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ABSTRACT: PVA films were prepared through aqueous solution method, and boric acid (BA) as well as graphene oxide (GO) was

added to improve the mechanical and thermal properties. It was found that 5 wt % BA could increase the tensile strength threefold

(from 23.3 to 67.7 MPa), and the incorporation of 0.2 wt % GO would provide additional percentage growth of 30% (from 67.7 to

88.5 MPa). Moreover, an enhancement of thermal stability of PVA film was found when BA or GO filler was added. The reinforce-

ment mechanisms of both BA and GO were investigated, and a competitive phenomenon that the addition of BA would influence the

reinforcement effect of GO sheets was found. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42000.
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INTRODUCTION

Polyvinyl alcohol (PVA), a production made from hydrolysis of

polyvinyl acetate (PVAc), has been widely used in traditional

industries, food and medical applications. Nowadays, research-

ers have given more and more attention to its utilization in

medical field such as soft contact lenses, eye drops, slow release,

tissue adhesion barriers, and artificial cartilage for the unique

properties of nontoxicity, hydrophilicity, biocompatibility, and

biodegradability. However, the relatively low mechanical

strength, sensitivity to humidity and water-solubility limits its

further use. To resolve the problems listed above, plenty of

work has been done and lots of solutions have been proposed.

Among them, crosslinking has been proved an effective way to

improve the specific properties.2

For PVA, there are numerous kinds of crosslinking agents proved

effective to enhance the mechanical properties, and in this article,

we used boric acid (BA) to crosslink PVA. The reason BA was

chosen instead of other reported crosslinkers such as hexamethy-

lene diisocyanate,2 glutaraldehyde (GA),3,4 or sulfosuccinic acid

(SSA)5 is that, as an inorganic reagent, BA shows relatively low

toxicity. What’s more, many studies identified that the existence of

certain concentration of BA exhibited beneficial biological proper-

ties, which would be helpful for angiogenesis and wound repair,

metabolic system, bone strength and compositions of plasma and

bone.6–12 Moreover, the boron concentration can maintain in a

relatively narrow range in human body because it can be rapidly

excreted in urine, which would prevent the accumulation in tissue

or plasma, and sequentially minimize the toxicity.

At the same time, graphene, a monolayer of sp2-hybridized car-

bon atoms arranged in a two-dimensional lattice, has aroused

increasing research interest recently due to its outstanding ther-

mal, mechanical, electrical, and biological properties. These

properties provide it with the potentials to be used in the field

of electrode,13 biosensors,14 drug delivery,15 and polymer nano-

composites.16 Therefore, aside from crosslinking the PVA with

BA, graphene-involved composites are also appropriate candi-

dates to further improve the mechanical properties, since the

addition of reinforcement materials is always believed a feasible

and useful way to enhance a certain property of the matrix.17,18

A large amount of literatures have confirmed the efficacy of gra-

phene in respect of improving the tensile strength,19 hardness,20

wear resistance, and so on.21

Nevertheless, there still remain lots of problems arising with the

tendency towards aggregation and processing difficulty. The

strong interlayer cohesive energy and surface inertia of nano-

scale graphene sheets makes it very difficult to disperse them

homogeneously or orderly in polymer hosts. So, generally, the

graphene needs to be modified before use. Another way to deal

with the challenge mentioned above is to utilize graphene oxide

(denoted as GO) instead. Since GO shares the parallel advan-

tages like excellent mechanical property and biocompatibility

but eliminates the disadvantages. With a range of reactive oxy-

gen functional groups located on both edges and basal plane

(such as epoxy and hydroxyl), GO exhibits great hydrophilicity

and can provide a potential platform for the preparation of

functionalized graphene.22 Herein, to simplify the process and
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to attain the effect expected, GO was chosen as reinforced filler

to prepare PVA/GO composite films in this paper.

So far, however, little work has been done to study the effect of

BA on the mechanical or thermal properties of PVA film, and

literatures about the combined effect of BA and GO are even

less. Therefore, in this work, GO reinforcement combined with

BA crosslinking was adopted. The reinforcement mechanism of

both boric acid and GO filler was given and a competitive effect

of these two components on the matrix was found. The possible

mechanism that caused this competitive effect was investigated

and a reasonable explanation was provided.

