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Abstract

:

Nanobrick wall hybrid coating with super oxygen barrier properties were fabricated on polyethylene terephthalate (PET) film using a quadlayer (QL) assembly of polyelectrolytes and nanoplateles. A quadlayer assembly consists of three repeat units of polyacrylic acid (PAA), poly (dimethyl diallyl ammonium chloride) (PDDA) and layered α-zirconium phosphate (α-ZrP). PDDA with positive charges can assemble alternatively with both α-ZrP and PAA with negative charges to form nanobrick wall architectures on the surface of PET film via the electrostatic interaction. The lamellar structure of α-ZrP platelets and the dense QL assembly coating can greatly reduce the oxygen transmission rate (OTR) of PET film. Compared to pristine PET film, the OTR of PET (QL)19 is reduced from 57 to 0.87 cc/m2/day. Moreover, even with 19 QLs coating, PET (QL)19 composite film is still with an optical transparency higher than 90% and a haze lower than 10%. Therefore, the transparent PET (QL)n composite films with super oxygen barrier properties show great potential application in food packaging and flexible electronic packaging.
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1. Introduction


Barrier materials have been widely used in the fields of food preservation, pharmaceuticals and electronic packaging to protect them from detrimental effect of moisture and oxygen in the environment [1]. As traditional barrier materials, metal and glass materials offer excellent barrier properties to gases, but they are not suitable for the flexible and lightweight packaging [2]. As replacements for metal and glass materials, polymer materials are normally inexpensive, transparent, lightweight and easily processable, but their barrier performances are not good enough because of the large free volume between macromolecular chains. The free volume can provide convenience for gas permeation [3,4,5]. Considerable efforts have been devoted to improve the barrier properties of polymeric barrier materials, such as (1) thin and transparent vacuum deposited coatings, (2) new barrier polymers as discrete layers, (3) blends of barrier polymers and standard polymers, (4) organic/inorganic barrier coatings, and (5) nanocomposite materials [1]. However, barrier films with super gas barrier performance, high transparency and good flexibility are still challenging. To achieve super gas barrier requirements need for packing, different hybrid consisting of polymeric matrices and two-dimensional (2D) inorganic platelets have been developed by layer-by-layer (LbL) method [6,7,8,9].



LbL assembly was first reported by Decker [10] and has been widely used as a simple and versatile thin-coating fabrication method. Multilayer coating can be constructed by alternating deposition of different species with negative and positive charges. Resultant multilayer coatings can increase the gas barrier properties of polymer substrate [11]. In the case of 2-dimentional inorganic nanoplatelets with negative charges, sodium montmorillonite (MMT) [8], Laponite (LATP) [9] and grapheme oxide (GO) [12] have been used to construct LbL thin coatings with positively charged polyelectrolytes. The thin LbL coatings exhibit a nanobrick wall structure with high 2D nanoplatelet alignment. This structure induces a long diffusion length of oxygen and water vapor molecules. A variety of LbL coating, such as polyallylamine (PAAm)/polyacrylic acid (PAA)/MMT [13,14], polyethylenimine (PEI)/MMT [15,16,17], PEI/vermiculite (VMT) [18] and PEI/graphene oxide [19] have been reported to increase the barrier performance of polymer based barrier packaging materials.



Poly(ethylene terephthalate) (PET) has been widely studied and used in the fields of food and pharmaceuticals packaging because of its remarkable advantages, such as high transperency, high mechanical strength, dimensional stability, low cost, and relatively low permeabilities to both oxygen and water vapor [20]. In order to get PET composite film with super gas barrier properties, several methods have been reported, such as: (1) Melt blending with higher barrier polyamides [21] or nanoplates [22], (2) Deposition of a thin SiOx or metal oxide onto a surface by vacuum vapor deposition process [23,24], (3) LbL self-assembly of polyelectrolytes or inorganic nanoplatelets with the opposite charges. LbL method has been extensively studied and proved to be a low cost and effective way to improve the barrier properties of PET.



Negatively charged 2D inorganic nanoplatelets, such as MMT, GO, and zirconium phosphate (ZrP), have been reported to construct bilayer (BL) assembly films onto the PET film with positively charged polyelectrolytes [8,9,10,11,12,13,25]. LbL transparent thin films containing inorganic components have been investigated for their high strength, anti-flammability, and oxygen barrier properties [26,27,28]. The oxygen barrier properties can be dramatically improved by switching BL to quadlayer (QL) assembly, which consists three layers of oppositely charged polyelectrolytes between each nanoplatelets layer [29] and made with cationic polyethyleneimine (PEI) and anionic MMT and PAA. One deposition sequence of PEI/PAA/PEI/MMT is referred to as a quadlayer (QL). Greater clay spacing in the QL film than in the BL film are responsible for more room for gas molecule wiggling, leading to a tortuous diffusion length and improving the gas barrier property.



As an layered metal phosphate hydrate (LMPs), the layered α-zirconium phosphate (α-ZrP) can be easily synthesized and exfoliated into negatively charged monolayer nanoplatelets by using the tetrabutylammonium hydroxide (TBAOH) as the exfoliated agent [30,31,32]. α-ZrP nanoplates have been widely used in corrosion protection [33] and flame retardation with methods of melt blending [34], solution blending [35,36] and in-situ polymerization [37]. Utilizing the strong negative surface charges, α-ZrP nanoplates can be used in the electrostatic LbL assembly to fabricate a nanobrick wall architecture coating. On the other hand, it was found that the spacing and orientation of nanoparticles effect the nanostructure of the composites and thus the permeability in a packaging matrix [38,39].



