
INTRODUCTION

As a kind of important polymeric material, polypropylene
are used widely in both industrial and medical field because
of the high chemical resistance, the high impact strength and
the flexibility, such as packing materials, textiles, laboratory
equipment, automotive components, medical implant materials
(like hernia repair mesh) etc. The wide application of polypro-
pylene has made post-polymerization modification procedures
very necessary1-3. A typical post-polymerization chemistry is
the surface modification to increase surface reactivity or
hydrophilicity. The improved adhesion, printability, wettability
or biocompatibility is extremely desired in many practical
instances.

Whitesides et al.4-8 oxidized the polyethylene film with
chromic acid/sulfuric acid and obtained polyethylene carboxylic
acid (PE-COOH) and investigated the distribution of polar
organic functional carboxylic acid and subsequent conversion
and provided detailed wettability and ATR-FTIR adsorption
information on the composition of a treated polyethylene film
surface. Bergbreiter et al.9,10 modified polyethylene and
polypropylene by hyperbranched grafting with a poly(acrylic
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acid) (PAA) graft, where the used strategy is called the
"forgiving graft-on-a-graft". These resulting hyperbranched
grafts are stable to repeated treatments with strong aqueous
acid or base.

In addition to the above chromic acid oxidation, numerous
other methods, like corona discharge, plasma treatment, photo-
initiated grafting and chemical etching, were frequently
employed to modify the surface of polypropylene or poly-
ethylene11-25.

Poly(lactic acid) (PLA) is a kind of natural polyester with
biodegradable, bioabsorbable and biocompatible properties,
which currently used in surgery (such as sutures), tissue
engineering, drug delivery and packaging applications26,27.
High molecular weight poly(lactic acid) mainly was synthe-
sized at higher temperature by a ring-opening polymerization
of lactide, which is a cyclic diester of lactic acid28,29.

Hydroxyl-terminated molecules (including polymers) can
be used as co-initiators in the polymerization of L-lactide (LA)
in bulk or solution polymerization. For instance, L-lactide was
polymerized from the hydroxyl end group of poly(ethylene
glycol) (PEG) to form block copolymers in solution30,31. The
solid Au substrates with hydroxyl groups was grafted with



L-lactide (LA) and formed a poly(lactic acid) film of less than
100 Å32,33.

As the widely used polymeric materials, polypropylene
surface needs to be modified to antibacterial properties.
However, to our knowledge, the surface modification of
polypropylene flakes with graft polymerization of L-lactic acid
has not been reported so far34,35. Very different from the earlier
ring-opening polymerization grafting of L-lactide (LLA) on
hydroxyl-terminated substrates, here we attempted to poly-
merize L-lactic acid directly on the polypropylene carboxylic
acid flake, or the carboxylic acid-terminated polypropylene
(PP-COOH) flake, which can be obtained through treating the
polypropylene flakes with chromic acid. In this polymerization
grafting of L-lactide, polypropylene-carboxylic acid can be
considered as the "macromonomers".

EXPERIMENTAL

Tin(II) dichloride dihydrate (SnCl2·2H2O), methane dichlo-
ride (CH2Cl2) and succinic anhydride were purchased from
Shanghai Chemical Reagent Inc. and used as received. 88 % L-
lactic acid aqueous solution was purchased from Jinan Institute
of Medical Instrument and used as received. Polypropylene was
obtained from C.R. Bard, Inc. The native polypropylene flakes
with a thickness of about 0.3 mm and a diameter of 1 cm were
prepared by pressing molten polypropylene.

Oxidation of polypropylene: Polypropylene flake
samples were first extracted with CH2Cl2 for 24 h to remove
the additional antioxidants and other soluble additives. After
dried under vacuum, they were treated at 85 ºC for 10 min
with an oxidizing solution containing mixture of H2SO4, CrO3

and water (1:1:2 by weight). After this period, the samples
were rinsed 4 times first with distilled water and then with
acetone and finally allowed to air-dry before being washed
with CH2Cl2. The sample after oxidation was named polypro-
pylene carboxylic acid, which is denoted PP-COOH.

