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ABSTRACT: Flexible and nonpoisonous X-ray-shielding membranes supported by bacterial cellulose (BC) were prepared, in which

X-ray-shielding materials were of microcapsule structure by using polyvinyl alcohol as shell and lead salt as core. The effect of the

wall/core interaction and the amount of cross-linking agent were taken into consideration to find the optimal reaction conditions.

The morphology, microcapsule size, and lead salt release properties were investigated. After supported by BC, the flexible and potable

membranes for X-ray radiation protection were prepared and the shielding properties were evaluated, which indicated a good X-ray-

shielding material. We set up a new method to prepare flexible and portable X-ray radiation protection membranes. VC 2015 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43120.
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INTRODUCTION

X-ray, an electromagnetic radiation with large penetration capa-

bility, is widely used in medical diagnosis, medical treatment,

imaging, and crystal research fields.1–4 However, X-ray pollution

is a kind of main electromagnetic radiation pollution which

must be well-controlled. The research on electromagnetic radia-

tion protection plays an important role in the area of radiation

physics. The mechanism of electromagnetic radiation shielding

is energy absorption, and the shielding effectiveness is in direct

proportion to the fourth power of the atomic number. The

atomic number of lead is 82, which means it has excellent

energy absorption property.5 Thus, lead is frequently used in

X-ray shielding. However, lead plates are limited to stationary

X-ray protection for their toxicity,6 high price, and heavy

weight.7,8 Compared with lead plates, lead composite materials

are much more flexible and light weighted. Among these, lead

exists as the lead salt in the composites and thus there is a ques-

tion of lead lost, which can be resolved by microcapsule tech-

nology. It is a kind of technology to form a core–shell structure

by cladding solid or liquid with film forming materials. The

core is isolated with the outside environment by the shell and is

intact.9 Microcapsule technology brings many advantages, such

as reducing volatility of perfume or organic solvents and

extending their preservation, preventing toxic substance from

leaking.10,11 Thus, the application of microcapsule is very exten-

sive, such as medical science,12 coating,13 textile,14 food prod-

uct,15 and so on. The shell materials of microcapsules can be

classified into three types: natural polymer, half-synthetic poly-

mer, and synthetic polymer. Among them, polyvinyl alcohol

(PVA) is one of the most extensively used.16–18 The density of

microcapsule can be controlled through modeling the degree of

cross-linking, which can adjust the release amount of the core

material. Based on these characteristics, we can decrease the

amount of lead release through increasing the compactness of

microcapsule wall materials.

The matrix for the portable lead composites have been reported

for many polymers such as polyethylene,19 rubber,20,21 resin,22

and so on. However, it still has some pending chronic problems:

frangibility and poor humidity resistance.23 These problems

limit the lead materials applying to portable X-ray protection

materials. Bacterial cellulose (BC) is a kind of cellulose obtained

from Gluconacetobacter xylinus. The chemical structure of BC is

fundamentally the same as plant-based cellulose. Compared

with plant-based cellulose, BC presents attractive characteristics,

such as three-dimentional (3D) ultrafine nanofiber network

structure (nanofibrils with diameters at around 30–100 nm),

high crystallinity, high degree of polymerization, high chemical

purity, high tensile strength, and excellent biocompatibility.24–27

Additional Supporting Information may be found in the online version of this article.
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BC is also an excellent matrix material with abundant active

hydroxyl, excellent moldability, and perfect performance during

the formation. Due to the above features, researchers have done

a plenty of investigations on BC-based composites such as

PANI/BC,27 PPy/BC,28 CNT/BC,29 Fe3O4/BC,30 and so on.

BC and PVA have plenty of hydroxyl groups; PVA microcapsules

fix on BC nanofibers uniformly through hydrogen bonds

formed by these hydroxyl groups. Therefore, we plan to layout

water-in-oil (W/O) structure microcapsules for X-ray protection

by using PVA as shell and lead salt as core. The flexible and

nonpoisonous X-ray-shielding membranes are obtained through

composing the microcapsules and BC pulp. The effect of the

wall/core interaction and the amount of cross-linking agent are

taken into consideration to find the optimal reaction condi-

tions. In addition, the morphology and lead salt release prop-

erty of the microcapsules were investigated. Also, the X-ray-

shielding performance and mechanical property of microcap-

sules/BC composite membranes were further studied.

