
handheld micrometer model 264105 with a measuring range of 0 to 25 mm. First, tensile
strength was determined with a Universal Machine (Controls). Then, the films were fitted to
60 x 30 mm probes and glued with epoxy resin on the edges (Figure 1b). According to the
thickness measured, tensile strength was calculated with Equation 3, where o is the tensile
strength in N/m?, P is the applied load in N, and A is the transversal cross-section in m?.
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Figure 1. (a) Thickness measuring points; (b) tensile strength test.

The accelerated weathering test was performed to determine the capacity of the biofilms
to resist ambient exposure conditions in terms of solar light (UV radiation and temperature)
and humidity (rain and dew). A QUV Spray Tester (QLab) was used with UVA-340 fluorescent
lamps (340 nm @ 0,77 W/m?/nm) to reproduce solar light at 60 °C and 100% relative humid
at 50 °C, following the ASTM-G154 time parameters: 8 h UV (60 = 3 °C) plus 4 h condensation
(50 £ 3 °C). The weathering test was complemented with polarizable light microscopy (Motic
BA210 4-10x) to observe the surface changes before and after the degradation assay. Also,
mass films were recorded before and after the accelerated weathering test.

2.3. Application tests.

Once characterized, the biofilms were tested against aerobic mesophilic (AM), total
coliforms (TC), fungi (Fg), reduction of BOD and COD, and the retention of CI" in aqueous
media. The microbiological tests were based on the discs method from Bauer and Kirby [28-
30]. Three probes of 6 mm diameter were obtained from each film and then pasteurized at 70
°C for 30 min. The probes were cultivated through the antibiogram method with a loop
employing the following cultivation media: standard agar for AM, violet red bile agar for TC,
and potato dextrose agar for Fg. All materials were sterilized (dry ambient) at 150 °C for 2 h.
Table 2 shows the composition of the cultivation media.

Table 2. Cultivation media preparation.

Media Aqueous solution Heating dilution Sterilization
Standard agar (SA) 2,359/100 mL 100 °C /1 min 15 psi / 15 min
Violet red bile agar (VRA) 41,50 g / 1000 mL 100 °C /1 min 15 psi / 15 min
Potato dextrose agar (PDA) 39,00 g/ 1000 mL 100 °C /1 min 15 psi / 15 min

For AM and TC, a cheese sample was used as a bacteria source with 1 g of biomass
solution in 10 mL of water, taking 1 mL (AM) and 0,1 mL (TC) aliquots for inoculation. The
media was spread by moving seven times up, down, left, and right directions; then incubated
at 37 °C for 24 h [31,32]. For the Fg test, 1,4 mL of an aqueous solution of tartaric acid (10%)
was added for every 100 mL of PDA solution to reach a pH value of 3,5. Aspergillus niger was
the fungus selected for the test, and a sample was suspended in 10 mL of water, from which
0,1 mL was placed on the plates. The media was also spread by moving seven times up, down,
left, and right directions; then incubated at 25 °C for 120 h [33]. After incubation, samples were
analyzed by visual inspection (Figure 2).
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Figure 2. Examples of the microbiologic tests for (a) aerobic mesophilic, (b) total coliforms, and (c) fungi.

BOD and COD were performed with a sample of water extracted from lagoon "El
Conejo" in Altamira, Tamaulipas, Mexico, a water body in the middle of an industrial zone
(22°25'41,4 "N, 97°53'00,2 "W). The pH of 4 L of water was neutralized (6 to 8) with sulfuric
acid 0.1 N for BOD, and 4 L was acidified (pH=2) for the COD test. After sampling, the water
was maintained at 4 °C until experimentation [34,35]. The biofilms were cut into 50 x 35 mm
probes for this test and placed into 100 mL of lagoon water for BOD or COD, respectively, at
20 °C. Every 20 min, under constant stirring, a 10 mL aliquot was taken and diluted to 100 mL
with distilled water.

