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Abstract—The poor environmental stability of natural anthocyanin hinders its usefulness in various functional applications. The
objectives of the present study were to enhance the environmental stability of anthocyanin extracted from Lycium ruthenicum
by mixing it with montmorillonite to form an organic/inorganic hybrid pigment, and then to synthesize allochroic biodegradable
composite films by incorporating the hybrid pigment into sodium alginate and test them for potential applications in food testing
and packaging. The results of X-ray diffraction, Fourier-transform infrared spectroscopy, and use of the Brunauer—Emmett—Teller
method and zeta potential demonstrated that anthocyanin was both adsorbed on the surface and intercalated into the interlayer of
montmorillonite via host—guest interaction, and the hybrid pigments obtained allowed good, reversible, acid/base behavior after
exposure to HCI and NH; atmospheres. The composite films containing hybrid pigments had good mechanical properties due to
the uniform dispersion of the pigments in a sodium alginate substrate and the formation of hydrogen bonds between them. Inter-
estingly, the composite films also exhibited reversible acidichromism. The as-prepared hybrid pigments in composite films could,

therefore, serve simultaneously as a reinforced material and as a smart coloring agent for a polymer substrate.
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INTRODUCTION

Food safety is of the utmost importance in society. Food-
safety accidents not only cause suffering, due to food poi-
soning, but also lead to food waste which exerts pressure
on the environment (Kuswandi and Nurfawaidi 2017).
Accordingly, exploring the materials used to monitor the
levels of food safety and prevent resource waste is very
important. At present, three types of smart materials have
been applied widely for determining the freshness of food,
i.e. intelligent films (Cao et al. 2019; Pereira et al. 2015;
Zhai et al. 2017), sensors (Puligundla et al. 2012; Zhai
et al. 2019), and pH indicators (Choi et al. 2017; Kuswandi
and Nurfawaidi 2017; Maciel et al. 2015). The application
of these materials in food packaging and testing provides a
convenient means for consumers to assess the freshness and
quality of food by means of a color response by the smart
materials (Miiller and Schmid 2019; Pereira et al. 2015;
Realini and Marcos 2014). Novel colorimetric films are
applied for intelligent food packaging, real-time monitor-
ing of meat freshness, and detection of milk spoilage (Fang
et al. 2017; Kuswandi et al. 2012; Liu et al. 2017; Mihindu-
kulasuriya and Lim 2014; Silvestre et al. 2011). Smart films
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have recently attracted increasing attention in various fields
due to good color-changing properties and physicochemical
characteristics.

Anthocyanin (ACN) is a water-soluble flavonoid pig-
ment with a variety of bright colors depending on the acid-
ity or alkalinity of the environment, which is mainly related
to the existence of phenolic or conjugated substances and
the number of hydroxyl and methyl groups (Ma and Wang
2016; Riaz et al. 2016; Li et al. 2019a,b). The ACN is,
therefore, introduced into agar/potato starch, chitosan/
corn starch, and chitosan/polyvinyl alcohol films used to
develop intelligent packaging materials (Choi et al. 2017,
Koosha and Hamedi 2019; Qin et al. 2019; Silva-Pereira
et al. 2015). Taking into account the instability of these
natural pigments in relation to external factors, e.g. light,
oxygen, and temperature, improving the resistance of ACN
to the external environment is crucial. At present, the most
common method is to confine the natural pigments in an
inorganic host. Composites possessing good photostabil-
ity were obtained by immobilizing ACN on Al- and Fe-
containing mesoporous silica (Kohno et al. 2014, 2015).
In addition, clay minerals (e.g. saponite, palygorskite, and
sepiolite) were also used to adsorb ACN for constructing
hybrid pigments with reversible allochroic behavior and
good weathering resistance (Ogawa et al. 2017; Li et al.
2019a; Silva et al. 2019). Recently, a series of hybrid pig-
ments with excellent chemical and thermal stability was
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fabricated successfully by anchoring ACN on different
types of clay minerals (Li et al. 2019b).