EXPERIMENTAL

Materials and Stable GO/PVA Suspensions

In this work, polyvinyl alcohol (denoted as PVA 124, Sino-

pharm Chemical Reagent) with a degree of saponification of

98.0–99.8% was used. The polymerization degree is 2400–2500.

Boric acid (denoted as BA, Shanghai Chemical Reagent) was

used as a crosslinking agent. Graphene oxide (denoted as GO,

Suzhou Dingan Technology) was used as a reinforcing filler. All

other reagents involved in this study were of analytical grade

and were used without further purification.

Figure 1(a) shows the photographs of 9 wt % PVA aqueous

solution with GO concentrations from 0.02 to 0.5 wt %. When

PVA was dissolved in deionized water completely, the solution

was colorless and transparent. The color of the solution became

brown-yellow after 0.02 wt % GO was added. With the increase

of GO content, the color became black and the transparency

was reduced. In addition, the concentration of GO also had a

dramatic effect on the viscidity of the PVA solutions: the

increasing content of GO developed a notably increase in viscid-

ity, which showed a similar influence as BA. High viscidity

always meant low fluidity, which could affect the thickness and

homogeneity of the PVA/GO composite films. Figure 1(b) gives

a typical TEM image of GO sheets, the fully exfoliated GO

sheets are observed and rumples formed due to thin thickness

are also noticed.

To further investigate the morphology and size distribution of

the GO powders, AFM and SEM analyses were also conducted,

as shown in Figure 2(a,b). From the AFM image, although

some sheets overlapped with each other, we can still find that

the sheets have heights of about 0.8 nm, which is characteristic

of a fully exfoliated GO sheet. The size of the sheet marked by

the white symbols is about 0.5 lm. The SEM image exhibits a

similar result of the shape and size of GO sheets: most of the

sheets have lengths of 1–2 lm, and widths of about 0.5 lm.

Synthesis of cPVA and GO/cPVA Composite Films

The fabrication process of PVA film crosslinked by BA (denoted

as cPVA) was as below. To exam the impact concentration of

BA, different contents of BA (0, 2, 5, 8, 10, 15 wt % to the

mass ratio of PVA) were added into 45.5 g deionized water.

After the dissolution of BA, 4.5 g PVA was dissolved in BA solu-

tion at 90�C with a vigorously magnetic stirring to ensure the

homogeneity. Prior to use, the prepared PVA aqueous solution

stood for one night to remove the bubbles. A glass plate (75 mm

3 25 mm 3 1.5 mm) was dipped into the obtained solution.

When the excessive liquid was excluded, the films were dried in

room temperature for 6 h. After that, the cPVA films were

peeled off the glass plate for the subsequent testing.

The procedure to prepare GO reinforced PVA composite film

crosslinked by BA (denoted as cPVA/GO film) was as follows.

The 9 wt % PVA aqueous solution with 5 wt % BA was used in

this system. Various contents (0, 0.02, 0.05, 0.1, 0.2, 0.5 wt %

with respect to the mass of PVA) of GO sheets were added into

the as-prepared PVA aqueous solution with an ultrasonic treat-

ment for 10 min. The cPVA/GO films were prepared in a way

similar to that of the cPVA films. The PVA/GO films without

BA as control group were also prepared with the same

procedure.

Figure 3(a) shows the cPVA/GO films prepared from the solu-

tions with GO concentrations from 0.02 to 0.5 wt %. It was

found that when GO content increased, the thickness of the

film increased accordingly (from 10 to 30 lm). In particular,

the color of 0.5 wt % GO/PVA was darker than the others not

only because of the higher GO concentration but also because

the thickness increased. The inhomogeneity caused by low fluid-

ity of PVA solution can also be certified in the sample of cPVA/

0.5 wt % GO film, which was showed in Figure 3(b).