For BOD [36], after the interaction with the films, water samples were kept at 20 °C
and pH adjusted (6,5 to 7,5) with H.SO4 or NaOH 0,1 N, respectively, and diluted in inoculated
water (300 mL) at 1, 5, and 20% v/v in Winkler bottles. Dissolved oxygen was determined with
a Corning potentiometer Pinnacle 555 and an oxygen electrode Orion 97-08-99 before and after
five incubation days at 20 °C. BOD was calculated as shown in Equation 4, where Ry and R»
are the initial and final oxygen readings, and %D is the dilution percentage. DF is the dilution
factor that corresponds to 10.

_Ri-R;

BODs (%) = ©22 100 x DF

(4)

COD was determined as described in [37] by applying the spectrophotometric method.
To this end, a five-point calibration curve was obtained from 20 to 220 mg/mL of O, equivalent
to potassium biphthalate. First, 2,5 mL of lagoon water treated with biofilms was mixed with
1,5 mL digestion solution (Table 3) in reaction tubes. After cooling the reaction, 3,5 mL of
digestion solution was added to the pipes, and the last ones were placed in a digestor system at
150 °C (2 h). After digestion, samples and calibration curve points were cooled to 25 °C and
recorded by UV-Vis @ 600 nm.

Table 3. Specifications of digestion solutions for COD analysis.

Expected COD Solution K2Cr207 H2SO04 HgSO.4 Dilution in water
> 75 mg/L A 10,216 g 167 mL 33,3¢g 1000 mL
5to 75 mg/L B 1,0216 ¢ 167 mL 33,3¢g 1000 mL

The water-film interaction method was also applied to determine the CI  retention. In
this case, the Mohr methodology [38] was used for two chloride ion sources: NaCl aqueous
solution 0.0014 N and seawater sampled from the litoral of the Gulf of Mexico, 30 m out to
sea in 100 m over the cost (Miramar Beach, 22°17'1,427"N, 97°48'1,271"W). Three samples
of 100 mL of seawater were mixed, and the mixture was diluted by a factor of 10000 with
distilled water. Again, 100 mL of water was held under constant stirring at 25 °C, and aliquots
of 10 mL were taken every 20 min. Samples were diluted to 100 mL, and 1 mL of indicator
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solution was added (K2CrO4, 0.014 N). Mixtures were titrated with AgNO3 0.014 N until the
change of color from straw yellow to red-orange (Figure 3).

o

(b) (©
Figure 3. Water-biofilm interaction method: (a) immersion of biofilms for BOD, COD, and CI"; sample before
(b) and after (c) titration.

Total chloride was calculated with Equation 5, where A and B represent the mL of
AgNO:s used for the sample and the blank, respectively; V is the sample volume (100 mL), and

DF is the dilution factor.
cl- (%) - —35'45:;(“‘3) x DF (5)

3. Results and Discussion
3.1. Characteristics of natural extracts.

3.1.1. Total anthocyanins quantification.

Figure 4 shows the UV-Vis spectra obtained for the extracts. For pomegranate, the
absorbance value at 535 nm is 0,1081. Therefore, according to Equation 1, the total
anthocyanin content from pomegranate is:

C, = 449 x 106i< 01081 >(226"’L)( —) = 101,16 72 (6)

mol \ 25965 1000 4,1765 g

M-cm
Total anthocyanin in red radish was calculated with Equation 2. In this case, A, was
determined with the absorbance values at 510 nm for solutions with pH 1 and 4,5.

— 9 3\(__ 1 )\ _ mg ( 0,025L \ _
€2 = (1’3534 X 433,2 mol 10 )<31600M_lcm><1 cm) = 18,55 L (0,0016 kg) -
289,89 22 (7)
kg
25

0 <%
300 400 500 600 700 800
em-1

—Pomegranate  —--Red RadishpH 1 ---Red Radish pH 4,5
Figure 4. UV-Vis spectra for the total anthocyanin content in pomegranate and red radish.
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3.1.2. NMR analysis.