EXPERIMENTAL

Materials and Characterization

Poly (vinyl alcohol) (PVA) (Mw 5 1750 6 50), glutaraldehyde

(GA) (25% w/v), Span-80, light petroleum, hydrochloric acid

(HCl), and n-hexane were purchased from Shanghai Chem.

Reagent Co. (China). Lead nitrate [Pb(NO3)2] was purchased

from Aladdin Chemical Company Co., Ltd. BC was prepared in

our laboratory.

The morphologies of membranes were observed using S-4800

field emission scanning electron microscope (FE-SEM). Trans-

mission electron microscope (TEM) analysis was conducted

using a JEM-2100 (JEOL, Japan) electron microscope operating

at 200 kV. The MS 2000 laser particle size analyzer (Malvern,

UK) was used to determine the average particle sizes and size

distribution of microcapsules. The FT-infrared (FTIR) spectra

of samples were recorded on a Nicolet NEXUS-670 FTIR.

Inductively coupled plasma emission spectrometer (ICP) was

performed on a Prodigy (Leeman, America) emission spectrom-

eter to measure the content of lead salt in microcapsules and

the lead salt release behavior. The thermal stability of the sam-

ples was measured by the TG 209 F1 Iris Thermogravimetric

Analyzer. Tensile strengths of the heat-dried membranes were

measured at room temperature using a WDW 3020 Universal

Testing Machine and with a speed of 2 mm/min. X-ray-

shielding performance of the membranes was recorded on an

X’mind D03110 Dental X-ray machine.

Fabrication of PVA/Pb(NO3)2 Microcapsules

PVA/Pb(NO3)2 microcapsules were synthesized by W/O inverse

miniemulsion process. PVA was chemically cross-linked with

GA as the wall of the microcapsules, meanwhile the Pb(NO3)2

as the core would endow microcapsules shielding function.

The schematic process for the formation process of PVA/

Pb(NO3)2 microcapsules is shown in Figure 1. First, PVA was

dissolved in distilled water under 908C and stirred for 3 h to

form 5 wt % PVA solution. After cooling down to room tem-

perature, different amounts of Pb(NO3)2 (0%, 2.5%, 5%, and

15% w/v, relative to PVA solution) were added to 100 mL 5

wt % PVA solution under constant stirring. Thereafter, 10 mL

PVA/Pb(NO3)2 solution and 100 mL n-hexane (oil phase) were

mixed with different amount of GA (0.25%, 2%, and 5% v/v,

relative to PVA/Pb(NO3)2 and n-hexane solution), respectively,

under stirring for 15 min to get W/O emulsion 1 and W/O

emulsion 2. To maintain the stability of W/O emulsion and pre-

vent the agglomeration of drops, 1% v/v Span-80, a nonionic

surface-active agent which widely used in water-in-oil (W/O)

reverse microemulsion, should be loaded into oil phase before

water phase being mixed in. Then the inverse miniemulsion was

prepared by mixing W/O emulsion 1 and W/O emulsion 2 with

Ultra-Turrax
VR

T25 homogenizer (IKA
VR

, Germany) at 10,000 rpm

for 30 min. HCl solution was added to initiate the interfacial

polymerization between PVA and GA at oil water contact and

stirring was continued for 30 min to form the microcapsules

with uniform size and shape. Finally, the PVA/Pb(NO3)2 micro-

capsules were collected by centrifugation, and washed by light

petroleum and distilled water repeatedly to remove oil phase,

Figure 1. The schematic illustration for the formation process of PVA/Pb(NO3)2 microcapsules. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4312043120 (2 of 7)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


excess amount of surface-active agent, and unreacted GA. Then,

the microcapsules were obtained after freeze-dried for 24 h.