In one of our previous work, a novel LbL composite membrane, Nafion-[PDDA/ZrP]n with nacre-like structures has been reported to effectively suppress the vanadium permeation in vanadium redox flow battery [40]. The results showed that the lamellar structure of α-ZrP nanoplates generate more tortuous diffusion paths of ions and serves as barriers to prevent vanadium ions migrating though the membrane. Moreover, poly(acrylic acid) (PAA) exhibits high oxygen barrier properties and has been used improve the oxygen barrier properties of polymer matrix by coating method. But the hydroscopicity of PAA limits its application. We have reported a covalent layer-by-layer assembly method to fabricate a transparent and super-gas-barrier PET film by PAA based coating [41], in which the thick of coating film was difficult to control.



These previous works encouraged us to think how to fabricate a nanobrick wall architectures from α-ZrP nanoplates and PAA with the same negative charges for super gas barrier. Inspired by the QL assembly strategy reported by Grunlan et al. [29], we propose here a transparent and super oxygen barrier PET composite film with nanobrick wall architectures by a QL assembly, where cationic PDDA assembles with anionic PAA and α-ZrP nanoplatelets to fabricate a quadlayer of PAA/PDDA/ZrP/PDDA. The superior oxygen barrier property of QL assembly PET film were confirmed by oxygen transmission rate (OTR) measurement. The OTR values exponentially reduce with the number of QLs and achieve to only 1.5% of the pristine PET film after deposition 19 QLs, finally to undetectable oxygen transmission rate (OTR < 0.005 cm3/(m2 day atm)). The morphologies of QL films were investigated by SEM and AFM techniques. The improvement in the oxygen barrier properties originated from the alignment of lamellar α-ZrP nanoplatelets and the ion-crosslinking between cationic PDDA and anionic PAA andα-ZrP nanoplatelets, which created a tightly packed nanobrick wall microstructure, with PAA and PDDA as mortar, and α-ZrP nanoplatelets as bricks. The transparent and super oxygen barrier films presented in this work have great potential application in packaging fields.




2. Experimental Section


2.1. Materials


Zirconium oxychloride (ZrOCl2·8H2O, 98%, Aladdin, Shanghai, China), phosphoric acid (H3PO4, 85%, Aladdin, Shanghai, China), tetrabutylammonium hydroxide (TBAOH, 10 wt.%, TCI Shanghai, China), hexadecyl trimethyl ammonium bromide (CTAB, 99%, Aladdin, Shanghai, China), poly dimethyl diallyl ammonium chloride (PDDA, Mw = 100,000–200,000, 20 wt.% in water, Aladdin, Shanghai, China), polyacrylic acid (PAA, Mw = 100,000, 99.7%, Aladdin) were used as received. Ultrapure Milli-Q water (18.2 MΩ) was used for preparing all aqueous deposition solutions. Both PDDA and PAA solutions for deposition were with the concentration of 0.2 wt.%.




2.2. Substrates


Poly(ethylene terephthalate) (PET) film with a thickness of 25 μm (Chaozhou Xinde Packaging Materials Co., Ltd., Chaozhou, China) was used as the substrate for QL deposition and OTR testing. Prior to deposition, PET film were rinsed with deionized (DI) water and ethanol. In order to improve the adhesion of the first electrolyte layer, the dried and cleaned PET films were treated by corona treatment, and then with 0.2 wt.% CTAB for surface treatment. Silicon wafers were cleaned with piranha solution for 30 min and then rinsed with DI water, acetone several times, finally dried with filtered air prior to LbL depositon. Silicon wafer was used for AFM and SEM characterization.




2.3. Synthesis and Exfoliation of α-ZrP


α-ZrP with high crystalline was prepared according to the procedures described previously with some modifications [42,43]. 6.0 g of ZrOCl2·8H2O was dissolved in 10 mL DI water and rapidly mixed with 30 mL of 6M H3PO4 by vigorous stirring for 5 min. The result white suspension was transferred into a sealed Telfon-lined stainless autoclave and kept at 200 °C for 24 h. Then the white solid was washed with DI water by centrifuging until the pH of the supernatant reached 5–6. After dried in a vacuum oven at 60 °C for 12 h, the final α-ZrP was obtained and was exfoliated by TBAOH with ultrasound stirring at 0 °C for 3 h. The concentration of α-ZrP was controlled at 1 wt.% and the ultrasonication assistant was adopted to make the dispersed α-ZrP exfoliated as nanoplatelets by TBAOH in a short time. The 1 wt.% exfoliatedα-ZrP nanoplatelets dispersion was diluted to 0.2 wt.% with DI water for deposition.




2.4. Layer-by-Layer Deposition


The overall LbL deposition process for QL is illustrated in Figure 1. The LbL assembly of QL multilayers was carried out by alternately immersing the substrates in the aqueous solutions of PAA, PDDA, α-ZrP and final PDDA for each 5 min at room temperature. After each deposition step, the film was rinsed with DI water to remove the weakly absorbed PAA, PDDA and α-ZrP nanoplatelets. One deposition sequence of PAA/PDDA/α-ZrP/PDDA is denoted as a QL. The PET (QL)n films were fabricated by alternate deposition of QL for n cycles. The resulting composite film was denoted as PET (QL)n and finally rinsed with DI water and dried with filtered air. All deposition processes were performed using a home-built dip coater. QL multilayers were also deposited onto silicon wafer by a same fabrication process.




2.5. Film Characterization


X-ray diffraction (XRD) patterns were recorded by Rigaku D/Max-IIIA X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) using a nickel-filtered Cu-Kα, at 40 kV and at a scan rate of 1°/min. Fourier transform infrared (ATR-FTIR) spectra were recorded by a PerkinElmer Spectrum 100 FTIR spectrometer over the wavenumber range of 4000–400 cm−1 to confirm the successful preparation of ZrP nanoplates. The sizes and distributions of the ZrP nanoplatelets were characterized by particle size analyzer (Elite Sizer, Brookhaven Instruments Corporation, Austin, TX, USA) which based on dynamic laser scattering (DLS).