CHARACTERIZATION

Transmission electron microscopy (TEM, JEM-2100F, Japan

Electron Optics Laboratory) was used to characterize the mor-

phology and structure of GO sheets with an accelerating voltage

of 200 kV. The GO sheets were dispersed in water with ultraso-

nication and then dropped onto copper grids before observa-

tion. Atomic force microscopic (AFM, MultiMode-8, Bruker)

Figure 1. Photographs of (a) 9 wt % PVA aqueous solution with GO concentrations from 0.02 to 0.5 wt %, (b) TEM images of the GO sheets. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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images were taken out in a tapping mode to determine the

thickness and size of GO sheets. The size distribution of GO

sheets as well as the fractured surface of cPVA and cPVA/GO

films was observed using scanning electron microscope (FE-

SEM, S-4700, Hitachi). All samples were sputtered with gold

before test.

GO, PVA, cPVA, and cPVA/GO composites were studied by X-

ray diffraction (XRD, Rigaku D/Max) using Cu-K

(k 5 0.15406 nm) radiation in a step-scan mode in the 2h range

5–45�. GO was tested as powder, PVA and PVA/GO composites

were analyzed as films.

Fourier transform infrared (FTIR) spectra of GO, PVA, cPVA,

and cPVA/GO films were obtained using a FTIR spectrometer

(IRPrestige-21). The FTIR spectra were collected over 32 scans

in the 4000–500 cm21 region using the attenuated total reflec-

tance mode at a resolution of 2 cm21. GO was mixed with KBr

powders and pressed into tablets before characterization. Two

parallel runs were done in the case of each sample.

Thermo gravimetric analysis (TGA) was carried out using a

thermo-analyzer instrument (Diamond 5700 DSC, USA) to

investigate the thermal stability of the materials. The test tem-

perature was set from 20 to 800�C at a linear heating rate of

10�C min21 under a nitrogen flow (60 mL min21). Two parallel

runs were done in the case of each sample.

The tensile strength and elongation at breaking were measured

according to the Chinese standard method (GB 13022-91) with

a WD-20D electronic universal testing instrument (Shenzhen

Kejali Technology) at a crosshead speed of 50 mm min21. The

tensile strength was calculated using the equation:

rt5
p

b3d

where rt is the tensile strength (MPa), p is the load at fracture

(N), b is the sample width (mm), and d is the sample thickness

(mm). Eight parallel runs were done in the case of each sample

to get the average and standard deviations. The measurements

were carried out under the following conditions: room tempera-

ture, initial length of 25 mm, initial width of 20 mm and thick-

ness of 10–30 lm. The thickness of films was measured using a

thickness gauge (SD-201) with 0.001 mm measurement

accuracy.

RESULTS AND DISCUSSION

Crosslink Reaction of PVA with Borate Ion

The mechanism of crosslink reaction of PVA with borate ion is

suggested to be a didiol type, in which two diol units of PVA

with one borate ion form a crosslink.23,24 The reaction process

is divided into two steps, i.e., monodiol complexation step (1)

and a crosslink reaction step (2) as shown by the equations in

Figure 4. The number of crosslinks may be well controlled by

Figure 2. AFM image (a) and SEM (b) image of GO sheets. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 3. Photographs of (a) cPVA/GO films fabricated from the solutions showed above, (b) cPVA/0.5 wt % GO film peeled off the glass. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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BA, polymer concentrations and reaction temperature, i.e.,

within a certain range of the ratio, the more BA is added, the

more crosslinks are formed.24–27 The degree of crosslinking in

the system, in contrast, decreases as the reaction temperature

rises.27,28

FTIR Spectrum

The FTIR spectrum (showed in Figure 5) of GO shows several

characteristic peaks of various functionalities including CAO (m
CAO, 1080 cm21), CAOH (m CAOH, 1262 cm21), C@O (m
C@O, 1758 cm21), and OAH (m OAH, 3421 cm21). The peak

at 1639 cm21 is assigned to the adsorbed water. The main char-

acteristic peaks of PVA can be identified as follows. The broad

and strong absorption at 3100–3600 cm21 is attributed to the

symmetrical stretching vibration of hydroxyl in PVA. The peaks

at 2800–3000 cm21 are due to ACH2 and the bands at 1000–

1200 cm21 are attributed to the stretching vibration of CAO.