According to the literature, for the *H and ©*C NMR analysis, a descriptors series was
first obtained for anthocyanin in pomegranate and red radish. Pomegranate contains
pelargonidin, peonidin, and delphinidin; red radish contains cyanidin, malvidin, peonidin, and
delphinidin [16,17,22,39-43]. Then, these signals were compared to those observed in the
natural extracts. Tables 4 and 5 show the *H descriptors, and Table 6 shows the *C descriptors

for the base structure of anthocyanins shown in Figure 5 [42].

R22

R23

Figure 5. The base structure of anthocyanins.

Table 4. Theoretical profile of the *H chemical shifts of pomegranate anthocyanins.

Pelargonidin Peonidin Delphinidin
Protons | Substituent J (H2) Protons | Substituent J (H2) Protons | Substituent J (H2)
7H R8 = OH s 7H R8 = OH d (0,9) 7H R8 = OH d (0,9)
2H R3=0OH d(1,9) 2H R3=0OH d(1,9) 2H R3=0H d(1,9)
1H R1=0OH | dd(0,9;1,9) 1H R1=0OH | dd(09;1,9) 1H R1=0OH | dd(09;1,9)
16H R22=0OH d(8,7) 16H R22 = OH d(2,3) 16H R21 = OH s
15H d (8,7) 13H R21 = OCH3 d(8,7) 12H R22 = OH s
13H d(8,7) 12H dd (2,3;8,7) R23 = OCH3
12H d(8,7) OCHs s
d = doublet, dd = doubles doublet, s = singlet, J = (coupling constant, Hz)
Table 5. Theoretical profile of the *H chemical shifts of red radish anthocyanins.
Cyanidin Malvidin Peonidin Delphinidin
Prot. Subst.  J(Hz) Prot. Subst. (I—\|]z) Prot. Subst. J(Hz) Prot. Subst. J (H2)
7H [ R8=OH [ d(09 | 7H [ R8=OH | s | 7H | R8=OH [ d(09 [ 7H [ R8=0OH [ d(0,9)
2H R3=0H  d(1,9) 2H R3=0H (1d9) 2H R3=0H d(1,9) 2H R3=0H d(1,9)
_ dd _ d _ dd _ dd
6H R1=0H (09:1.9) 6H R1=0H (1.9) 6H R1=0H (09:1.9) 6H R1=0H (09:1.9)
16H R21=OH  d(2,3) 16H R22=0H s 16H R22=0H d(2,3) 16H R21=0H s
13H [R22=OH [ d(8,7) | 12H [ R21=0CHs [ s [ 138H [R21=OCH, | d(87) | 12H | R22=OH | s
dd — OCH, dd _
12H 238.7) R23'=0CH; . 12H 2387) R23=0CHj;

d = doublet, dd = doubles doublet, s = singlet, J = (coupling constant, Hz)

Table 6. Theoretical profile of the 3C chemical shifts of pomegranate and red radish anthocyanins.
\ Descriptors

Position Pelargonidin Peonidin Delphinidin Cyanidin Malvidin
1 “C(OH)= -C(OH)= -C(OH)= -C(OH)= -c(oH)=
2 | =c) [ =c) [ =c)- | =ct)-__|  =C(H)-
3 “C(OH)= -C(OH)= -C(OH)= -C(OH)= “C(OH)=
4 | =C- | =C- | =C- [ = | =C-

5 = -C= -C= -C= -C=

6 [ =t [ =cH)y [ =cH)y ] =CH): [ =C(H)-
7 =C(H)- =C(H)- =C(H)- =C(H)- =C(H)-
8 | -COH= | -COH= [ -COH= [ -COH= [ -COH)=
9 0=C- 0=C- 0=C- 0=C- O=C-
10 ‘ o+ ‘ o* ‘ o* ‘ o+ ‘ ot
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\ Descriptors