The static state contact angle (θ) of PET and PET treated by CTAB were measured by SL200B contact angle measurement. Contact angle is an important indicator of wettability, classifying materials by hydrophobicity (θ > 90°) and hydrophilicity (θ < 90°). Typically, it is called spreading when θ does not exist or θ = 0°. Film thickness was measured (on silicon wafers) by the Ambios XP-1 step profiler (Ambios Technology Inc., Milpitas, CA, USA) under the optimal technological conditions. In order to obtain the thickness of QLs, half of silicon wafer was protected by a tape before deposition and then the tape was removed after deposition. The difference in height between the part with deposition and the part without deposition was measured, which is stand for the thickness of QLs.



The surface roughness and morphology of the composite films were measured, in air, by CSPM 5500 Atomic Force Microscopy (AFM, Benyuan Inc., Guangzhou, China) operating in the tapping mode. SEM images of α-ZrP nanoplatelets and the cross-section of the deposited QLs were recorded on a scanning electron microscopy (SEM) (Quanta 400, FEI, Hillsboro, OR, USA) operated at 15 kV. To investigate the morphology of QLs, PET(QL)n was cut out of the center of the silicon wafer with QLs by a diamond blade and glued on cross-section holders. All specimens were coated with a thin layer of gold before SEM examination.




2.6. Gas Permeability


The oxygen transmission rates (OTRs) were measured by Y202D oxygen permeation analyzer (GBPI Packing Test Instruments Co. Ltd., Guangzhou, China). At a constant temperature of 23 °C under dry conditions according to ASTM D398-05 standard. And a WVTR analyzer (PERMATRAN-W Model 3/61, Mocon. Inc., Minneapolis, MN, USA) was used to measure the water vapor transmission rate (WVTR) at a constant temperature of 23 °C under 85% RH conditions with “Infrared detection sensor methods” (ISO 15106-2). The oxygen permeability coefficient (OP) and water vapor permeability coefficient (WVP) were calculated to evaluate the oxygen and water vapor barrier performance from film thickness, OTR (or WVTR) [44].




2.7. Hazes and Transmittances


The hazes and transmittances of PET composite films were measured using a haze and transmittance tester (Model: WGT-S, Shenguang Instrument Co. Ltd., Shanghai, China) at a constant temperature of 23 °C under 50% RH conditions according to GB 2410-2008 standard. The light transmittance (Tt) and the haze (H) are calculated by the following Equations (1) and (2):


   T t  =    T 2     T 1    × 100 %  



(1)






  H =  (     T 4     T 2    −    T 3     T 1     )  × 100 %  



(2)




where T1 and T3 represent the incident optical luminous flux and the penetrated luminous flux respectively, and T2 and T4 are the scattering light flux of the instrument and the total scattering light flux of the instrument and sample, respectively.





3. Results and Discussion


3.1. Exfoliation of α-ZrP


The FTIR spectrum of α-ZrP solid is presented in Figure 2. The bands at 3595 and 3512 cm−1 are attributed to the presence of interlayer water in α-ZrP. The stretching and bending vibration of -OH from lamellar surface is at 3165 and 1620 cm−1 respectively. The in-plane and out-of-plane vibrations of P-OH in PO4 groups are at 970 and 1251 cm−1 [45,46]. The bands at 1047 and 1121 cm−1 are attribute to the stretching vibration of O-P-O in PO4 groups. While the stretching vibrations of Zr-O are observed at 534 and 593 cm−1 [47]. The XRD patterns of α-ZrP and the exfoliated α-ZrP nanosheets are shown in Figure 3. α-ZrP was tested in a powder form, while the exfoliated α-ZrP was dried on a silicon wafer for XRD recording. As shown in Figure 3, the strong peak at 11.7° in the XRD pattern of crystalline α-ZrP indicates that the lamellas distance is 7.6 Å. The small peak at 4.8° in XRD pattern of the exfoliated α-ZrP is resulted from the less ordered restacking of the exfoliated α-ZrP nanoplatelets [48,49,50]. After exfoliation, the α-ZrP/TBAOH dispersion becomes more transparent and homogeneous than the pristine ZrP dispersion. The colloidal solution with exfoliated α-ZrP nanoplatelets has a “Tyndall effect”, which confirms the exfoliation of α-ZrP by TBAOH.



SEM, TEM and AFM techniques are used to observe the morphologies of α-ZrP. Figure 4a shows the SEM image of α-ZrP and the regular hexagonal structure demonstrates the high crystalline degree of α-ZrP. AFM image, as seen in Figure 4c, shows that the diameter and thickness of α-ZrP platelet is 500–600 nm and 15–20 nm respectively. As depicted in Figure 4b, the exfoliated α-ZrP shows a flake-like morphology with some unique wrinkles according to the reported literatures [51,52]. The particle size distribution of ZrP nanoplates could be seen from Figure 5.




3.2. Characterization of Quadlayer Assembly Film


The hydrophobic surface of PET makes it not suitable for LbL assembly with aqueous solution even after corona treatment. In our previous work, we treated PET with 4, 4′-diphenylmethane diisocyanat (MDI), which can react with the hydroxyl groups on PET surface [41]. However, the MDI treated PET only is suitable for coating PAA solution with high concentration. Other methods, such as controlling the concentration and pH value of PAA solutions, or increasing the operation temperature, have been used to improve the wetting capability of PET surface. Here, we used CTAB as a surfactant to treat PET surface before LbL assembly. The static state contact angles were tested to evaluate the hydrophilic properties of PET films before and after CTAB treatment. As shown in Figure 6, Compared with the pristine PET, the contact angle of PET surface reduces from 68° to 45° after CTAB treatment. The lower contact angle means the hydrophilicity has been improved. As a result, a PAA aqueous solution was easily to spread uniformly over the surface of PET surface after CTAB treatment and a PAA/PDDA/ZrP/PDDA quadlayer was easily assembled onto the surface of PET.



