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ABSTRACT: The main objective of this work was the production of novel polyvinylpyrrolidone/diacid modified Mg-substituted fluora-

patite (DM-MFA) nanocomposites (NC)s, by sonication process. Mg-substituted fluorapatite (MFA) powders with a chemical compo-

sition of Ca9.5Mg0.5(PO4)6F2 were prepared by mechanical alloying technique. Initially, surface of MFA was modified by bioactive

chiral diacid monomer, N-trimellitylimido-L-leucine as a coupling agent to form DM-MFA nanoparticles. DM-MFA NPs were utilized

as a filler, to give the NCs with potential bioactivity. Examination of transmission electron microscopy (TEM), and field emission

scanning electron microscopy (FE-SEM) microphotographs displayed that, there is no aggregation of a large quantity of particles. The

above NCs showed rather improved thermal stability compared with pure polymer. The improvement of thermal behavior was related

to the uniform and good dispersion of DM-MFA in the polymer matrix as well as the strong hydrogen bonding between C@O of

PVP and OH of DM-MFA. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44254.
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INTRODUCTION

Within the last 15 years, the materials exhibiting geometric

dimensions under 100 nm have gained increasingly attraction to

the scientific world and motivated spirit of research on occa-

sionally serious products for consumer as well as on fancy

notions for future applications like molecular manufacturing or

space elevators.1–3 Nanocomposites (NC)s including polymeric

and inorganic constituents have been attracting considerable

attention as novel materials because they have new properties

and numerous potential applications, defined by the nature of

both macromolecules and inorganic parts.4–8

Hydroxyapatite [HA; Ca10(PO4)6(OH)2] is one of the most

widely used bioceramics in the field of biomaterials, because it

is a main inorganic constituent of the bone matrix. They are

used chiefly as source of phosphorus for the fertilizer industry.

Also, they have other applications for example cement, dental

implant, ion exchange, catalysis, and chromatography.9–12 HA

contains calcium ions replaceable by magnesium, lead, stron-

tium, sodium, or zinc ions, in addition to hydroxyl and phos-

phate groups which can be substituted by fluoride, chloride,

and bicarbonate ions afford apatites with reduced calcium

content.13

Recently, pure fluorapatite [FA; Ca10(PO4)6F2] and fluorine-

substituted HA (FHA) has attracted much consideration since it

is useful for betterment of poor properties of HA in biomedical

applications. Actually, this replacement causes a rise in chemical

and structural stability and a decrease in mineral solubility.14–16

Mg-substituted HA prepared by Landi et al. made the material

more biological in respect of composition, crystallinity, and

morphology.10,17 Keeping above points in view, Mg-substituted

FA biomaterials are expected to have improved biological and

biocompatibility properties than pure FA.18
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Bioceramics and their composites are possible group of materi-