Position Pelargonidin Peonidin Delphinidin Cyanidin Malvidin
11 C= -C= -C= -C= -C=
12 | -C(H)= [ chH= ] -C(H)= [ cH=_ |  CH=
13 =C(H)- =C(H)- =C(OH)- =C(H)- =C(OCHs)-
14 -C(OH)= -C(OH)= -C(OH)= -C(OH)= -C(OH)=
15 =C(H)- =C(OCH)- =C(OH)- =C(OH)- =C(OCH5)-
16 | -C(H)= [ CH= ] -C(H)= | cH= | -cH)=

Tables 7 and 8 show the results obtained for the natural extracts from the NMR spectra
in Figure 6. The anthocyanins' chemical shifts are 0,9, 1,9, and 8,7 ppm, as reported in the
literature for *H [16,17,22,39-43]. The extracts do not observe such signals because the high
sugar content generates more intense signals. However, for red radish, one of the characteristic
signals at 1,9 ppm is observed besides the signals of aromatic compounds at 6 and 9 ppm. These
chemical shifts could be related to the total anthocyanin content that is higher in red radish than
in pomegranate, and therefore, pomegranate has higher sugar content. This is also observed in
13C analysis, where the characteristic chemical shifts are between 95 and 165 ppm. Hence,
anthocyanins' presence is partially confirmed without a purification process required.

Jb\“‘ A " N “nl |
AR m LA "

@ TS

© ” @

Figure 6. NMR spectra obtained: (a)*H and (b)**C for pomegranate; (c)*H and (d)**C for red radish.

Table 7. *H chemical shifts in pomegranate and red radish extracts.

5 (ppm) | Multiplicity | Assignation
Pomegranate
2,665 — 2,832 dd CH3-C=0, CH3-S-, CHs-N=, H-C=C-
3,12 -3,163 t H-C=C-, ArSH, R-OH
3,288 — 3,476 m (13) H-C=C-, ArSH, R-OH, CH3s-O-, ArNH2, ArNHR, Ar.NH
3,512 S Sugars, ArSH, R-O, CH3-O-, ArNHz, ArNHR, Ar.NH
3,553 -3,812 m (17) Sugars, ArSH, R-OH, CHs-O-, ArNH2, ArNHR, Ar.NH
3,895 - 4,013 m (4) Sugars, ArSH, R-OH, CHs-O-, ArNHz, ArNHR, AraNH
Red Radish
1,065 1,183 m (7) CHs-C-, RoaNH, CH3-C-C-X, -C-H
1,992 S R2NH, CH3-C-C-X, CH3-C=C
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& (ppm) Multiplicity Assignation
2,118 -2.2 t R2NH, CH3-C=C
2,336 — 2,43 t R2NH, CH3-C=C, CHz-Ar, CH-S, CH-N
2,502 — 2,602 m (4) CH3-C=C, CHs-Ar, CH-S, CH-N
2,825 d H-C=C-
3,104 — 3,161 m (4) H-C=C-, ArNH2, ArNHR, Ar.NH
3,256 — 3,477 m (10) H-C=C-, ArSH, R-OH, CHz3-O-, ArNHz, ArNHR, AroNH
3,563 -3,813 m (14) Sugars, H-C=C-, ArSH, R-OH, CH3-O-, ArNH,, ArNHR, Ar.NH
3,903 — 3,942 d Sugars, H-C=C-, ArSH, R-OH, CHz-O-, ArNHz, ArNHR, Ar.NH
4,012 S Sugars, CH3-O-
6,577 S 6H, CH>=C-, ArOH, HC=C-, H-N-C=0, ArH
6,943 — 7,189 t 8H, ArOH, HC=C-, H-N-C=0, ArH
7,436 S 2H, ArOH, HC=C-, H-N-C=0, ArH
9,361 S 4H, ArNHs, ArRNH2, ArR2NH, -C=N
Table 8. 13C chemical shifts observed in pomegranate and red radish extracts.
5 (ppm) | Assignation
Pomegranate
101,437 -C=C-
98,074 -C=C- -C=C-
95,919 =C(H)- -C=C- -C=C-
92,099 -C=C- -C=C-
80,67 — 67,569 -C=C- -C=C- =CH-O -CH-O CH-Hal C-Hal -CH-N
63,897 — 60,598 -CH- -O-CHsz CH>-O CH-Hal C-Hal C-N CH-N
43,636 -CH2- CH-N- -CH>-N- CHs-N- -CH-C- -C-C- -CH-Hal -C-Hal
Red Radish
95,919 =C(H)- -C=C- -C=C-
75,783 -C=C- -C=C-
75,945 -C=C- -C=C-
74,169 -C=C- -C=C-
72,785 -67,576 -C=C- -C=C- =CH-O -CH»-O CH-Hal C-Hal -CH-N
63,904 — 60,612 -CH- O-CHs CH2>-O CH-Hal C-Hal C-N CH-N