Montmorillonite (Mnt) is a 2:1 clay mineral belong-
ing to the smectite group which has been used widely as
an inorganic matrix for improving the stability of cationic
dyes, owing to its crystal structure and permanent nega-
tive charge (Chiou and Rutherford 1997; Ferrage 2016;
Luo et al. 2019; Xie et al. 2001). Several pigment mole-
cules, such as thioindigo, carminic acid, and alizarin, were
immobilized on Mnt substrates to design hybrid materials
with good stability and improved levels of performance
(Guillermin et al. 2019; Ramirez et al. 2011; Trigueiro
et al. 2018). The clay minerals, especially Mnt, also led to
a reinforced effect on organic/inorganic composite films.
For example, Mnt is applied as the reinforcement and color
stabilizer in gelatin films containing acerola juice (Ribeiro
et al. 2018a,b). Monmorillonite might, therefore, be a
promising host material for loading of natural pigments to
be used in composite films with reversible allochroic behav-
iors and mechanical properties.

The goals of the present study were to ‘fabricate intel-
ligent’ allochroic sodium alginate composite films by intro-
ducing various amounts of ACN/Mnt hybrid pigments into
the composite, then to investigate the effects of acidic and
alkaline atmospheres on the color, chemical and thermal
performance, and mechanical and allochroic properties of
the hybrid pigments in the biodegradable composite films.

MATERIALS AND METHODS

Materials

Montmorillonite (Mnt) was obtained from Jianping Wanx-
ing Bentonite Co. Ltd., Chaoyang, China. The raw Mnt was
treated using 4% HCI (wt.%) (Sichuan Xilong Chemical Co.
Ltd, Chengdu, China) and then filtered by passing through
a 200-mesh sieve for removal of the associated carbonates
and silica sand. The main chemical components of Mnt
were Al,05 13.79%, Na,0 1.21%, MgO 8.10%, CaO 2.21%,
Si0, 56.99%, K,O 0.22%, and Fe,O; 3.14%, as measured
using an E3 X-ray fluorescence spectrometer (PANalytical,
Almelo, The Netherlands). The ripe fruits of Lycium
ruthenicum were provided by the Linhai Biotechnology
Development Co., Ltd., Baiyin, China. Sodium alginate
(SA) was purchased from Xilong Chemical Factory Co.,
Ltd., Guangzhou, China.

Preparation of ACN/Mnt Hybrid Pigments

The ACN was extracted from Lycium ruthenicum using
a modification of the technique described by Wang et al.
(2018): the fruit was ground in a mortar without damaging
the seeds, 1 g of which was then added to 75 g of deionized
water (the pH was adjusted to 1.98 with 0.1 M HCl), and
the mixture was sonicated (KQ-250DB, Kunshan Ultrasonic
Instrument Co., Ltd., Kunshan, China) at 70°C for 90 min.
After that, Mnt (2 g) was added slowly to the sonicated ACN
extract to achieve a solid-to-liquid ratio of 1:60 and stirred
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magnetically for 24 h at room temperature. The solid pro-
duced was separated by centrifugation (TDL-5C, INESA,
Shanghai, China) at 2300xg for 10 min followed by washing
with 120 mL of distilled water, and then dried at 60°C for 2
h with the water content maintained at 40%. Finally, it was
ground for 30 min and then heated at 120°C for 4 h.

Stability Tests of ACN/Mnt Hybrid Pigments

The ACN/Mnt powder (0.04 g) was immersed in 20 mL
of 1 M HCI in ethanol (Li’an Longbohua Pharmaceutical
Chemical Co., Ltd., Tianjin, China) for 24 h to evaluate the
chemical stability. The above solutions were centrifuged
at 2300xg for 10 min, and the solid obtained was dried in
an oven (Shanghai Jinghong Experimental Equipment Co.
Ltd., Shanghai, China) at 40°C. The chromaticity param-
eters of the dried sample were measured using a Color-Eye
automatic differential colorimeter (X-Rite, Ci 7800, Pan-
tone Inc., Carlstadt, New Jersey, USA).