Preparation of Microcapsules/BC Composite Membrane

As shown in Figure 2, the microcapsule/BC composite mem-

branes were prepared by pulping and filtering. First, BC mem-

branes were smashed by homogenizer and then formed BC

pulp. Afterward, microcapsules were added into BC pulp under

velocity mixing. Filtration process was used for film forming. In

order to improve the safety of microcapsule/BC composite, pure

BC pulp, microcapsule/BC composite pulp, and pure BC pulp

were added in turn to fabricate a “sandwich” structure. After

filtration, the composites were dried at 508C.

Lead Salt Release Behavior

The release behavior measurement was performed by a conven-

tional method. Two grams of microcapsule of different samples

was spread into 10 g distilled water to prepare microcapsule

suspensions. Then the suspension was placed for a certain time

at 258C. The release curve was determined by measuring the

lead content in supernatant through ICP as a function of time.

The X-ray-Shielding Performance of Microcapsule/BC

Composite Membranes Evaluation

To characterize the X-ray-shielding performance, aluminum

(Al) equivalent-grayscale curve should be standardized before

analyzing. Different thickness of Al sheets (1–10 mm, sampling

interval was 1 mm) were placed into an X-ray machine and

irradiated by X-ray with intensity of 8 mA. The distance

between samples and photosource was 100 mm, and the expo-

sure time was 0.125 s. After irradiating by X-ray, a series of

X-ray pictures were obtained. As shown in Supporting Informa-

tion, Figure S1 and Table S1, the worse the X-ray-shielding per-

formance, the lower the value of gray. We can acquire the

standard Al equivalent-gray curve using these data (Supporting

Information, Figure S2). Supporting Information Figure S2 can

help us to calculate the Al equivalent through the gray of

microcapsule/BC composite membranes which can gain from

X-ray pictures.

RESULTS AND DISCUSSION

Preparation Process for the PVA/Pb(NO3)2 Microcapsules

The preparation of PVA/Pb(NO3)2 microcapsules through W/O

inverse miniemulsion is using the acetal membrane, which is

formed by cross-linking PVA and GA to clad salt. There are two

types of droplets in this system: Pb(NO3)2 droplet and GA

droplet. Pb(NO3)2 and PVA are dispersed in n-hexane, span-80

as dispersant. When the pH of system is adjusted to 2–3,

Pb(NO3)2 droplet and GA droplet cross-link on the W/O

interface.31

The cross-linking reaction process is as shown in Scheme 1: the

carbonyl in GA is attacked by hydrogen ion and formed a car-

bocation, and then one hydrogen ion of the hydroxy in PVA is

taken by nucleophilic attack. Acetal reaction between PVA and

GA can be triggered both inter-and intramolecularly.

Morphology and Structure of the Microcapsules

Figure 3 shows the FE-SEM images of PVA/Pb(NO3)2 microcap-

sules with different wall/core radio (Rw/c), respectively. From

Figure 2. The schematic preparation process for microcapsule/BC composite membranes. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Scheme 1. The cross-linking reaction between PVA and GA.
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Figure 3(a), we can see that the PVA microcapsules without

Pb(NO3)2 have uniform and spherical shape with an average

size mainly around 5 lm. Furthermore, the surface of PVA

microcapsules are smooth and dense, which were not affected

by the crystallization progresses of Pb(NO3)2 during the forma-

tion process. With the decrease of Rw/c, the morphology of

microcapsules turns from spherical to irregular, and the surface

of the microcapsules become rough and porous which can be

seen from Figure 3(b,c). While the Rw/c rises to 5:15, the micro-

capsule bursts. Therefore, the Rw/c is the determining factor for

the morphology and structure of the microcapsules. The exces-

sive addition of Pb(NO3)2 would hinder the cross-linking

between PVA and GA, thus result in forming rough, porous sur-

face, even explosion of the wall [Figures 3(d) and 4(d)].