als for medical applications. Owing to the notable interest relat-

ed to the particular properties of the calcium phosphate-based

composites, current researches were concentrated generally on

the preparation and characterization of HA- and FHA-based

NCs with suitable properties.19,20 Newly, substantial consider-

ation has been focused on preparing NCs wherein nanoapatite

crystals are dispersed in appropriate polymer matrix.21–24

Nevertheless, the bonding between the ceramic nanoparticle and

the macromolecule matrix is a significant parameter to improve

properties of the NCs. However, the utilization of carefully cho-

sen coupling agents has been demonstrated as a dependable way

to reinforce the interfacial bonding between the filler and the

matrix. Organosilane, organotitanate, organophosphonates, iso-

cyanates, or phosphonic acid based coupling agents have for-

merly been utilized for the same target.21,25–27

In numerous studies of the FA surface reactions, it has been

introduced that the surface holds active sites containing phos-

phate groups (POH) and calcium hydroxide groups (CaOH).28,29

Three possible types of calcium and phosphorus groups sites at

the FA surface were suggested �CaOH, �Ca(OH)2
2, �CaOH1

2

and �POx, �POxH, and �POxH2, where x 5 1, 2, or 3 (surface

charges omitted), respectively.30,31 Thus, the modification of the

apatite surface with various inorganic and organic materials is

expected to give novel functions to this material.32

Amongst all the valuable polymeric materials, polyvinylpyrroli-

done (PVP) has excellent colloidal and complexing properties.33

PVP has attracted substantial attention because of its lubricity,

hydrophilicity, antiadhesive properties, and excellent biocompati-

bility.34,35 PVP is a water-based macromolecule, and it has been

considered an ecofriendly, biocompatible, and nontoxic polymer.36

The incorporation of inorganic nanoparticles into a macromole-

cule matrix can result in substantial enhancements in a variety of

chemical and physical properties.37 There are a few reports on the

synthesis and characterization of PVP/HA composites.38,39 Never-

theless Mg-substituted HA ceramics have been proposed for utili-

zation in orthopedic and dental applications.40 However, with the

purpose of overcoming the disadvantage of synthesized apatite, a

number of composites for example polymer or ceramic NCs have

been used as repairing materials to improve biological applica-

tions.38 Therefore, these NCs has this potential to be used for

bone tissue engineering applications,39,41 in the biomedical field,

for example, in nonviral gene delivery42 and in advanced medical

and dental technologies; such NCs provide the facility to control

biodegradability, bioactivity, and mechanical properties.

In our previous work, the surface of Mg-FHA NPs was modified

by different bioactive amino acids to improve NPs dispersion in

the polymer matrix.43 To the best of our knowledge, there is no

report on using chiral diacid based coupling agent in the prepa-

ration of bionanocomposite between MFA and PVP matrix. The

present research effort contains in the development of novel

potentially bioactive NCs via PVP as the matrix and chiral diacid

modified Mg-substituted fluorapatite (DM-MFA) as the filler. N-

trimellitylimido-L-leucine (TML) has been utilized as the cou-

pling agent. The NCs were synthesized through a fast sonication

method, which can possibly provide excellent dispersion of DM-

MFA nanoparticles (NP)s in the PVP matrix yielding NCs with

uniform nanostructure. We have also widely studied the mor-

phology, dispersion, and thermal stability of the synthesized NCs.

EXPERIMENTAL

Materials

The PVP of average molecular weight 25,000 g mol21 was

obtained from Merck Chemical Co. It was utilized as received.

The synthesis and biodegradable properties of chiral diacid

monomer TML was reported by the previous investigates.44,45

Equipment

The Fourier transform infrared (FT-IR) spectra were documented

via a Jasco-680 spectrophotometer (Japan) at wavenumber range

of 400 to 4000 cm21. Thermal analysis of the samples was carried

out using thermal gravimetric analysis (TGA) instrument

(STA503 TA, H€ullhorst, Germany) under an atmosphere of nitro-

gen. The heat rate used for all samples under investigation is

20 8C/min. The X-ray diffraction (XRD) patterns were performed

on dried powder samples and were obtained with a Philips

X’PERT MPD (Netherlands) diffractometer operating at current

of 40 mA. The Cu-Ka radiation source (k 5 1.54056 Å) was

used in the range of 10 to 608 at a scanning rate of 0.038/s. Field

emission scanning electron microscopy (FE-SEM) was performed

using HITACHI (S-4160) (Tokyo, Japan). Samples were coated

with gold in vacuum to perform the FE-SEM experiment. To

analyze the nanostructure samples, transmission electron micros-

copy (TEM) (CM 120, Philips) was done at a working voltage of

100 kV. The reaction was performed under ultrasound waves via

MISONIX ultrasonic liquid processor (XL-2000 SERIES). Ultra-

sonic irradiation was done with the probe of the ultrasonic horn

being absorbed straightly in the mixture solution system with a

frequency of 2.25 3 104 Hz and 100 W powers. Atomic force

microscopy (AFM) topographic imaging of typical sample was

performed at room temperature (RT) and atmospheric pressure

using Nano S1/1 (BRUKER, Germany).

Synthesis of MFA Powder

Mg-substituted nanostructured FA powders were synthesized

with a chemical composition of Ca9.5Mg0.5(PO4)6F2 by mechan-

ical alloying method.46

Surface Modification of Nanocrystalline MFA with

Biodegradable TML Coupling Agent

Surface modification of MFA with TML was carried out as fol-

lows. Certain amount (15 wt %) of TML was dissolved in meth-

anol as a solvent at R.T. One gram of MFA particles dried at

120 8C for 24 h were added into the aforementioned solution

and were stirred vigorously at RT for 24 h. Thereafter the dis-

persed solution was ultrasonicated for 1 h. The particles thus

treated were filtered off, thoroughly washed with methanol for

several times to eliminate unreacted TML, and finally dried in

an air oven at 50 8C for 24 h (Scheme 1).