Reversible Acid/Base Allochroic Behavior of ACN/Mnt
Hybrid Pigments

The ACN/Mnt was exposed to an acidic or alkaline atmos-
phere derived from the volatilization of HCI and NH;H,0
(Kaitong Chemical Reagent Co. LTD, Tianjin, China)
in closed desiccators. Firstly, the samples were placed in
a desiccator containing HCl atmosphere for 6 min, and
then transferred into another desiccator filled with an NH;
atmosphere. The samples were transferred alternately from
the acid atmosphere to the basic one, the corresponding
color change was recorded with a camera, and the chro-
matic value of the hybrid pigments was measured after the
color change experiment.

Preparation of ACN/Mnt/SA Smart Films

The ACN/Mnt/SA smart films were prepared by a solvent
casting method (Li et al. 2019a). Firstly, SA (3 g) was dis-
solved in 147 g of distilled water at room temperature for
12 h under mechanical stirring to obtain a transparent solu-
tion (2 wt.%); 0.6 g glycerol (20 wt.% of the total mass of
polymer weight) was added as a plasticizer, and then the
solution was stirred continuously at room temperature until
the solution became clear. Next, a 150 mL SA solution was
mixed with various amounts of ACN/Mnt hybrid pigments,
to reach 2%, 4%, or 6% of the total mass of the polymer; the
total volume was fixed at 200 mL. Finally, the above mix-
ture was poured into plastic petri dishes and dried at room
temperature to form uniform films.

Evaluation of Acid-response Allochroic Behavior

and Mechanical Properties of ACN/Mnt/SA Smart Films

In order to evaluate the allochroic behavior of smart films, the
pure SA film and composite films with ACN/Mnt contents of
2, 4, and 6 wt.% were placed in a dryer filled with an HCl
or NH; atmosphere to observe the color response. The four
groups of films were transferred into another desiccator con-
taining an NH; atmosphere after the color responses of sam-
ples to an HCI atmosphere had been observed and recorded.
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Tensile tests of composite films (length:width ratio =
8:1) were measured with a New SANS universal material
testing system (CMT4304, Xinsansi Material Testing Co.,
Ltd, Shenzhen, China) equipped with a 200 Nload cell and
20 mm/min crosshead speed. All samples were kept in a
desiccator at 55% relative humidity (RH) and room temper-
ature for 72 h before characterization. The measurements of
films were repeated five times and averaged.

Characterization Techniques

The X-ray diffraction (XRD) patterns were recorded using
an X’pert Pro diffractometer (PANalytical Co., Almelo,
The Netherlands) along with Cu-Ka radiation at 40 kV and
30 mA, the diffraction data of samples were over the range
3-80°20 at a scanning speed of 2°20 min~!. The Fourier-
transform infrared (FTIR) spectra of a series of powder
samples were measured over the range 4000-400 cm™'
on a Nicolet NEXUS FTIR spectrometer (Nicolet iS50,
Thermo Scientific, Waltham, Massachusetts, USA) using
KBr pellets. The FTIR spectra of the films were recorded
on a NEXUS 870 spectrometer (NEXUS 870, Thermo
Nicolet, USA) using an attenuated total reflectance (ATR)
accessory. The zeta potentials of hybrid materials were
obtained from Malvern Zetasizer Nano system (ZEN3600,
Malvern, UK) with 633 nm He-Ne laser irradiation. The
morphologies of samples were observed using field emis-
sion scanning electron microscopy (FESEM, JSM-6701F,
JEOL, Tokyo, Japan). The surface area and pore volume of
samples were measured at —196°C with N, as an adsorbate
using the Accelerated Surface Area and Porosimetry Sys-
tem (Micromeritics, ASAP2020, Atlanta, Georgia, USA).
The colorimetric values of all hybrid pigments were cal-
culated on a Color-Eye automatic differential colorimeter
(X-Rite, Ci 7800, Pantone Inc., Carlstadt, NJ, USA) accord-
ing to the Commission Internationale de I’Eclairage L" a" b"
colorimetric method: L "(0-black/100-white), a” (negative-
green/positive-red), and b” (negative-blue/positive-yellow).
Thermal gravimetric analysis (TGA) was obtained using
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an STA449F3 simultaneous thermal analyzer (NETZSCH-
Geridtebau GmbH, Berlin, Germany). The UV-vis spectra
of the eluate were obtained using a TU-1900 UV-vis spec-
trometer (PERSEE, Beijing, China). UV-vis diffuse reflec-
tance spectra were also collected using the X-Rite, Ci 7800
instrument.