SEM images were used to observe the nanobrick wall structure of PET composite films. As shown in Figure 7, the borderline of PET substrate and the coating layer can be seen clearly but the thickness of the coating layer is difficult to measure because of the curling of PET substrate during sample preparation. Energy Dispersive Spectrometer (EDS) confirms the presence of α-ZrP nanoplatelets in the coating multilayer. Poly(vinylidene fluoride) PVDF-(QL)11 composite film was prepared for SEM examination because PVDF can be cryogenically fractured in liquid nitrogen without curling. In Figure 8, a coating multilayer structure can be observed by cross-sectional SEM image of PVDF-(QL)11 film, in which a tightly packed nanobrick wall architecture are formed with α-ZrP nanoplatelets as bricks and polyelectrolytes (PAA and PDDA) as mortars, as seen in Figure 1. The self-assembled multilayers are about 1 μm in the thickness of eleven quadlayers. Some scattered α-ZrP nanoplatelets from the cryogenical fracture of quadlayers shown in the cross-sectional SEM image of PVDF-(QL)11 film. The thickness of the composite film with 20 quadlayers is about 2 μm.



AFM was used to confirm the assembly of α-ZrP nanoplatelets with polyelectrolytes. Silicon wafer, as a hard substrate, was coated with PAA and then with PDDA and α-ZrP nanoplatelets for AFM examinations. As shown in Figure 9a,b and Figure 10a, after being coated with PAA, the surface is very coarse under the tapping mode of AFM because of the softness of polymeric coating and the maximum fluctuation is about 40 nm. After a hard layer of α-ZrP nanoplatelets is deposited on the surface by the electrostatic assembly, the surface becomes more smooth under the tapping mode of AFM, as shown in Figure 9c,d and Figure 10b. The maximum fluctuation of the surface is reduced to about 6 nm. Figure 11 gives the schematics of silicon wafer with PAA and with PAA/PDDA/ZrP on the surfaces. The decrease in roughness of the surfaces confirms that the α-ZrP nanoplatelets with negative charges were successfully assembled with the polyelectrolyte with positive charges onto the surfaces of the substrate.



The thicknesses of QLs were also measured by the step profiler using the test method as described in the experimental section. The thickness of eleven quadlayers is 1050 nm, which is close the one measured by the cross-section SEM photograph. Figure 12 shows the thickness of the coating multilayers with different numbers of QLs. The thickness increases with the number of QLs, indicating the successfully assembly of multi-quadlayers. The thickness of each quadlayer approximates 50 nm, which is much thicker than the theoretical value. Presumably, the polyelectrolytes is not assembly as a monolayer in each QLs and the wrinkles and aggregates of α-ZrP nanoplatelets also increase the thickness of the quadlayer.




3.3. Gas Permeability and Transperancy


Introducing layered inorganic compounds into polymer matrix is one of the most strategies to improve gas barrier performance because the addition of layered inorganic fillers would increase the diffusion lengths of gases through the polymer matrix. The assembly of LbL multilayer has been reported to generate higher barrier films over conventional inorganic compound-filled composites, which is due to the high orientation and exfoliation of inorganic nanoplatelets in the multilayers. In this study, a 2D exfoliated α-ZrP nanoplatelets is used to fabricate LbL multilayers to improve the barrier performance of PET film. The used exfoliated α-ZrP nanoplatelet has an average with a platelet diameter of 600 nm and a thickness of approximately 1 nm. The large aspect ratio of α-ZrP nanoplatelets can induce an extremely tortuous pathway for permeating small molecules. The strong polar functional groups of polyelectrolytes also could offer superior barrier property to non-polar gases, such as oxygen gas. In this work, we combine the characteristics of polyelectrolytes and nanoplatelets to make a high oxygen barrier film.



The OTR and WVTR for PET-(QL)n composite films were investigated to evaluate the enhancement effect of QLs on the oxygen and water vapor barrier performances of PET substrate. As shown in Table 1, we can clearly see that the OP value decreased dramatically with the increase of the QL number. Figure 13 gives the data optimization of OTR values with QL numbers (1–11QLs) for the composite film. The optimal fitting formula is as follow in Equation (5):


  OTR  ( n )  = 0.33 + 36.67  e  −  n  0.7245     + 23  e  −  n  5.001      



(3)




where n represents the number of QLs. The R-Square of this fitting formula is 0.99909.



According the fitting formula, it is found that the OTR value decreases exponentially with the increase of QL numbers. The predicted OTR value of PET composite film with 19 QLs 0.69 cm3/(m2·24 h), which is very close to the experimental data (0.87 cm3/(m2·24 h)). The OTR value of PET composite film with 19 QLs has been reduced by 98.5% of the one of the bare PET film. As a result, the fitting formula can be used to predict the OTR values of PET films with different QL numbers. The undetectable OTR value (<0.005 cm3/(m2·24 h)) is achieved by depositing 20 QLs on a PET film. The WVTR value decreases slightly with the increase of QL numbers, showing that the bare PET film has a good water vapor barrier property and the assembly of QL coating has no obvious effect on its WVTR. As we know, the hydrophilicity of the material facilitates the permeation of water vapor [1]. For example, ethylene-vinyl alcohol (EVOH) with high oxygen-barrier properties exhibits low water-vapor barrier property because of its high hydrophilicity. Here, we used polyelectrolytes (PAA and PDDA) with α-ZrP nanoplatelets to fabricate quadlayers, in which the hydrophilicity of polyelectrolytes eliminates the increasing effect of diffusivity path by 2D exfoliated nanoplatelets. These can account for the small influence of the quadlayers on water vapor barrier property.