Preparation of PVP/DM-MFA (PMFA) Composite

At first, one stock solution was prepared: PVP (0.1 g) was dis-

solved in distilled water at RT. Then, appropriate amounts of

DM-MFA powders were added into the PVP solution to obtain

the preferred weight percentages of DM-MFA from 3 to 7

wt %. The PVP/DM-MFA mixture was stirred at RT for 1 h
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and then ultrasonicated in a water bath for 30 min to improve

the dispersion of DM-MFA NPs in polymer solution. After sol-

vent evaporation, the samples were dried finally in an oven at

40 8C until reaching a constant weight. Scheme 2 shows a sche-

matic model for the synthesis of the PMFA NCs structure.

RESULTS AND DISCUSSION

Infrared Study

Surface modification of FA with numerous compounds is one of

the methods to reduce the surface energy and correspondingly to

improve various properties and affinity to organic substances

when utilized as a filler of cements and macromolecules. In this

study, DM-MFA were constructed through modification of MFA

with biodegradable diacid TML via an ultrasonic technique. To

clarify the molecular interaction and binding between TML and

MFA, FT-IR spectra were taken. The FT-IR spectra of the cou-

pling agent TML (a),44 pure MFA (b),46 DM-MFA (c), PVP (d),

and PMFA NC samples with different DM-MFA contents (e-g)

are displayed in Figure 1. For TML [Figure 1(a)], the peaks at

around 1782 to 1696 cm21, be owned by carbonyl stretching.

Also, the peaks in the range 2916 to 2848 cm21 are assigned to

the stretching vibration of CAH bonds of biodegradable TML.44

The characteristic peaks of PO32
4 , which had four separate

asymmetrical stretching vibration modes, namely, m1 (963 cm21,

PAOAP), m2 (472 cm21, PAO), m3 (1000–1100 cm21, PAO),

and m4 (577 and 603 cm21, OAPAO) appeared in the spectrum

of MFA and DM-MFA [Figure 1(b,c)].47–49 In addition, the

bands in the range 1425 to 1459 cm21 and 3100 to 3550 cm21

are related to vibration of CAO stretching of CO22
3 and AOH

stretching of lattice H2O) [Figure 1(b,c)].46–48 For DM-MFA, the

peak at around 1706 and 1772 and 2954 cm21 is apportioned to

the stretching vibration of hydrogen-bonded AC@O groups and

CAH bonds of TML, respectively. These peaks could not be

identified in the spectra of MFA. From these data, it can be real-

ized that the biodegradable coupling agent TML has been

absorbed on the surface of MFA through the hydrogen bonding.

The presence of DM-MFA in the polymer matrix showed few

changes in the FT-IR spectra [Figure 1(e–g)], apparently because

of the low DM-MFA content. It is possible to observe in Figure

1(e–g) that the characteristic absorption bands of the DM-MFA

and PVP were observed. Therefore, the functional groups of the

achieved NCs were confirmed by the data of FT-IR spectra.

X-ray Diffraction Data

The XRD pattern of MFA (a)46, DM-MFA (b), pure PVP (c),

PMFA NC (3 wt %) (d), and PMFA NC (7 wt %) (d), is

Scheme 1. Schematic representation of surface modification of MFA NPs with biodegradable TML. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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presented in Figure 2. Figure 2(a) showed the crystalline FA

phase for pure MFA.46 Predictably, the modification procedure

has no effect on the crystalline phase of MFA since the diffrac-

tion peaks corresponding to the crystal planes remain

Scheme 2. Preparation process of PMFA NCs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 1. FT-IR spectra of TML (a), MFA (b), DM-MFA (c), PVP (d),

and PMFA composites (e–g). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 2. XRD curves of (a) MFA, (b) DM-MFA, (c) PVP, (d) PMFA (3

wt %), and (e) PMFA (7 wt %). [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.4425444254 (4 of 10)

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


Figure 3. FE-SEM micrographs and particle size distributions of DM-MFA with different magnifications. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 4. FE-SEM micrographs and particle size distributions of (a,b) PMFA (3 wt %), (c,d) PMFA (5 wt %), and (e,f) PMFA (7 wt %) with different

magnifications. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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approximately equal for DM-MFA. The crystallite size of the