The TEM images of the microcapsules with and without

Pb(NO3)2 are shown in Figure 4. As shown in Figure 4(a), the

microcapsules without Pb(NO3)2 have a homogeneous struc-

ture; by contrast, the microcapsule with Rw/c 5 5:2.5 [Figure

4(b)] has an obvious core–shell structure and the thickness of

wall is around 50 nm. Pb(NO3)2 is well coated by the microcap-

sules with modest Rw/c prepared via inverse miniemulsion tech-

nique. After increasing the Pb(NO3)2 amount, Pb(NO3)2 would

escape from the microcapsules [Figure 4(c,d)] because of the

high porosity caused by the low Rw/c.

FTIR Spectroscopy

Figure 5 shows the FTIR spectra of pure PVA [Figure 5(a)] and

PVA/Pb(NO3)2 microcapsules [Figure 5(b,c)]. The characteristic

band of pure PVA at 2940 cm21 refers to the stretching C–H

from alkyl groups. The large bands between 3300 and

3500 cm21 correspond to the stretching vibration of hydroxyl

groups. Compared to pure PVA, the peak belonged to hydroxyl

groups in PVA/Pb(NO3)2 microcapsules weaken due to the reac-

tion of the PVA with GA, which consumed a lot of hydroxyl of

PVA to form acetal bridges. The FTIR spectrum of PVA micro-

capsules reveals another band around 2860 cm21 of C–H

stretching related to aldehydes, which attributed to the alkyl

chain.16,32 In comparison with the PVA and microcapsule sam-

ples, the FTIR spectra of the two microcapsule samples have a

sharp absorption peak at 1725 cm21, caused by the strong

vibration of the C@O bond, indicating the presence of hemiace-

tal structure.33 Therefore, the results of FTIR show the forma-

tion of the acetal bridges between hydroxyl groups by interfacial

polymerization.

Release Evaluation of Microcapsule in Aqueous Medium

The additive amount of cross-linking agent is an important fac-

tor to the shielding property and safety of microcapsules.34 Fig-

ure 6 shows the Pb content in microcapsules at various Rw/c

and GA amount. With the decrease of Rw/c from 5:2.5 to 5:5,

the Pb contents of different samples increase. However, when

Rw/c further decreased to 5:15, the Pb contents in the microcap-

sules decreased. It is because the wall structure would be dam-

aged by overmuch Pb(NO3)2 crystal which would result in the

leakage of lead. The result can be confirmed by the SEM and

TEM discussed above. Moreover, from Figure 6, we can observe

that the Pb content have not changed obviously with different

the GA amount. Figure 7 shows the release curves of PVA/

Pb(NO3)2 microcapsules with different GA addition in the

aqueous medium. From the three curves shown in Figure 7, we

can find that the release of lead salt from PVA/Pb(NO3)2 micro-

capsules exhibits three different phases35: (i) Volume expansion:

The hydrophilic polymers PVA-GA with cross-linking structure

Figure 3. FE-SEM images of microcapsules with different wall/core radio (Rw/c), respectively: (a) PVA:Pb(NO3)2 5 5:0, (b) PVA:Pb(NO3)2 5 5:2.5, (c)

PVA:Pb(NO3)2 5 5:5, (d) PVA:Pb(NO3)2 5 5:15. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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would be hydrated which leads to the relaxation of polymer

chain. (ii) Accelerating release: The volume expansion causes

the size of porous network increase, which allows more Pb21

pass the wall. (iii) Release balance: A release–absorb balance

establishes between microcapsules and the environment around

them after a period of release time. For the lowest degree of

cross-linking of GA in curve a which allows more Pb21 to pass

the wall and leak, the shortest time for volume expansion, the

highest accelerating release rate, and the largest cumulative

Figure 5. FTIR spectra of (a) PVA, (b) PVA/Pb(NO3)2 microcapsules Rw/c 5 5:0,

and (c) Rw/c 5 5:2.5. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. TEM images of microcapsules with different wall/core radio (Rw/c), respectively: (a) PVA:Pb(NO3)2 5 5:0, (b) PVA:Pb(NO3)2 5 5:2.5, (c)

PVA:Pb(NO3)2 5 5:5, (d) PVA:Pb(NO3)2 5 5:15.