The architecture of the QL assembly of α-ZrP nanoplatelets and polyelectrolytes is illustrated in Figure 14. The super oxygen barrier properties of PET-(QL)n composite films are attributed to the nano brick wall structure, which can effectively extend the diffusion length of oxygen. PET-(QL)19 shows a compared OP value of PVDC (reported OP is 0.01–0.03 cm3·mm/(m2·24 h)) [53], which is a commercial material with high barrier properties. PVDC is high cost and unstable during the melting process, while the composite film in this work will provide a cheap barrier film with an easy fabrication process.



The transparency of packing film is very important for most barrier packaging applications. As shown in Figure 15, even after depositing 19 QLs, PET composite film still has a high level of transparency, which is similar to the bare PET film. The optical transmittances and hazes of PET-(QL)19 and bare PET have been test and summarized in Table 2. The transparency of PET-(QL)19 is almost same to the bare PET film, showing the high level transparency of the QL multilayers.





4. Conclusions


α-ZrP nanoplatelets with a high crystalline were prepared under hydrothermal reaction condition and were well exfoliated by TBAOH. Using negatively charged α-ZrP nanoplatelets as bricks, positively charged PDDA and negatively PAA as mortars, a quadlayer coating with nanobrick wall structure were fabricated onto the surface of PET film to enhance the oxygen barrier property. The structure of QL coating was characterized and confirmed by SEM, AFM and TEM techniques. The oxygen transmission (OTR) decreased exponentially with the number of the deposited QLs. An OTR value of 0.87 cm3/(m2·24 h) was obtained by depositing 19 QLs on the surface of PET film. The corresponding OP value (0.02 cm3 mm/(m2·24 h) is reduced by 98.5% of the bare PET. It should mentioned that PET composite films still have a high level of transparency, even after deposited 19 QLs. Therefore, such QL assembly composite film shows great potential application in packaging materials.







Author Contributions


Data curation, Y.L. and S.C.; Experiment design, X.X.; Formal analysis, N.X., X.P. and S.W.; Investigation, D.H. and M.X.; Methodology, Q.J.; Project administration, S.W. and Y.M.; Writing—original draft, D.H.




Acknowledgments


This research was supported by the NSFC (21376276, 51673131), Guangdong Province Sci. & Tech Bureau Key Strategic Project (No. 2016B010114004, 2015B090901001), NSF of Guangdong Province (2016A030313354, 2014A030313159), the Special Project on the Integration of Industry, Education and Research of Guangdong Province (2017B090901003, 2015B09090100), Guangzhou Scientific and Technological Planning Project (201607010042, 201707010424 and 201804020025), and the Fundamental Research Funds for the Central Universities (171gjc37).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jagadish, R.S.; Raj, B.; Asha, M.R. Blending of low-density polyethylene with improved barrier and aroma-releasing propertis in food packaging. J. Appl. Polym. Sci. 2009, 113, 3732–3741. [Google Scholar] [CrossRef]

	



Norrman, K.; Larsen, N.B.; Krebs, F.C. Lifetimes of organic photovoltaics: Combining chemical and physical characterisation techniques to study degradation mechanisms. Sol. Energy Mater. Sol. Cells 2006, 90, 2793–2814. [Google Scholar] [CrossRef]

	



Goodyer, C.E.; Bunge, A.L. Comparison of numerical simulations of barrier membranes with impermeable flakes. J. Membr. Sci. 2009, 329, 209–218. [Google Scholar] [CrossRef]

	



Lu, C.S.; Mai, Y.W. Permeability modelling of polymer-layered silicate nanocomposites. Compos. Sci. Technol. 2007, 67, 2895–2902. [Google Scholar] [CrossRef]

	



Ahn, C.; Kim, S.M.; Jung, J.W.; Park, J.Y.; Kim, T.; Lee, S.E.; Jang, D.C.; Hong, J.W.; Han, S.M.; Jeon, S. Multifunctional Polymer Nanocomposites Reinforced by 3D Continuous Ceramic Nanofillers. ACS Nano 2018, 12, 9126–9133. [Google Scholar] [CrossRef] [PubMed]

	



Carosio, F.; Colonna, S.; Fina, A.; Rydzek, G.; Hemmerle, J.; Jierry, L.; Schaaf, P.; Boulmedais, F. Effient gas and water vapor barrier properties of thin poly(lactic acid) packaging films: Fuctionalization with moisture resistant nafion and caly multilayers. Chem. Mater. 2014, 26, 5459–5466. [Google Scholar] [CrossRef]

	



Cho, C.Y.; Wallance, K.L.; Hagen, D.A.; Stevents, B.; Regev, O.; Grunlan, J.C. Nanobrick wall multilayer thin films grown faster and stronger using electrophoretic deposition. Nanotechnology 2015, 26, 185703. [Google Scholar] [CrossRef] [PubMed]

	



Dou, Y.B.; Zhou, A.; Pan, T.; Han, J.B.; Wei, M.; Evans, D.G.; Duan, X. Humidity-triggered self-healing films with excellent oxygen barrier performance. Chem. Commun. 2014, 50, 7136–7138. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, F.M.; Tzeng, P.; Sawyer, J.S.; Regev, O.; Grunlan, J.C. Improving the gas barrier prpetiy of clay-polymer multilayer thin films using shorter deposition times. ACS Appl. Mater. Interfaces 2014, 6, 6040–6048. [Google Scholar] [CrossRef] [PubMed]

	



Decker, G.; Hong, J.D.; Schmitt, J. Buidup of ultrathin multiplayer films by a self-assembley process: Consecutive adsorption of anionic and cationic bipolar amphiphiles on charged surfaces. Chem. Macromol. Symp. 1991, 46, 321–327. [Google Scholar] [CrossRef]