RESULTS AND DISCUSSION

Characterization of ACN/Mnt Hybrid Pigments

The intercalation of natural ACN molecules into the inter-
layer of Mnt can be confirmed indirectly by the interlayer
spacing of Mnt before and after adsorption of ACN accord-
ing to XRD patterns (Fig. 1a). The d,, value of 13.74 A at
6.43°20 indicated that the raw Mnt was a mono-hydrated
layer (Ferrage 2016). After incorporation of ACN, the
value of d,, expanded slightly to 13.93 A. The interlayer
spacing of Mnt increased with increase in the number of
organic guests (Kohno et al. 2009; Ribeiro et al. 2018a,
b). In addition, no obvious changes were observed in the
peak intensities of the (100), (110), (210), and (060) planes,
indicating that the loading of ACN between interlayers of
Mnt did not obviously destroy the crystal structure of Mnt
(Zhang et al. 2015), which could also be confirmed by
SEM images of Mnt before and after incorporation of ACN
(Supplementary Material, Fig. S1).

Information about bonding and structural changes in the
ACN guests and Mnt was obtained from the FTIR spectra
(Fig. 1b). The characteristic band of Mnt at 3620 cm™! was
attributed to the stretching vibration of the structural -OH
groups, which was related to the amount of octahedral Al
(Madejova 2003). The bands at 3424 and 1638 em™! cor-
responded to the —OH stretching and bending vibrations
of hydration water, respectively. The absorption bands at
~1038, 916, and 846 cm™! could be due to the tetrahedral
Si—O stretching vibration and the octahedral Al-Al-OH
and Al-Mg-OH bending vibrations, respectively (Madejova
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Fig. 1. a XRD patterns of Mnt and ACN/Mnt hybrid pigments and b FTIR spectra of Mnt, ACN, and ACN/Mnt
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Table 1. BET data and zeta potentials of the pure ACN, Mnt,
and ACN/Mnt hybrid pigments

Samples  Sggr (mz/g) Sext (mzlg) Viotal (crn3/g) Zeta
potentials
(mV)
ACN - - - -29.33
Mnt 37.99 33.32 0.0858 -33.13
Mnt-G-30 34.41 35.34 0.0838 -21.47
ACN/Mnt  7.20 10.08 0.0189 -36.50

et al. 2017; Merino et al. 2016). The Si—O and Al-O bend-
ing vibrations were observed at ~520 and 465 cm™!, respec-
tively (Wang et al. 2017). The presence of ACN molecules
was indicated by the appearance of bands in three regions
centered at ~1627-1403, 1261, and 1627-1036 cm™". These
bands were assigned to the C=C stretching vibration of aro-
matic compounds, to the pyran ring, and to C-H deforma-
tion in aromatic compounds, respectively (Zhai et al. 2017;
Li et al. 2019a,b). These bands were absent from the FTIR
spectrum of ACN/Mnt because of overlap with the absorp-
tion peaks of Mnt.