Figure 6. The Pb content of microcapsules with different Rw/c and GA

addition. The inset shows the data of Pb content. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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release amount were observed. There is no obvious difference

between curve b and curve c for most of the cross-linking reac-

tions have been completed when the additive amount of GA is

more than 2%. The cumulative release in 90 days is only 0.52%

and 0.2% corresponding to the additive amount of GA is 2%

and 5%, indicating the safety of PVA/Pb(NO3)2 microcapsules.

X-ray-Shielding Performance of Microcapsule/BC Composite

Membranes

The X-ray-shielding performance of microcapsule/BC composite

membranes was evaluated by aluminum (Al) equivalent-grayscale

curve. Figure 8 reveals the aluminum (Al) equivalent-grayscale

curve and X-ray-shielding performance of microcapsule/BC

composites, the inset is the corresponding X-ray images of

samples. As shown in Figure 8, the Al equivalent of pure BC

with the thickness of 1 mm was 0.39 mm, which indicates that

pure BC have no X-ray-shielding effect. The Al equivalents of

microcapsule/BC composites increase with the amount of micro-

capsules increase. The Al equivalents of composites rise to 0.98,

1.14, 1.81, and 2.06 mm when the mass fractions of microcap-

sules come to 20, 30, 40, and 50 wt %, respectively. According to

the protection standard of dental, portable X-ray machine, com-

posite materials with 1 mm Al equivalent can be used as individ-

ual protection. It means that when the amount of microcapsules

surpass 20 wt %, microcapsule/BC composite membranes have

an eligible X-ray-shielding performance.

Mechanical Property

To investigate the mechanical characteristics of microcapsule/BC

membranes, the tensile test was performed. Figure 9 shows the

strain–stress curves of pure BC and microcapsule/BC composite

membranes with different mass fractions of microcapsule. Excel-

lent mechanical property with tensile strength and elongation of

37.5 MPa and 11.3% for pure BC is observed, while the tensile

strength and elongation for the microcapsule/BC composite

with 50 wt % microcapsule decrease to around 31.2 MPa and

6.7%, respectively. This decreased behavior may associate with

formation of the stress concentrative points in membranes

caused by adding microcapsules to the system.30 The inset

shows the excellent flexibility of microcapsule/BC composite

membrane, which means an advantage to applying in individual

protection. It is obvious that the membranes combine the excel-

lent mechanical properties of BC membrane and the X-ray

shielding properties of the microcapsule indicating a promising

material in the medical protective textile, portable protective

field.

CONCLUSION

We have successfully prepared PVA/Pb(NO3)2 microcapsules by

W/O inverse miniemulsion process. The lead salts were covered

by PVA and formed a core–shell structure. The FTIR curves

indicated formation of acetal bridges between PVA and GA

Figure 9. Strain–stress curves of pure BC (a) and microcapsule/BC com-

posite membranes with different mass fractions of microcapsule (b) 30%

and (c) 50%. The inset shows the optical image of microcapsule/BC com-

posite membranes (50%). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 8. X-ray-shielding performance of microcapsule/BC composites;

the inset is the X-ray images of samples. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Diffusion of Pb21 from microcapsules with different GA addi-

tion in the aqueous medium as a function of release time (a) 0.25%, (b)

2%, and (c) 5%. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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though the interfacial polymerization. When PVA/Pb(NO3)2

microcapsules was 5:2.5, additive span 80 amount was 1% and

the additive GA amount was 2%, the morphology of the micro-

capsules was uniform spheres with the highest Pb content and

the safe release. Further, flexible microcapsule/BC composite

membranes were fabricated. The result showed that the Al

equivalent of microcapsule/BC composite membranes was >1

when the content of microcapsule was over 20 wt %. In addi-

tion, microcapsule/BC composite membranes demonstrated an

excellent flexibility and mechanical properties with tensile

strength of 37.5 MPa. This work provides a straightforward

method to prepare flexible membranes with high X-ray-

shielding effectiveness, satisfactory security, and good mechani-

cal properties, which endow the membranes potential applica-

tions in individual protection field.
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