	



Wang, J.J.; Xu, X.Z.; Zhang, J.; Chen, M.T.; Dong, S.Y.; Han, J.B.; Wei, M. Moisture-Permeable, Humidity-Enhanced Gas Barrier Films Based on Organic/Inorganic Multilayers. ACS Appl. Mater. Interfaces 2018, 10, 28130–28138. [Google Scholar] [CrossRef] [PubMed]

	



Köklükaya, O.; Carosio, F.; Wågberg, L. Superior Flame-Resistant Cellulose Nanofibril Aerogels Modified with Hybrid Layer-by-Layer Coatings. ACS Appl. Mater. Interfaces 2017, 9, 29082–29092. [Google Scholar] [CrossRef] [PubMed]

	



Ming, S.Y.; Chen, G.; He, J.H.; Kuang, Y.D.; Liu, Y.; Tao, R.Q.; Ning, H.L.; Zhu, P.H.; Liu, Y.Y.; Fang, Z.Q. Highly Transparent and Self-Extinguishing Nanofibrillated Cellulose-Monolayer Clay Nanoplatelet Hybrid Films. Langmuir 2017, 33, 8455–8462. [Google Scholar] [CrossRef] [PubMed]

	



Priolo, M.A.; Holder, K.M.; Greenlee, S.M.; Stevens, B.E.; Grunlan, J.C. Precisely Tuning the Clay Spacing in Nanobrick Wall Gas Barrier Thin Films. Chem. Mater. 2013, 25, 1649–1655. [Google Scholar] [CrossRef]

	



Priolo, M.A.; Holder, K.M.; Gamboa, D.; Grunlan, J.C. Influence of clay concentration on the gas barrier of clay-polymer nanobrick wall thin film assemblies. Langmuir 2011, 27, 12106–12114. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.H.; Malek, F.A.; Grunlan, J.C. Influence of Deposition Time on Layer-by-Layer Growth of Clay-Based Thin Films. Ind. Eng. Chem. Res. 2010, 49, 8501–8509. [Google Scholar] [CrossRef]

	



Priolo, M.A.; Gamboa, D.; Grunlan, J.C. Transparent Clay-Polymer Nano Brick Wall Assemblies with Tailorable Oxygen Barrier. ACS Appl. Mater. Interfaces 2010, 2, 312–320. [Google Scholar] [CrossRef]

	



Priolo, M.A.; Holder, K.M.; Greenlee, S.M.; Grunlan, J.C. Transparency, gas barrier, and moisture resistance of large-aspect-ratio vermiculite nanobrick wall thin films. ACS Appl. Mater. Interfaces 2012, 4, 5529–5533. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.H.; Bolling, L.; Priolo, M.A.; Grunlan, J.C. Graphene: Super Gas Barrier and Selectivity of Graphene Oxide-Polymer Multilayer Thin Films. Adv. Mater. 2013, 25, 503–508. [Google Scholar] [CrossRef] [PubMed]

	



Bandi, S.; Mehta, S.; Schiraldi, D.A. The mechanism of color generation in poly(ethylene terephthalate)/polyamide blends. Polym. Degrad. Stab. 2005, 88, 341–348. [Google Scholar] [CrossRef]

	



Prattipati, V.; Hu, Y.S.; Bandi, S.; Schiraldi, D.A.; Hiltner, A.; Baer, E.; Mehta, S. Effect of compatibilization on the oxygen-barrier properties of poly(ethylene terephthalate)/poly(m-xylylene adipamide) blends. J. Appl. Polym. Sci. 2005, 97, 1361–1370. [Google Scholar] [CrossRef]

	



Ahmad, A.J.; Hammam, A.B.; Hannah, H.; Gad, M. Improving the Oxygen Barrier Properties of Polyethylene Terephthalate by Graphite Nanoplatelets. J. Appl. Polym. Sci. 2013, 128, 1534–1539. [Google Scholar] [CrossRef]

	



Roberts, A.P.; Henry, B.M.; Sutton, A.P.; Grovenor, C.R.M.; Briggs, G.A.D.; Miyamoto, T.; Kano, M.; Tsukahara, Y.; Yanaka, M. Gas permeation in silicon-oxide/polymer (SiOx/PET) barrier films: role of the oxide lattice, nano-defects and macro-defects. J. Membr. Sci. 2002, 208, 75–88. [Google Scholar] [CrossRef]

	



Priolo, M.A.; Holder, K.M.; Guin, T.; Grunlan, J.C. Recent Advances in Gas Barrier Thin Films via Layer-by-Layer Assembly of Polymers and Platelets. Macromol. Rapid Commun. 2015, 36, 866–879. [Google Scholar] [CrossRef] [PubMed]

	



Qin, S.; Song, Y.; Floto, M.E.; Grunlan, J.C. Combined High Stretchability and Gas Barrier in Hydrogen-Bonded Multilayer Nanobrick Wall Thin Films. ACS Appl. Mater. Interfaces 2017, 9, 7903–7907. [Google Scholar] [CrossRef] [PubMed]

	



Podsiadlo, P.; Kaushik, A.K.; Arruda, E.M.; Waas, A.M.; Shim, B.S.; Xu, J.D.; Nandivada, H.; Pumplin, B.G.; Lahann, J.; Ramamoorthy, A.; et al. Ultrastrong and stiff layered polymer nanocomposities. Science 2007, 318, 80–83. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.C.; Schulz, J.; Mannen, S.; Delhom, C.; Condon, B.; Change, S.; Zammarano, M.; Grunlan, J.C. Flame retardant behavior of polyelectrolyte-clay thin film assemblies on cotton fabric. ACS Nano 2010, 6, 3325–3337. [Google Scholar] [CrossRef] [PubMed]

