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Abstract  

Plastics films have been widely used in food packaging. But due to the environmental concerns of plastics films, there is a 
trend of replacing plastics films with paper for food packaging. To meet the requirements of packaging, the paper must be 
modified to improve its barrier properties. In this report, a sonication and dip coating method was developed to deposit a 
polyvinyl alcohol (PVA)/montmorillonite (MMT) nanocoating on two representative paper substrates: regular paper and 
cotton paper. The coated paper substrates were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), 
water vapor transmission rate (WVTR), and microscale combustion calorimetry (MCC). The XRD results support the formation 
of well-aligned MMT nanosheets on paper substrates, and the SEM images show that most pores on the substrates were 
covered by the nanocoatings, which leads to a drastic decrease in WVTR of the coated substrates. The nanocoatings also led 
to a minor improvement in flame retardancy. The results suggest that applying nanocoating is a promising approach to 
improving the barrier properties of paper for potential packaging applications. 
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1. Introduction 

Paper is a versatile and flexible material that can be used for 

printing, household products, and food packaging.[1,2] The 

versatility of paper is contributed by its properties, including 

its low density, good mechanical properties, excellent 

recyclability, and biodegradability.[3-5] But a major 

disadvantage of paper is its fibrous porous structure and thus 

poor barrier properties.[6,7] As a result, plastic films with much 

higher barrier properties have replaced paper in many 

packaging applications and have become an essential part of 

everyday life.[8,9] However, the poor degradability of plastic 

films has generated significant environmental concerns, 

supporting a renewed interest in using paper products for 

packaging applications.[10,11]  

To increase the use of paper-based packaging, modification 

of paper is essential to improve the key properties to meet 

specific application requirements. For example, for food  

packaging applications, the most critical demand is to improve 

the barrier properties of paper because paper typically has a 

high porosity and thus a very poor barrier against gas (such as 

oxygen, water vapor, etc.).[12,13] A common method to improve 

the barrier properties of paper is to coat a thin layer of wax on 

the paper surface, but this makes it more difficult to recycle 

the final products.[13-16] 

It has been previously studied that nanocoating technology 

can help significantly improve the barrier properties, flame 

retardancy, and mechanical performance of the coated 

substrates.[17] Also, the thickness of the nanocoatings is 

significantly lower than the conventional coatings (including 

the wax coating on paper), and thus a minimal concern on cost. 

Herein, we aim to improve the barrier properties and flame 

retardancy of paper substrates for food packaging applications. 

Both commercial recycled regular paper and cotton paper are 

selected as two representative substrates. A previously 

developed coating method of combining a polyvinyl alcohol 

(PVA) binder and montmorillonite (MMT) nanosheets was 

adopted to form the coating suspension.[17] PVA was chosen 

because of its high film-forming capability,[18] excellent 

adhesion with hydrophilic substrates,[17] high degradability,[19] 
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and safety for food contact.[20] MMT nanosheets have 

demonstrated, when used in nanocomposites, excellent multi-

functionality such as improving barrier,[21] mechanical,[22] 

thermal,[23,24] and flame retardant properties.[25-28] Besides, 

MMT, a natural clay, is less expensive compared to many other 

2D nanosheets that may exhibit similar performance 

improvements,[29, 30] and thus is chosen for this investigation.  

 

2. Experimental 

Commercially available multi-purpose regular paper (Boise 

Aspen 30 premium recycled paper, 75 g/m2) and 100% cotton 

paper (Southworth, 90 g/m2) were selected as substrates. PVA 

[EXCEVALTM AQ-4104; 98.0 mol. % of hydrolysis], MMT 

(PGN nanoclay; Minerals Technologies Inc., New York, USA), 

glutaraldehyde (GA) (50% aqueous solution; Sigma-Aldrich), 

and HCl (37%; Sigma-Aldrich) were used as received without 

further purification.  

PVA was dissolved in deionized (DI) water at 90° C with 

the assistance of stirring. MMT was dispersed in DI water 

under stirring, followed by 1 hour of sonication in a sonication 

bath (Branson 8510R-MT, 250 W, 44 kHz). A 1.5 wt.% 

PVA/MMT (0.75 wt.% PVA and 0.75 wt.% MMT, 98.50 wt.% 

H2O) aqueous dispersion was obtained from predetermined 

amounts of the prepared PVA solution and MMT dispersion. 

To ensure uniformity of the PVA/MMT dispersion, it was 

stirred for an hour and followed by 1 hour of sonication. The 

dispersion was then cooled in an ice bath, and a small amount 

of crosslinking agent GA was added at a mole ratio of 1:20 

(GA: PVA-OH groups). HCl was also added as the 

crosslinking reaction catalyst (1:5 mole ratio to GA). 