Compared with the pure PVA films, the crosslinked PVA sam-

ples show a slightly different spectrum. A new absorption peak

appears at about 1030 cm21, which is believed to be caused by

the bonding of BAOAC.29,30 Therefore, from the FTIR spec-

trum it is confirmed that BAOAC bonds are formed indicating

that the reaction occurs between BA and PVA.

The FTIR spectrum of cPVA/GO (with GO content 0.5 wt %)

seems to be similar to that of cPVA. However, there are also

studies that suggest the existence of GO would have an effect

on the FTIR spectrum of PVA. Wang et al.’s work31 pointed out

that the CAO stretching peaks (1000–1200 cm21) of GO/PVA

became very weak compared with that of pure PVA, suggesting

the presence of interactions between the PVA and GO. In Bao

et al.’s study,32 it was noticed that mOAH wavenumbers in the

PVA nanocomposites moved to smaller wavenumbers compared

with neat PVA, and it was assumed to be ascribed to the disso-

ciation of the hydrogen bond among the hydroxyl groups in

PVA molecules. Moreover, a reduction of hydrogen bonds

among the PVA matrix was observed by them when GO was

added into PVA, which was probably due to the incorporation

of GO sheets cutting off the hydrogen bond between the PVA

molecules. But in this work, the addition of GO didn’t lead to

an obvious change of the FTIR spectrum of cPVA, which can

also be explained that the effect of GO is weakened by boric

acid added first.

XRD Analysis

XRD was performed to confirm the phase composition and

microstructure of the materials and prepared films. As it is

shown in Figure 6, the PVA powder used in this work has three

diffraction peaks at 2h 5 19.8�, 22.9�, and 40.6�, which corre-

spond to the characteristic peaks of PVA.33 However, the PVA

films (no matter crosslinked or not) that prepared from the

PVA solution show only one peak at 2h 5 19.8�. What’s more,

such a peak does not make any shifts but the relative intensity

decreases when BA was added, suggesting the decrease of the

crystallinity and the existence of interactions between the poly-

mer chains and BA. The effect of GO on the crystallinity of

PVA seems to be very little since the peak (at 19.8�) of cPVA/

GO does not show resolvable difference from that of cPVA

films, which is also noticed in the previous literature.34 The

characteristic peak of GO sheets appears at 2h 5 12�. From the

Bragg equation (2dsinh 5 nk) it can be calculated that the

Figure 4. Illustration of crosslinking process of PVA and boric acid.

Figure 5. FTIR spectra of GO, PVA film, cPVA film, and cPVA/GO film.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. XRD patterns of PVA powder, PVA film, cPVA film, cPVA/GO

film, and GO. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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interlayer distance of GO is 0.6 nm. After GO is dispersed into

the PVA matrix, the XRD patterns of the cGO/PVA films only

show the PVA diffraction peak, and the characteristic diffraction

peak of GO disappears. This result demonstrates that GO is

fully exfoliated into single GO sheet in the PVA matrix.32

Thermal Stability

Figure 7 gives the thermo gravimetric analysis (TGA) and corre-

sponding DTA results for GO, pure PVA, cPVA, and cPVA/GO

film with 0.5 wt % GO loading, respectively. All the PVA films

(no matter crosslinked or reinforced by GO) decompose in a

similar process: the first loss (about 10%) takes place before

200�C, which is mainly ascribed to the removal of adsorbed

water and decomposition of labile oxygen functional groups in

the material; the main loss over the temperature range of 200–

450�C is 50–70%, which can be assigned to the thermal decom-

position of the PVA matrix. What is more, the TGA curves of

the cPVA as well as the cPVA/GO films are shifted toward a

higher temperature when compared to that of pure PVA. As it

shows in Figure 7, the onset temperatures of pure PVA, cPVA,

and cPVA/GO films to decompose rapidly are about 230, 280,

310�C respectively, which means that both BA and GO can sig-

nificantly improve the thermal stability of PVA films.

It is known that PVA is a semicrystalline polymer in which high

physical interactions between the polymer chains exist due to

hydrogen bonding between the hydroxyl groups. The introduc-

tion of a crosslinking agent (in this work, boric acid) affects

both crystallinity and physical network, originating variations in

the Tg values of the system. Generally, the mechanical and ther-

mal properties would suffer a decrease since the crosslinking

reaction can cause a diminution of crystallinity of the system.