	



Jang, W.S.; Rawson, I.; Grunlan, J.C. Layer-layer assembly thin film oxygen barrier. Thin Solid Films 2008, 516, 4819–4825. [Google Scholar] [CrossRef]

	



Priolo, M.A.; Gamboa, D.; Holder, K.M.; Grunlan, J.C. Super gas barrier of transparent polymer-clay multilayer ultrathin films. Nano Lett. 2010, 10, 4970–4974. [Google Scholar] [CrossRef] [PubMed]

	



Boo, W.J.; Sun, L.Y.; Sun, D.Z.; Clearfild, A.; Sue, H.J. Preparation of exfoliated epoxy/α-zirconium phosphate nanocomposites containing high aspect ratio nanoplatelets. Chem. Mater. 2007, 19, 1749–1754. [Google Scholar]

	



Wong, M.H.; Ishige, R.; White, K.L.; Li, P.; Kin, D.; Krishnamoorti, R.; Gunther, R.; Higuchi, T.; Jinnai, H.; Takahara, A.; et al. Molecular traces of alternative social organization in a termite genome. Nat. Commun. 2014, 5, 1–12. [Google Scholar]

	



Pan, Y.; Pan, H.F.; Yuan, B.H.; Hong, N.N.; Zhan, J.; Wang, B.B.; Song, L.; Hu, Y. Construction of organic–inorganic hybrid nano-coatings containing α-zirconium phosphate with high efficiency for reducing fire hazards of flexible polyurethane foam. Mater. Chem. Phys. 2015, 163, 107–115. [Google Scholar] [CrossRef]

	



Huang, T.C.; Lai, G.H.; Li, C.E.; Tsai, M.H.; Wan, P.Y.; Chung, Y.H.; Lin, M.H. Advanced anti-corrosion coatings prepared from [small alpha]-zirconium phosphate/polyurethane nanocomposites. RSC Adv. 2017, 7, 9908–9913. [Google Scholar] [CrossRef]

	



Jiang, T.; Liu, C.; Liu, L.; Hong, J.; Dong, M.; Deng, X. Synergistic flame retardant properties of a layered double hydroxide in combination with zirconium phosphonate in polypropylene. RSC Adv. 2016, 6, 91720–91727. [Google Scholar] [CrossRef]

	



Lu, H.; Wilkie, C.A.; Ding, M.; Song, L. Thermal properties and flammability performance of poly (vinyl alcohol)/α-zirconium phosphate nanocomposites. Polym. Degrad. Stab. 2011, 96, 885–891. [Google Scholar] [CrossRef]

	



Pan, J.J.; Wang, J.S.; Xiao, M.; Hickner, M.; Meng, Y.Z. Layered zirconium phosphate sulfophenylphosphonates reinforced sulfonated poly (fluorenyl ether ketone) hybrid membranes with high proton conductivity and low vanadium ion permeability. J. Membr. Sci. 2013, 443, 19–27. [Google Scholar] [CrossRef]

	



Wang, D.Y.; Liu, X.Q.; Wang, J.S.; Wang, Y.Z.; Stec, A.A.; Hull, T.R. Preparation and characterisation of a novel fire retardant PET/α-zirconium phosphate nanocomposite. Polym. Degrad. Stab. 2009, 94, 544–549. [Google Scholar] [CrossRef][Green Version]

	



Clara, S.; Donatella, D.; Sossio, C. Food packaging based on polymer nanomaterials. J. Progr. Polym. Sci. 2011, 36, 1766–1782. [Google Scholar]

	



Mihindukulasuriya, S.D.F.; Lim, L.T. Nanotechnology development in food packaging: A review. Trends Food Sci. Technol. 2014, 40, 149–167. [Google Scholar] [CrossRef]

	



Zhang, L.S.; Ling, L.; Xiao, M.; Han, D.M.; Wang, S.J.; Meng, Y.Z. Effectively supperessing vanadium permeation in vanadium redox flow battery application with modified nafion membrane with nacre-like nanoarchitectures. J. Power Sources 2017, 352, 111–117. [Google Scholar] [CrossRef]

	



Lu, M.Z.; Huang, S.; Chen, S.; Ju, Q.; Xiao, M.; Peng, X.H.; Wang, S.J.; Meng, Y.Z. Transparent and super-gas-barrier PET film with surface coated by a polyelectrolyte and borax. Polym. J. 2018, 50, 239–250. [Google Scholar] [CrossRef]

	



Sun, L.Y.; Boo, W.J.; Sue, H.J.; Clearfield, A. Preparation of alpha-zirconium phosphate nanoplatelets with wide variations in aspect ratios. New J. Chem. 2007, 31, 39–43. [Google Scholar] [CrossRef]

	



Yu, Y.; Wang, X.; Shinde, A.; Cheng, Z. Synthesis and Exfoliation of Discotic Zirconium Phosphates to Obtain Colloidal Liquid Crystals. J. Vis. Exp. JoVE 2016, 111. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.F.; Luo, W.H.; Xiao, M.; Wang, S.J.; Meng, Y.Z. Biodegradable poly(propylene carbonate)layered double hydroxide composite films with enhanced gas barrier and mechanical properties. Chin. J. Polym. Sci. 2016, 34, 13–22. [Google Scholar] [CrossRef]

	



Koleva, V.; Stefov, V.; Cahil, A.; Najdoski, M.; Šoptrajanov, B.; Engelen, B.; Lutz, H.D. Infrared and Raman studies of manganese dihydrogen phosphate dihydrate, Mn(H2PO4)2·2H2O. I: Region of the vibrations of the phosphate ions and external modes of the water molecules. J. Mol. Struct. 2009, 917, 117–124. [Google Scholar] [CrossRef]

	