3.2. Characterization of biofilms.

3.2.1. Rheology of CSA and CSF biofilm precursors.

The rheological behavior of the biofilm precursor mixtures was studied to determine
their flowability in terms of viscosity at different temperatures. As shown in Figure 7, both
combinations present a Newtonian behavior, corresponding to the linear viscosity decrease as
the temperature increases (Figure 8). This is a common characteristic of polymer solutions [44]
and does not compromise the physicochemical properties of the chitosan-starch blends studied
in this work.

1 0.7

0.9
0.8
0.7
0.6

=1

Z05

E

v 04
0.3
02
0.1

0 0
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
v(1/s) v (1/s)

—23°C --30°C ~-35°C —-40° --25°C —30°C --35°C —-40°C
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Figure 7. Rheological behavior of (a) CSA and (b) CSF solutions for a shear rate (y) range from 20 to 150 1/s at
different temperature values.
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However, it is essential to note that combinations with acetic acid presented a higher
viscosity value, which can be related to a better fluid consistency. Such physical observation
of the precursor mixture indicates the biofilms' possible mechanical behavior.
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Figure 8. Viscosity (p) behavior of CSA and CSF solutions from 25 to 40 °C for a share rate (y) of 50 1/s.

3.2.2. Thickness and tensile strength measurement.

Figure 4 shows the biofilms obtained. A brown color tendency with pomegranate
extract addition can be observed, and it is slightly boosted in those films produced with formic
acid. Table 9 shows the results of thickness and tensile strength tests. It can be observed that

the use of different acids to promote the chitosan-starch assembly has an impact on mechanical
behavior.

»

) (m)
Figure 9. Biofilms samples obtained: (a) CSA, (b) CSAPO,5 (c) CSAP2, (d) CSAP5, (e) CSARO0,5 (f) CSAR2,
(9) CSARS, (h) CSF, (i) CSFPO0,5 (j) CSFP2, (k) CSFPS5, (I) CSFR0,5 (m) CSFR2, (n) CSFR5.
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A higher level of acidity allows a faster integration of the materials, but once the
moisture has been removed, the acid promotes a quicker degradation of the film. Therefore, the
modulation of acidity levels in the aqueous solution is crucial to modulating the biofilm's
mechanical properties.

Table 9. Thickness and tensile strength of the biofilms.