But the result of this work shows a different phenomenon. The

reasons of this behavior is explained as a result of the competi-

tive action of three factors during the crosslinking: (1) decrease

of the existing physical network due to the reduction of hydro-

gen bonding, which would cause a damage to the thermal sta-

bility; (2) formation of a chemical network, which would

enhance the thermal stability; and (3) introduction of moieties

due to the specific chemical structure of the crosslinker itself,

the effect of which might depend on the chemical and physical

properties of the crosslinker.2 In this work, a BA reacts with the

diol unit of PVA to form a stable five-membered ring, and this

rigid chemical structure could bring about benefit to the ther-

mal stability of PVA films.

As for GO, from Figure 7, we can find that it is not thermally

stable and starts to lose mass sharply upon heating even below

50�C, and another decrease of weight follows at the temperature

around 200�C. This may be due to the large number of oxygen-

containing functional groups such as hydroxyls, carboxyls and

epoxides on the GO sheets, since these groups are not thermally

stable and easy to absorb water.31,32 When the water and ther-

mally labile oxygen functional groups are removed, the thermal

stability of GO is improved. So, a slow decline shows up after

200�C, and the total mass maintains at a relatively high level.

The further Tg increase of the cPVA/GO can be explained that

the polymer chains are constrained by the chemical bond inter-

action, i.e., the hydrogen bonding reaction, between the

hydroxyl groups of the PVA chains with the oxygen-containing

groups of the GO sheets. The bonding is expected to affect the

mobility of PVA chains, and the thermal stability is improved as

result. In addition, Wang et al. suggested other two possible fac-

tors that might determine the thermal stability: (1) GO acted as

gas barriers suppressing the decomposition of PVA, leading to

increased decomposition temperature. (2) CO, CO2, and H2O

released during reduction around 200�C might accelerate the

decomposition of PVA.35

Mechanical Properties

As it is showed in Figure 8, the tensile strength of PVA films

increases sharply (from 23.28 6 2.39 to 60.43 6 4.79 Mpa) when

2 wt % BA is added as crosslinking agent. However, as the con-

tent of BA increases, the increment of tensile strength is not

dramatic. The strength reaches its maximum (76.24 6 5.97

MPa) when the mass ratio of BA is 10 wt %, then it has a slight

reduction as the BA content increases to 15 wt %. On the other

hand, the ductility which is characterized by the elongation at

break decreases remarkably with the increase of BA content. It

can be explained that, through the reaction of PVA and BA, the

Figure 7. TGA (a) and DTG (b) curves of GO, PVA film, cPVA film, and

cPVA/GO film. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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hydroxyls (AOHs) from different PVA chains crosslink with

each other, which restricts the mobility of PVA units. Therefore,

the tensile strength is improved for the strong bonds formed by

BA and the elongation at break decreases for the same reason.

Figure 9 shows the tensile strengths and elongations at break of

(a) PVA/GO and (b) cPVA/GO films as a function of GO load-

ings respectively. All films in Figure 9(b) were crosslinked with

5 wt % BA, which exhibits a similar tendency with the curve in

Figure 8, that is, with the increase of GO loading, the tensile

strength of cPVA/GO films presents an inverted U-shape

(reaches the maximum of 88.5 MPa at 0.2 wt %), which is a lit-

tle different from the Figure 9(a), since the tensile strength

showed in Figure 9(a) continually increases as the GO content

rises. Figure 9(a) reflects a common tendency that the PVA/GO

composite usually has. For example, the research of Xiaodong

Qi’s group found that, the tensile strength of PVA/GO showed a

continuous increment even the GO content increased to 1.0 wt

%.36 Similar result was reported by Xu et al.37 which indicated

that the GO sheets could further enhance the tensile strength of

PVA/GO film at a concentration of 3 wt %. However, in Figure

9(b), the maximum ratio of GO is 0.5 wt %, which is relatively

lower than the content mentioned above. What’s more, the

strength increment of cPVA/GO declines when BA was used

compared to the PVA/GO films. For example, 0.02 wt % GO

brings about a growth of about 12 MPa in cPVA/GO group

while the corresponding specimen in PVA/GO group exhibits an

increase of 20 MPa.