To prepare the paper substrates (ca. 15 cm  17 cm), they 

were dehydrated in an oven at 60 C for 24 h. Each sample 

was then submerged in the PVA/MMT dispersion for five 

minutes of sonication (Branson 8510R-MT, 250 W, 44 kHz) 

and then dried vertically for 45 minutes at 60 °C. The paper 

substrates were dip coated four times while rotating them 180° 

between coating cycles to ensure a complete substrate 

coverage and smooth out the thickness gradient. The 

experimental procedures for fabricating the nanocoating on 

paper are depicted in Fig. 1. The weight uptakes after coating 

for regular paper and cotton paper were 6.2 and 3.8 wt.%, 

respectively. The difference in the weight uptake between the 

two types of paper was attributed to surface enhancements and 

finishes, which are usually carried out to improve the texture 

and printability.  

The X-ray diffraction (XRD) patterns of the coated paper 

substrates were recorded using a Bruker D2 phaser with a 

LynxEye liner detector. The mechanical properties of the 

coated substrates were tested on a dynamic mechanical 

analyzer (DMA, TA Instruments Q800). An FEI nova 

NanoSEM 450 scanning electron microscope (SEM) was used 

to capture surface images of the samples. The samples were 

sputter-coated with a thin layer (ca. 6 nm) of Au/Pd (80:20) 

before SEM imaging.  

To better assess the water vapor transmission rates 

(WVTRs) of the paper samples, two different methods were 

adopted: (1) the specimens were tested on a MOCON 

PERMATRAN-W 1/50 WVTR tester at 23 °C and 50% RH 

following ASTM E398 (hereafter referred to as MOCON 

method). (2) A simple bench-top method adapted from ASTM 

E96/E96M was also developed, which was widely used in 

industry. The testing procedures are illustrated in Fig. 2. First, 

a 1:1 ratio mixture of beeswax and rosin is heated to 150 °C. 

The jars (20.3 cm in diameter and 10.2 cm in height, with 

amouth diameter of 7.2 cm) are filled with DI with ca. ¼ inch 

of headspace. The testing specimens are cut into appropriate 

dimensions to fit the top of the jars. The Beeswax/rosin 

mixture is thoroughly combined and applied to the rim of the 

jars. The testing specimen is placed on the rim of the jars and 

sealed. They are then placed in a chamber, where saturated 

 
Fig. 1 Schematic of the procedures to prepare PVA/MMT nanocoatings on paper substrates. 
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Fig. 2 Schematic of the benchtop method to test the WVTR of the coated regular paper and cotton paper.  

 

sodium chloride solution is used to maintain a 50% relative 

humidity (RH). During 50 hours, the jars are weighed every 2 

hours. From the collected data the slope of the straight line of 

the change in mass versus time, i.e., the weight loss rate was 

determined. The WVTR is then calculated according to 

Equation 1.  

WVTR= 
slope (g/h)

Test area (m2)
                        (1) 

The horizontal burning test was conducted on a wire grid. 

All the samples were 12.5 cm in length and 1.5 cm in width, 

and the flame height is 4 cm. The flame was placed 2.2 cm 

from the sample. The total heat release (THR) and heat release 

rate (HRR) of the samples were tested on a microscale 

combustion calorimeter (MCC, Govmark, model MCC-3) at a 

1 °C/s heating rate using method A of ASTM D7309.  

 

3. Results and Discussion  

A dip coating method was used because it is well-established, 

scalable, and most readily to be adopted in the papermaking 

industry. A brief sonication treatment was introduced during 

dip coating to help better impregnate the coating ingredients, 

i.e., PVA polymer chains and MMT nanosheets, into the pores 

of the paper substrates to achieve the best possible surface 

coverage, but meanwhile, minimize potential damage to the 

paper structure.[31] The coated samples were then hung 

vertically in an oven to generate liquid flow on the paper 

surface, which helped induce the alignment of the MMT 

nanosheets.[17] During the process, MMT nanosheets and PVA 

chains are allowed to self-coassemble into a nanocoating on 

the paper surface. In this coating, MMT nanosheets were well-

aligned along the substrate, leading to significantly improved 

barrier properties.[32] The dispersion of 1.5 wt.% of solids (PVA 

+ MMT) was chosen to maintain a low viscosity for a quick 

flow to facilitate orientation.  

The orientation of MMT nanosheets is the most important 

factor in determining the quality of the nanocoating. An initial 

evaluation of the MMT orientation on various substrates was 

conducted by collecting their XRD patterns. As shown in Fig. 

3, the diffraction peak of the pristine MMT was detected at a 

2 value of 7.32 with a d-spacing of 12.1 Å. The uncoated 

regular paper and cotton paper shows no peaks in the low-

angle region. Once coated, the basal diffraction peaks signified 

MMT nanosheet orientation within the nanocoatings. The 

increase in the interlayer distance of the MMT layers within 

the nanocoatings on regular paper (25.2 Å) and cotton paper 

(25.7 Å) supports the presence of the PVA binder within the 

MMT nanosheet layers.  

 
Fig. 3 XRD patterns of the regular paper and cotton paper before 

and after a PVA/MMT nanocoating. 