In order to investigate the effect of the preparation con-
ditions on the pore structural parameters of Mnt, the spe-
cific surface area (Sggy), the external surface area (S,,,), and
the total pore volume (V) of Mnt before and after grind-
ing for 30 min (Mnt-G-30) were determined (Table 1). No
significant changes were found, indicating that the grinding
process had little influence on the structure of Mnt. In the
case of ACN/Mnt hybrid pigments, Sgpp and V,, of Mnt

otal
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decreased, by 81.08 and 77.97%, respectively, after incor-
poration of ACN. The result suggested that some ACN mol-
ecules had been adsorbed on the surface of Mnt. In addi-
tion, the zeta potential of Mnt became less negative, from
—-33.13 to —21.47 mV after grinding, which was consistent
with a previous report (Maqueda et al. 2013). The zeta
potential of ACN was —29.33 mV, due to the predominant
form of an anionic quinoidal structure in neutral deion-
ized water (Fedenko et al. 2017; Kang et al. 2018; Ribeiro
et al. 2018a,b). In order to evaluate the binding mode of
ACN and Mnt during adsorption, the zeta potential values
of ACN (6.89) and hybrid pigments (—14.43) were deter-
mined at pH 1.90 (Table S1). The zeta potential values indi-
cated that ACN in the form of flavylium cations was bonded
to negatively charged Mnt via electrostatic interaction dur-
ing the adsorption process (Li et al. 2019a,b). Under neutral
conditions, ACN molecules transformed from the flavylium
cations to the quinoidal structure, resulting in significantly
more negative (to —36.50 mV) zeta potentials of hybrid pig-
ments measured in neutral deionized water.

Environmental Stability of ACN/Mnt Hybrid Pigments

Thermal stability. The thermal stabilities of ACN
extracted from Lycium ruthenicum, Mnt, and ACN/Mnt
hybrid pigments were compared by means of TGA curves
(Fig. 2). The ACN presented two weight-loss steps in the
temperature range from room temperature to 800°C; one
step was due to evaporation of adsorbed water at <170°C
and the other was related mainly to the degradation and
carbonization of the ACN skeleton in a nitrogen atmos-
phere (Cai et al. 2019). In the case of Mnt, the mass loss
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Fig. 2. TGA curves of ACN, Mnt, and ACN/Mnt hybrid pigments
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Fig. 3. UV-vis spectra and images of the supernatants of ACN/Mnt hybrid pigments following immersion in a 1 M HCI and

b ethanol, for 24 and 72 h, respectively

of ~13.96% at low temperature (<170°C) was attributed to
the loss of physically adsorbed H,O and interlayer water
(Suchithra et al. 2012; Trigueiro et al. 2018). With increase
in temperature, the mass loss of 6.08% was due to the dehy-
droxylation of Mnt (Gutiérrez et al. 2017; Wang et al. 2017).
For the hybrid pigments, no obvious mass loss was observed
below 150°C, compared with Mnt, which might be related
to the heating treatment during the preparation process. In
addition, significant mass losses (18.28%) of ACN/Mnt were
observed in the temperature range ~500-750°C, correspond-
ing to the removal of structural OH and the decomposition
of ACN molecules (~12.20%) (Guillermin et al. 2019). The
shielding effect of Mnt on ACN molecules could obviously
improve the thermal stability of natural pigments, therefore,
compared with the pure ones.

Chemical stability.  Various solvents (1 M HCI and ethanol)
were used to evaluate the chemical stability of the hybrid pig-
ments following immersion for 24 h and 72 h, respectively
(Fig. 3). The colors of the supernatants after acid and etha-
nol treatment were pink and colorless, respectively, accom-
panied by a shift in the characteristic absorption peaks from
526 to 286 and 291 nm. This phenomenon was ascribed to
the structural transformation of ACN molecules from the fla-
vylium cations to carbinol pseudobase (Castafieda-Ovando
et al. 2009; Zhai et al. 2017; Li et al. 2019a,b). In addition,

the absorbance of the supernatant after treatment with 1 M
HCI for 24 and 72 h at 526 nm was 0.55 and 0.60, respec-
tively. Likewise, the absorbance of the supernatant after etha-
nol erosion for 24 and 72 h at 286 nm was 0.47 and 0.51,
respectively, indicating that the hybrid pigments exhibited
excellent chemical resistance to acid and ethanol. In addi-
tion, the color parameters of the samples showed no obvious
change following treatment with 1 M HCl and ethanol for 24
and 72 h (Table 2), indicating the excellent solvent resistance
of the hybrid pigments.