MFA and DM-MFA powders was determined by XRD patterns

and Williamson-Hall method [eq. (1)]50

B cos u 5 0:9k=D 1 E sin u (1)

where B is the full-width at half maximum intensity, k is the

wave length of the X-ray utilized (k 5 0.154056 nm), D is the

average crystallite size (nm), u is the Bragg angle, and e is

the average strain. According to eq. (1), the crystallite size of

the MFA is calculated to be 42 nm.46 The crystallite size

decreases to 28 nm for DM-MFA after modification. Also, the

intensities of MFA peaks turned into weaker and wide in the

presence of the TML. These data defined that ultrasonic irradia-

tion reduces the crystallite size of DM-MFA due to the forma-

tion of many localized hot spots and a large number of seed

nuclei in the solution through the ultrasound irradiation. The

PVP is amorphous [Figure 2(c)] and displays a broad peaks

around 11.58 and 22.58.51 From Figure 2(d,e), it can be seen

that for the aforesaid NCs, most of the characteristic peaks at

2u values of modified ceramic are kept entire. The shape and

Figure 5. TEM micrographs of DM-MFA with different magnifications. [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 6. TEM micrographs of PMFA NC 5 wt %. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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position of PVP peaks has not altered. The increased weight

percent ratio of DM-MFA has increased the intensity of the

DM-MFA peaks in PMFA NCs.

Morphological Image Studies

FE-SEM images of obtained powders with different magnifica-

tions are displayed in Figures 3 and 4. The above-mentioned

DM-MFA presented particles with irregular shape and temper-

ately spherical (Figure 3). A number-frequency histogram is a

characteristic method to exhibit the particle size and its distri-

bution. From FE-SEM data it is clear that the mean particle size

of DM-MFA is 23 6 5 nm. Considering the Figure 4, it was

found that PMFA NCs seem to have a rather homogenous dis-

tribution with size of about 26 to 42 nm.

So as to confirm the XRD results concerning the distribution of

DM-MFA crystallites in the composite samples, TEM measure-

ments were done. The TEM micrographs (Figures 5 and 6),

shown the structural features of DM-MFA and the obtained

NCs. The Figure 5 illustrates the crystals of DM-MFA with rath-

er spherical shaped particles in nanometer range. Figure 6 rep-

resents the TEM micrograph of PMFA composite (5 wt %), in

which the bright region represents the nanosized DM-MFA par-

ticles and the big area dark illustrate PVP matrix.

AFM Measurements

For observing the morphological changes at the surface, the

AFM scans of the neat PVP and PMFA NC (5 wt %) are dis-

played in Figures 7 and 8, respectively. Before departing on a

detailed interpretation of the AFM images of Figures 7 and 8,

we should elucidate that, white domains in topography images

refer to protruding sample locations (typically NPs).52 For

PMFA NC (5 wt %) (Figure 8), the surface is morphologically

different from pure PVP. From the Figure 8, it is obvious that

the DM-MFA NPs are dispersed homogeneously inside the

polymer matrix which it can be seen from 2D and 3D images

of PMFA. Thus, the PVP polymer stabilizes the filler from

agglomeration by decreasing their mobility. The surface of PVP

Figure 7. AFM scans and profile line of pure PVP. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. AFM scans and profile line of PMFA (5 wt %). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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matrix and the obtained NC were compared in terms of some

roughness parameters, for example the average roughness (Ra)

and the root mean square roughness (RMS).53 Ra evaluates the

deviation of a real surface from an ideal flat plane. As said by the

AFM characterization, nanofillers change the surface morphology

and roughness of the polymer. The Ra and RMS of the pure PVP

is approximately 2.59 nm and 2.79 nm, respectively. Although it

is increased for the PMFA NC (5 wt %) to 4.6 nm and 8.8 nm

which indicates that the surface of PVP is covered with DM-

MFA NPs and it could be ascribed to the good compatibility and

physical interactions between DM-MFA NPs and the PVP matrix.

This case could be attributed to existence of several OH function-

al groups on the surface of DM-MFA, which cause to form

strong hydrogen bonding with PVP matrix.