The possible reason that causes this abnormal phenomenon is

given in Figure 10.22,36 During the preparation of the cPVA/GO

films, the oxygenated functionalities (hydroxyl, carboxylic

groups) of GO are linked with the hydroxyl groups of the PVA

via the formation of hydrogen bonding. Therefore, when certain

amount of BA (in this paper, 5 wt %) is added as crosslinking

agent, a large proportion of hydroxyl groups (AOHs) link with

BA, and the left part of hydroxyl groups form a decreasing

amount of hydrogen bonding with GO sheets. Although there is

also other combination such as mechanical connection between

GO sheets and PVA matrix, in this case, hydrogen bonding

plays a leading role.

Figure 8. Tensile stress and elongation at break of cPVA films with various

BA content. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Tensile strength and elongation at break of (a) PVA/GO and (b)

cPVA/GO films as a function of GO loadings, respectively. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 10. Illustration of hydrogen bonding interaction among PVA and

GO. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Another probable reason leading to this difference is the inhomo-

geneity of the cPVA/GO films caused by the high viscosity of the

PVA solution, especially when 5 wt % BA is added. The nonuni-

formity of the thickness often causes a fracture at the relatively

thin part, which may decrease the final tensile strength.

As a result, the addition of GO sheets does not lead to a consid-

erable improvement of tensile strength of cPVA/GO films, which

can be confirmed by the studies listed in Table I.

However, it is an undeniable fact that both mechanical perform-

ance and thermal stability are improved to some extent by the

incorporation of GO sheets even the crosslinking agent is used.

Fracture Morphology of cPVA/GO Film

Figure 11 shows the SEM images of the fracture surface of

cPVA (a) and cPVA/0.5 wt % GO (b) film after tensile testing.

As shown in Figure 11(b), the fracture surface of the composite

film exhibits a rough layered structure just as reported previ-

ously,38 while the fracture surface of cPVA film is much

smoother. It was suggested that the plate-like GO sheets could

present preferential orientation within the film and tend to

align parallel to the film surface, thus resulting in the formation

of a layered like structure. It’s interesting to notice that, at the

fracture surface, there is no evident presence of GO sheet. But

such laminar structure indicates that GO sheets are wrapped

with the PVA matrix and the presence of strong combination

between GO and PVA.37

CONCLUSIONS

In this work, the effect of BA and GO on the mechanical prop-

erty and thermal stability of PVA film was explored, and the

main conclusions are summarized as follows. (1) Both BA and

GO can improve the mechanical and thermal properties of PVA

film: 5 wt % boric acid could increase the tensile strength three-

fold (from 23.3 to 67.7 MPa), and 0.5 wt % GO alone could

improve the tensile strength from 23.3 to 53.4 MPa. The combi-

nation of 5 wt % BA and 0.2 wt % GO can provide an

enhancement of about 65 to 88.5 MPa. Moreover, the decompo-

sition temperature was increased by about 50 to 280�C with the

addition of 5 wt % BA and was further improved to nearly

310�C when 0.5 wt % GO was added simultaneously. (2) How-

ever, in the case of tensile strength, it seems that the existence

of BA would weaken the enhancement of the following GO

sheets, and even causes a decline of the tensile strength when

the GO content is more than 0.2 wt %, since both these two

components share a similar reinforcement mechanism: through

the reaction with the hydroxyl of PVA.

Table I. Tensile Strength of GO Reinforced PVA Composites

Fraction of GO
(wt %) Preparation method

Increase of tensile
strength (%) References

0.02 Electrostatic spinning 4200 35

0.5 Solvent casting 212 31

0.8 Solvent casting 66 32

3 Vacuum filtration 69 37

0.2 Solvent casting 31 This work

Figure 11. SEM images of fracture surface of (a) cPVA, (b) cPVA/0.5 wt % GO film (the inset picture shows the surface from horizontal perspective).
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