Study of the Reversible Acid/Base Allochroic Behavior

of ACN/Mnt Hybrid Pigments

The ACN/Mnt hybrid pigments exhibited different colors
in HCI and NH; atmospheres (Table 3, Fig. 4a). The ACN/
Mnt hybrid pigments were dark pink after exposure to an
acidic atmosphere, and then changed to dark blue follow-
ing conversion in an alkaline environment. This reversible
color response appeared through at least four acid/base
cycles with every cycle lasting 6 min (Fig. 4a). No obvious
changes in the chromaticity parameters of hybrid pigments
were found after four color-transformation cycles com-
pared with those of the first acid or base cycles (Table 3).
In addition, the visible absorption spectra of ACN/
Mnt hybrid pigments after the first acid/base cycle were
applied to investigate further the color change (Fig. 4b).

Table 2. Color parameters of ACN/Mnt hybrid pigments before and after immersion in 1 M HCI and ethanol for 24 h and 72 h,

respectively

Medium Color parameters (24 h) Color parameters (72 h)

Before immersion 29.02 25.33 -13.02 29.02 25.33 -13.02
1 M HCI1 26.75 32.08 -2.17 25.18 29.46 -2.22
Ethanol 27.70 21.44 -13.83 27.93 18.72 —-13.55

https://doi.org/10.1007/s42860-021-00114-z Published online by Cambridge University Press


https://doi.org/10.1007/s42860-021-00114-z

Clays and Clay Minerals 147
Table 3. Color parameters of ACN/Mnt hybrid pigments after the first and the fourth acid/base cycles
Samples Color parameters (HCI) Color parameters (NH;)

IR a b IR @ b
First cycle 31.27 33.33 -6.17 25.37 2.46 -19.95
Fourth cycle 30.69 29.94 -5.48 24.57 322 -18.23

In an acidic atmosphere, ACN/Mnt had an absorption
band in the visible region (at ~530 nm). On the contrary,
with exposure to an NH; atmosphere, the wavelength of
the absorption-generated bathochrome shifted from 530
to 580 nm, consistent with previous reports (Khaodee
et al. 2014; Ogawa et al. 2017). The allochroic responses
of hybrid pigments under acidic or alkaline atmospheres
were ascribed mainly to the structural transformation of
ACN molecules under different atmospheres between
the flavylium cation and the quinonoidal base under acid
and base conditions, respectively (Fig. 5) (Brouillard
and Dubois 1977; Li et al. 2019a,b). The result also sug-
gested that incorporation of Mnt successfully protected
the structure of natural ACN molecules from the external
environment.

Study of Chemical and Mechanical Properties

and the Acidichromism Behavior of ACN/Mnt/SA Smart
Films

The chemical interaction between ACN/Mnt and the SA
matrix was evaluated by FTIR analysis of films (Fig. 6a).
In the FTIR spectrum of SA films, the absorption peaks at
3242, 1597, and 1406 cm™!, as well as at 1025 cm™ were

(a) Bl

D

C

assigned to stretching of the —OH groups, to symmetric
and asymmetric stretching of the —COO- groups, and to
stretching vibrations of the C-O-C groups, respectively
(Ding et al. 2019; Huang et al. 2018). With increase in the
amount of ACN/Mnt hybrid pigments from 2 to 4 to 6 wt.%,
the —OH stretching bands in ACN/Mnt/SA composite films
shifted to 3247, 3248, and 3249 cm™! compared with SA
film, which may be ascribed to hydrogen-bond interac-
tion between ACN/Mnt hybrid pigments and the SA
matrix (Huang et al. 2018; Kang et al. 2018; Koosha and
Hamedi 2019; Zhai et al. 2017).