Thermal Properties

The thermal behavior of the MFA and DM-MFA, PVP, and

the obtained NCs were investigated by TGA, as presented in

Figures 9 and 10. According to Figure 9, the first weight loss for

MFA and DM-MFA corresponded to the removal of moisture

and physisorbed water in the range of 100 to 200 8C.54 MFA

demonstrates weight loss about 3.5% within a temperature

range of 100 to 200 8C, 2.5% in 200 to 420 8C. While the grafted

one shows more weight loss attributed to the decomposition of

TML that hydrogen bonded to the surface groups of MFA

nanocrystals. Figure 10 displays the TGA curves obtained in

nitrogen for pristine PVP55 and the obtained composites. The

TGA curves of the PMFA NCs demonstrate a one-step weight

loss. A comparative thermal analysis of the polymer, and the

aforesaid NCs reveals an improved thermal stability in case of

PMFA NCs over the neat PVP, which could be due to strong

interfacial interactions between modified particles and polymer

matrix. As can be seen, until 800 8C the total weight loss of the

NCs is much lower than that of the pure PVP, signifying that

thermal stability of the obtained NCs is developed noticeably.

Table I demonstrates the corresponding thermoanalysis data,

including the temperatures at which 5% (T5) and 10% (T10)

degradation occurred. The residue at 800 8C (char yield) and

similarly limiting oxygen index (LOI) consistent with Van Kre-

velen and Hoftyzer equation [eq. (2)] were determined from

the original thermograms.56

LOI 5 17:5 1 0:4 CR (2)

where CR 5 char yield.

On the other hand, the char yield of the pure PVP at 800 8C is

9%, whilst those of the NCs at 800 8C, are in the range of 15 to

20%. The char yield of the obtained NCs was improved as the

content of DM-MFA was increased, owing to the high thermal

resistance of ceramic and the physical crosslink points of the

MFA particles. The potential reason for this performance may be

the reducing degradation process by reason of the reduced mobil-

ity of chain transfer reaction. Additionally, the improvement in

the char yield of the obtained materials was due to the strong

hydrogen bonding between PVP matrix and free acid functional-

ized groups of DM-MFA.

Figure 9. TGA thermograms of MFA, and DM-MFA under nitrogen

atmosphere at heating rate of 20 8C/min. [Color figure can be viewed in

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

Figure 10. TGA thermograms of PVP, PMFA (3 wt %), PMFA (5 wt %),

and PMFA (7 wt %) under nitrogen atmosphere at heating rate of 20 8C/

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

wileyonlinelibrary.com.]

Table I. Thermal Properties of the Pure PVP and PMFA NCs

Sample T5 (8C)a T10 (8C)b
Char
yield (%)c LOId

PVP 227 403 9 21

PMFA NC 3 wt % 339 416 15 23

PMFA NC 5 wt % 345 420 18 25

PMFA NC 7 wt % 348 423 20 26

a Temperature at which 5% weight loss was recorded by TGA at heating
rate of 20 8C/min under a nitrogen atmosphere.
b Temperature at which 10% weight loss was recorded by TGA at heat-
ing rate of 20 8C/min under a nitrogen atmosphere.
c Weight percentage of material left undecomposed after TGA analysis at
a temperature of 800 8C under a nitrogen atmosphere.
d Limiting oxygen index (LOI) evaluating char yield at 800 8C.
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CONCLUSIONS

The results obtained in the current study can be summarized as

follows. The surface modification of nanofillers is a very signifi-

cant field due to the surface of them plays an important role in

the properties of NPs, including the solubility, dispersity, stabili-

ty, and so on. Thus, at first the surface of MFA particles could

be modified with bioactive TML through ultrasonic technique

without changing their crystal structure and morphology. The

FT-IR analyses demonstrated that TML containing natural ami-

no acid were strongly hydrogen-bonded to the surface groups of

MFA. Also, the novel organo-mineral NCs based on PVP and

DM-MFA was fabricated by a single-step, fast and easy proce-

dure. The use of TML as a coupling agent provides a substantial

platform for better dispersion of DM-MFA in the PVP matrix

as has been confirmed from TEM and FE-SEM studies. The

thermal stability of the PMFA NCs was also rather improved by

increasing the amount of DM-MFA NPs. Since modified MFA

with bioactive TML is ecofriendly and biodegradable, they could

be used in many applications such as production of bionano-

composites. Similarly, incorporation of modified apatite in

organic matrix proposes the probability of the construction of a

series of NCs with a high potential for new application.
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