Horsley, S.E.; Nowell, D.V.; Stewart, D.T. The infrared and Raman spectra of α-zirconium phosphate. Spectrochim. Acta Part A Mol. Spectrosc. 1974, 30, 535–541. [Google Scholar] [CrossRef]

	



Barraclough, C.G.; Bradley, D.C.; Lewis, J.; Thomas, I.M. 510. The infrared spectra of some metal alkoxides, trialkylsilyloxides, and related silanols. J. Chem. Soc. 1961, 2601–2605. [Google Scholar] [CrossRef]

	



Alberti, G. Syntheses, crystalline structure, and ion-exchange properties of insoluble acid salts of tetravalent metals and their salt forms. Acc. Chem. Res. 1978, 11, 163–170. [Google Scholar] [CrossRef]

	



Clearfield, A. Group IV Phosphates as Catalysts and Catalyst Supports. J. Mol. Catal. 1984, 27, 251–262. [Google Scholar] [CrossRef]

	



Clearfield, A. Inorganic Ion Exchangers with Layered Structures. Annu. Rev. Mater. Sci. 1984, 14, 205–229. [Google Scholar] [CrossRef]

	



Zhou, Y.J.; Huang, R.C.; Ding, F.C.; Brittain, A.D.; Liu, J.J.; Zhang, M.; Xiao, M.; Meng, Y.Z.; Sun, L.Y. Sulfonic acid-functionalized α-zirconium phosphate single-layer nanosheets as a strong solid acid for heterogeneous catalysis applications. ACS Appl. Mater. Interfaces 2014, 6, 7417–7425. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.Y.; Boo, W.J.; Browning, R.L.; Sue, H.-J.; Clearfield, A. Effect of crystallinity on the intercalation of monoamine in α-zirconium phosphate layer structure. Chem. Mater. 2005, 17, 5606–5609. [Google Scholar] [CrossRef]

	



Xie, Y.H.; Zhang, M.; Gao, X.Z.; Shao, Y.; Liu, H.; Jin, J.H.; Yang, W.G.; Zhang, H.X. Development and antimicrobial application of plantaricin BM-1 incorporating a PVDC film on fresh pork meat during cold storage. J. Appl. Microbiol. 2018, 125, 1108–1116. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 10 01082 g001 550] 





Figure 1. Schematic of the layer-by-layer (LbL) assembly for polyacrylic acid (PAA)/ poly (dimethyl diallyl ammonium chloride) (PDDA)/zirconium phosphate (ZrP)/PDDA quadlayers. PET: polyethylene terephthalate; TBA: tetrabutylammonium; CTAB: hexadecyl trimethyl ammonium bromide. 
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Figure 2. Fourier transform infrared (FTIR) spectrum of ZrP. 
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Figure 3. X-ray diffraction (XRD) pattern of (a) ZrP and (b)exfoliated ZrP nano platelets. 
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Figure 4. (a) Scanning electron microscopy (SEM) image of α-ZrP; (b) Transmission electron microscopy (TEM) image of exfoliated α-ZrP nanoplatelets; (c) Atomic Force Microscopy (AFM) image of exfoliated α-ZrP nanoplatelets. 
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Figure 5. Particle size distribution of ZrP nanoplates. 
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Figure 6. Contact angle of the surface of (a) neat PET and (b) PET/CTAB. 
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Figure 7. Cross sectional SEM image (a) and EDS result of polyethylene terephthalate quadlayer ((PET-(QL))11. 
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Figure 8. Cross sectional SEM image of 11QLs coated onto PVDF film with different fractions (a) and (b). 
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Figure 9. AFM Surface and 3D micrographs of silicon wafer coated with PAA (a,b) and with PAA/PDDA/ZrP (c,d). 
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Figure 10. Roughness of silicon wafer coated with PAA (a) and with PAA/PDDA/ZrP (b), the solid blue line is the contour line, the solid red line is the centerline. 
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Figure 11. Schematics of (a) silicon wafer coated with PAA and (b) with PAA/PDDA/ZrP. 
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Figure 12. Thickness as a function of QLs deposited on PET films. 
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Figure 13. OTR values as a function of the number of QLs deposited on PET film. 
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Figure 14. Nanobrick wall structure resulting from qualdlayer assembly of PAA (green), PDDA (orange), ZrP (blue). 
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Figure 15. Photographs of (a) bare PET film and (b) PET-(QL)19 composite film in front of a printing paper. 
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Table 1. Barrier properties of PET and PET/(QL)n/PAA (n = 0~19). OTR: oxygen transmission rate; OP: oxygen permeability coefficient; WVTR: water vapor transmission rate; WVP: water vapor permeability coefficient.
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	Sample
	OTR (cm3/(m2·24 h))
	OP (cm3·mm/(m2·24 h))
	WVTR (g/(m2·24 h))
	WVP (g mm/(m2·24 h))





	PET
	57.0
	1.43
	9.97
	0.25



	PET-(QL)1
	31.3
	0.78
	9.30
	0.23



	PET/(QL)3
	12.8
	0.32
	9.22
	0.23



	PET-(QL)5
	9.19
	0.23
	9.15
	0.23



	PET-(QL)7
	6.26
	0.16
	9.10
	0.23



	PET-(QL)9
	4.04
	0.10
	9.08
	0.22



	PET-(QL)11
	2.73
	0.07
	9.06
	0.23



	…
	…
	…
	…
	



	PET-(QL)19
	0.87
	0.02
	8.50
	0.20



	PET-(QL)20
	undetectable
	-
	8.45
	0.19
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Table 2. Optical properties of PET and PET-(QL)19 films.
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	Sample
	Transmittance (%)
	Haze (%)





	PET
	89.5
	2.0



	PET/(QL)19/PAA
	88.8
	2.5











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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