 

Due to its porous structure, paper exhibits poor barrier 

properties. The key goals of the sonication and coating 

treatment are to fill the internal pores and to cover surface 

defects, respectively. SEM imaging was used to observe the 

surface morphology after coating treatment. As shown in Fig. 

4, the uncoated regular paper and cotton paper both contain 

large pores throughout the structure. By sonication and coating 

treatment, most pores on paper were filled (Fig. 4). But it can 

be observed that the coated regular paper and cotton paper still 

contain some small pores. One of the reasons for the 

incomplete coverage is probably the limited sonication 
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treatment. Unfortunately, a longer sonication treatment or 

repetition of sonication cycles may damage the overall 

structure of the paper and thus is not desirable.[11,31] Also, it was  

 
Fig. 4 SEM images of the cotton paper (A) and (B), the coated 

cotton paper (C) and (D), the regular paper (E) and (F), and the 

coated regular paper (G) and (H). 

observed during the experiment that the paper substrates 

started to deteriorate after more than 5 minutes of sonication. 

To further determine the overall quality of the nanocoatings, 

the WVTRs of the coated paper samples were tested. Since 

XRD and SEM characterize a very small area of the coated 

substrates, their results represent structural properties at 

localized regions. On the other hand, WVTR tests examine a 

much larger area of the sample. Two different methods were 

used to determine the WVTRs and the results are summarized 

in Table 1. Both regular paper and cotton paper possess a 

significantly improved battier against water vapor after 

coating treatment. According to the MOCON method, the 

WVTRs of the regular paper and cotton paper dropped from 

2511.1 to 240.9 g·day-1·m-2 and from 1718.3 to 283.5 g·day-

1·m-2, respectively. Similar trends were also observed from the 

bench-top testing data. These results indicate that the 

nanocoating has covered the majority of the paper substrate to 

reduce the WVTR, which is very beneficial for certain 

applications like food packaging.    

Table 1. WVTRs of the coated regular paper and cotton paper. 

Sample WVTRMOCON 

(g·day-1·m-2) 

WVTRBench-top 

(g·day-1·m-2) 

Regular paper 2511.1 2323 

Cotton paper 1718.3 2239 

Coated regular paper 240.9 252 

Coated cotton paper 283.5 268 

 

The flammability of the coated regular paper and cotton 

paper was also examined and the results are shown in Fig. 5 

The nanocoating did not slow down the rate of the spread of 

fire. However, it did promote char formation and help maintain 

the paper structure. After the flammability test, the uncoated 

samples were almost completely gasified, only leaving behind 

a tiny amount of ash, but the coated samples did not fall apart 

and maintained the overall shape.  

The uncoated and coated paper substrates were also 

characterized by MCC to evaluate their THRs and HRRs. As 

shown in Fig. 6 and Table 2, the coated regular paper and 

cotton paper exhibited 15.6% and 21.5% reductions in THR, 

respectively, after coating. The uncoated regular paper and 

cotton paper showed the peaks of HRR (pkHRR) at ca. 358.1 

and 392.8 ℃, respectively. Their HRR values were 148.5 and 

185.0 W/g, respectively. The coated regular paper and cotton 

paper exhibited noticeable reductions in pkHRR, with ca.  

13.5% and 18.8%, respectively as compared with those for the 

uncoated ones. The MCC characterization results indicate that 

the PVA/MMT nanocoating has a significant impact on the 

combustion behavior of the coated substrates and can impart 

flame retardancy to the substrates. This improved flame 

resistance was attributed to the promotion of char formation[33] 

by a PVA/MMT nanocoating.

Table 2. MCC results of the uncoated and coated paper substrates. 

 pkHRR 

 

(W/g) 

pkHRR 

temperature 

(℃) 

THR 

 

(kJ/g) 

THR reduction (compared to the 

control sample) 

(%) 

Regular paper 148.5 358.1 9.6 - 

Cotton paper 185.0 392.8 10.2 - 

Coated regular paper 128.5 374.3 8.1 15.6% 

Coated cotton paper 150.3 394.2 8.0 21.5% 
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Fig. 5 Images of the combustion process of the samples: (A) 

regular paper, (B) coated regular paper, (C) cotton paper, and (D) 

coated cotton paper. 

 
Fig. 6 Heat release rate as a function of temperature for the 

uncoated and coated paper substrates. 

4. Conclusion 

A sonication and dip coating method was used to deposit a 

PVA/MMT nanocoating on regular paper and cotton paper 

substrates. The characterization results of the nanocoating 

support that well-oriented MMT nanosheets were coated on 

paper substrates together with PVA, covering most pores on 

the substrates. As a result, the water vapor barrier property of 

the paper substrates was dramatically improved. The 

nanocoatings also led to a minor improvement in flame 

retardancy. The results suggest that applying nanocoating is a 

promising approach to improve the barrier properties of paper 

for potential packaging applications. 
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