ID Thickness (mm) Tensile strength (MPa)

CSA 0,0393 + 0,0064 62,37
CSAPO0,5 0,036 £ 0,0104 63,73
CSAP2 0,0373 +0,0023 67,03
CSAP5 0,0367 + 0,005 62,9
CSAR0,5 0,066 + 0,002 67,52
CSAR2 0,0453 + 0,0092 69,99
CSAR5 0,04 + 0,004 68,81
CSF 0,0567 +0,0061 35,59
CSFP0,5 0,0433 +0,0092 34,12
CSFP2 0,0553 + 0,0076 34,23
CSFP5 0,0633 +0,0012 31,17
CSFRO0,5 0,046 + 0,0072 33,68
CSFR2 0,0553 + 0,0064 31,92
CSFR5 0,0507 £ 0,0117 35,94

3.2.3. Accelerated weathering test.

The general physical quality of the biofilms was tested under accelerated weathering
conditions. The mass and physical state were measured before and after, and the results are
recorded in Table 10. For some samples, there is an increase in weight, which is referred to as
the moisture absorbed. Also, for some of these films, the effect of the water absorbed is
reflected in the final physical state. In general terms, the impact of using formic acid on tensile
strength is confirmed by the last physical condition after the weathering test. Besides, it is
observed that the moisture is desorbed for most of the films produced with formic acid. Such
behavior supports the idea that acidity affects the physical properties of the films determined
from the precursor mixture. A microscopy test with polarizable light was carried out to evaluate
the surface characteristics of the biofilms before and after the weathering test. It is observed
that after the test, all the surfaces present a smoothing, black zones, and microfractures
appearance related to the UV light attack. The results are observed in Figure 10.

Table 10. The initial and final condition of biofilms under accelerated weathering.

ID Initial mass (g) Initial physical state Final mass (g) Final physical state
CSA 1,9697 Flexible 2,1588 Flexible
CSAPO0,5 1,8401 Flexible 1,5139 Flexible
CSAP2 1,9262 Flexible 1,7205 Semirigid
CSAP5 2,1224 Flexible 2,006 Semirigid
CSARO0,5 2,173 Flexible 2,153 Flexible
CSAR2 2,1518 Flexible 2,281 Low flexibility
CSAR5 1,8928 Flexible 1,9679 Rigid, brittle to the touch
CSF 2,1604 Flexible 2,2 Rigid, brittle to the touch
CSFPO0,5 1,9812 Flexible 1,7749 Flexible
CSFP2 2,1759 Flexible 2,1225 Rigid, brittle to the touch
CSFP5 2,1586 Flexible 2,261 Rigid, brittle to the touch
CSFRO0,5 1,9791 Flexible 1,7248 Semirigid
CSFR2 1,9798 Flexible 1,9285 Semirigid
CSFR5 1,9581 Flexible 1,7272 Semirigid

https://biointerfaceresearch.com/ 11 of 18


https://doi.org/10.33263/BRIAC135.478
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC135.478

After

(@)

(b)

(©

(d)

()

(@ K& . (n)

Figure 10. icrogrphic before and after weathering test: (a) CSA, (b) CSAPO5, (¢) CSAP2, (d) CSAPS5, (e)
CSARO0,5 (f) CSAR2, (g) CSARS5, (h) CSF, (i) CSFP0,5 (j) CSFP2, (k) CSFP5, (I) CSFRO0,5 (m) CSFR2, (n)
CSFR5.
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3.3. Application results.
3.3.1. Antimicrobial activity.

Table 11 shows the antimicrobial activity results. It is observed that once more, the type
of acid employed in the formulation tends to lead to the behavior studied. In this case, the effect
is opposite to the mechanical properties, as the formic acid promotes an inhibition halo that
reduces the attack and infestation of microorganisms in the films produced. However, it is also
observed that red radish extract increases the effectivity of the films for this parameter for fungi
and total coliforms. Pomegranate works better against aerobic mesophilic, implying that the
anthocyanins in the source are selective according to the microbiota. It is important to note that
the highest content of red radish extract equals the pomegranate activity. Therefore both are
suitable for antimicrobial applications.

Table 11. Antimicrobial activity of the sample films with an initial diameter of 0,6 cm.