The mechanical properties of SA and ACN/Mnt/SA
composite films were evaluated by studying the tensile
strength and elongation at break after five sets of parallel
measurements (Fig. 6b, c¢). After incorporation of 2 wt.%
ACN/Mnt, the tensile strength of ACN/Mnt/SA film was
similar to that of SA films. With increasing amounts of
the ACN/Mnt hybrid pigment, the tensile strength of the
composite films increased, and the elongation at break
decreased compared to that of SA films. The composite
films incorporated with ACN/Mnt showed greater ten-
sile strength, which was attributed to the uniform disper-
sion and the formation of hydrogen bonds between hybrid
pigments and SA (Alboofetileh et al. 2014). Similar
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Fig. 4. a Images of ACN/Mnt hybrid pigments after the first (A and B) and the fourth (C and D) acid/base cycles; b the absorp-
tion spectra of ACN/Mnt hybrid pigments after the first acid/base cycles
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Mnt

Fig. 5. Structural configuration of ACN molecules adsorbed on the surface and inserted into the interlayer of Mnt under NH;
or HCI atmospheres (R1, R2=H, OH, OCH3), and the digital photos of ACN/Mnt hybrid pigments in alkaline (blue circle) and

acidic (red circle) atmospheres.

phenomena were also observed for chitosan/polyvinyl
alcohol composite films with black carrot ACN (black
carrot is a new kind of carrot rich in water-soluble ACN)
and bentonite incorporated (Koosha and Hamedi 2019).
Increasing the addition of hybrid pigments may yield a
small number of aggregates, resulting in a slight reduction
in the tensile strength of ACN/Mnt/SA films containing
6 wt.% ACN/Mnt (Ding et al. 2019; Li et al. 2019a). The
composite films also had smaller values for elongation at
break than the raw films; the decrease was related to the
fact that the addition of hybrid pigments restricted the
motion of the SA matrix, which led to the disruption of the
films (Alboofetileh et al. 2014; Luchese et al. 2018; Qin
et al. 2019) .
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The color responses of the SA and ACN/Mnt/SA films
were evaluated following alternating exposure to HCI
(acidic) and NHj; (alkaline) vapors (Figs. 7, S2). The raw
ACN/Mnt/SA composite films containing various amounts
of ACN/Mnt began to turn pink after exposure to the acidic
atmosphere for 1.5 h (Fig. 7a), but the raw SA film exhib-
ited no such color response (Fig. 7b). In the alkaline atmos-
phere, the above ACN/Mnt/SA composite films changed
from pink to light blue (Fig. S2). Interestingly, the light
blue of the biodegradable composite films returned to pink
when reexposed to HCI (Fig. S2). The chromogenic degree
of biodegradable composite films was directly proportional
to the hybrid pigment content, which exhibited potential
use for detecting food spoilage.
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CONCLUSIONS

In the current study, the possible loading mechanism and
the chemical and thermal stability of ACN/Mnt hybrid pig-
ments were investigated. The results showed that ACN was
adsorbed on the surface and intercalated into the interlayer
of Mnt via electrostatic interaction and cation exchange, and
the incorporation into Mnt obviously enhanced the weather-
ing resistance of ACN molecules in various environments.
More importantly, the composite films containing ACN/Mnt
hybrid pigment exhibited good mechanical properties, and
reversible acidichromism behavior compared with SA films.
The intelligent composite films appeared pink and light blue
following exposure to an acidic or alkaline environment,
respectively. Therefore, the biodegradable composite films
with both reinforced and reversible allochroic properties
could be used in the field of food testing and packaging.
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