Fungi Total coliforms Aerobic mesophilic
ID dfinat (€M) | dhato (€M) | dfinai (€M) | dhato (€M) | dfinal (€M) | dhato (€M)

CSA 0,8 0,8 0,7
CSAPO0,5 0,9 1 0,7 1,2 0,8 0,9
CSAP2 0,8 0,7 0,7 ---
CSAP5 0,7 0,6 0,6
CSAR0,5 0,8 0,7 1 0,8
CSAR2 0,8 0,8 1 0,8
CSAR5 0,8 0,7 0,9 0,8 ---
CSF 1 1 0,9 ---
CSFP0,5 1 1,7 1 14 0,9 11
CSFP2 0,9 1,2 0,8 0,9 0,9 11
CSFP5 0,8 0,9 0,7 0,8 0,7 0,9
CSFRO0,5 0,8 1.2 0,9 1 ---
CSFR2 1 15 1,2 1,7 1 ---
CSFR5 0,9 1.2 1 11 1 1,2

3.3.2. BOD and COD reduction activity.

The reduction activity of BOD and COD was evaluated to compare the antimicrobial
behavior of the biofilms. It was observed that both extracts, no matter what acid was used,
affected the retention of organic material.
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Figure 11. BOD and COD reduction activity of the biofilms.
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As observed in Figure 11, the films without organic extracts showed a remotion activity
that improved with the addition of the organic materials and increased as the extract increased.
This could be related to a simple surface adsorption process; however, the antimicrobial
activity indicates that extracts have a selectivity to organic residues or microbiota. Such
behavior is ideal for water remediation, and the formulations developed suit water treatment
technologies. For this test and chloride ion remotion activity, only the highest and the lowest
concentration of organic extract were analyzed to observe the behavior of the concentration
limits studied in this work.

3.3.3. Chloride ion remotion activity.

The water absorption observed in the accelerated weathering test was taken advantage
of for ion chloride retention. The results are shown in Figures 12 and 13. It is observed that
both formic and acetic acids retent chloride by themselves; however, the presence of
anthocyanins produces a faster retention activity in the presence of formic acid. This behavior
can be associated with the dual effect of anthocyanin/formic acid according to the active sites

in their structures to interact with Na* and CI" ions.
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Figure 12. Chloride ion remotion activity of CSA biofilms series.
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Figure 13. Chloride ion remotion activity of CSF biofilms series.
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From the results observed with NaCl aqueous solution, the biofilms with the best ion
interaction performance in terms of time were tested with seawater. The biofilms selected were
CSFR5, CSFP5, and CSARQO,5, and similar behavior was observed. The results are shown in
Figure 14, and this indicates that even in the presence of other ions (from the different salts in
seawater), the biofilms performed good retention of the chloride ion proposed in this work.
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Figure 14. Chloride ion remotion activity in seawater.
4. Conclusions

This work produced a series of chitosan-starch films and added them with pomegranate
and red radish extracts. The biofilms were prepared from blends with two different acids,
formic and acetic, to observe the effect on the integration of the materials. It was found that the
type of acid affects the mechanical properties, and Acetic acid produces films with higher
tensile strength and weathering resistance. However, in combination with anthocyanins from
the natural extracts, formic acid performs a better antimicrobial activity and BOD and COD
control. This behavior is improved with the use of the red radish extract.

On the other hand, the chloride ion interaction test had better results (even in the
presence of other ions) for those films produced with formic acid. Therefore, in terms of
applicability, future work should be focused on the pursuit of formulations mixing the four
elements: formic acid, acetic acid, red radish extract, and pomegranate extract, based on the
extraction process employed in this work as it demonstrated the extraction of anthocyanins
according to the characterization tests. In this way, what should be improved is the resistance
of the biofilms that allow their use in purification methods or systems (like filters or membrane
beds), and it is expected that antimicrobial activity, retention of organic material, and
interaction with salts ions were improved for achieving water treatment at large scale.
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