Graft polymerization of L-Lactic acid on polypropy-

lene flake surface. The PP-COOH flake samples were placed
into a two-neck flask filled with 5 mL 85 % L-lactic acid
aqueous solution and 0.018 g (0.18 mmol) succinic anhydride
and 0.030 g (0.13 mmol) SnCl2·2H2O as catalyst. The poly-
condensation reaction proceeded at 160 ºC for 10 h. The
polypropylene flake floated on the solution at the beginning
of reaction. In order to have polypropylene flake contacting
with aqueous lactic acid fully, the violent stirring was carried
out. After this period, the polypropylene flake samples sunk
at the bottom of flask and were took out and washed first with
distilled water and then with methane dichloride and finally
dried at 60 ºC. (Scheme-I)
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Scheme-I Schematic illustration of polymerization grafting of L-lactic acid
on polypropylene carboxylic acid flake surface

Characterizations of polypropylene flake surface: The
surfaces of the polypropylene flake were probed by the atomic
force microscopy (AFM, Agilent, PicoPlus). The attenuated
total reflectance fourier transform infrared (ATR-FTIR) spectra
were obtained using a Nicolet 5700 spectrometer (Thermo,
U.S.A.) with a Wilks model 10 ATR accessory at an angle of
45º using a KRS-5 crystal.

The sessile drop method was used for contact angle
measurements at 20 ± 1.5 ºC using a commercial contact angle
meter (Solon Tech. Shanghai, China). The diameter of droplet
used for the measurement was ca. 2 mm. Ultra pure water
droplets were placed at six different positions for one sample.
Then the average value was obtained. The experimental error
of the measurements was about ± 2º.

RESULTS AND DISCUSSION

For the native polypropylene flake, i.e., the unoxidized
flake, its surface is smooth and flat. With the different magni-
fication, atomic force microscopy observations indicate that
there are some spherulites in the surface of polypropylene
flakes because a molten method was used to prepare these
polypropylene flakes. The diameter of these visible spherulitic
crystallines in atomic force microscopy micrographs ranges
from ca. 5 µm to ca. 15 µm. (Fig. 1).

Fig. 1. Atomic force microscopy images of native polypropylene flake with
the different magnifications

After the oxidation of chromic acid at 85 ºC for 10 min,
as can be seen in the atomic force microscopy images in Fig.
2, no intact spherulites in the surface survived although the
profiles of some remained spherulites still loomed, these
spherulite structures of polypropylene flake surface were
heavily destroyed and therefore the surface of polypropylene
flake become rougher (Fig. 2).

 
Fig. 2. Atomic force microscopy images of oxidized polypropylene (PP-

COOH) flake with the different magnifications
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Because ATR-IR spectroscopy can only analyze a relatively
thick interface of 1-10 µm and possible lower surface density
of carboxylic acid groups in a monolayer, no adsorption peaks
of carbonyl (C=O) were observed in IR spectroscopy24. Fig. 3
presents the ATR-FTIR spectra of the chromic acid oxidized
polypropylene flakes (PP-COOH flake, the below curve) and
poly(L-lactic acid) grated polypropylene flakes (PP-g-PLLA
flake, the above curve). There was no absorption peak around
1756 cm-1 in the spectrum for PP-COOH flakes. The surface
of chromic acid oxidized polypropylene flake was presumed
to contain carboxylic acid functional groups.
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Fig. 3. ART-FTIR spectra of oxidazed polypropylene (PP-COOH) flake
and poly(L-lactic acid), grafted polypropylene (PP-g-PLLA) flake

After grafted with poly(L-lactic acid), there are some
new absorption peaks in the above IR curve in Fig. 3. The IR
absorption peak at 1756 cm-1 was assigned for the abundant
carbonyl C=O stretching of ester groups in bulk poly(L-lactic
acid) graft and peak at 1184 cm-1 is for the symmetric stretching
of C-O-C. According to Scheme-I, poly(L-lactic acid) grafts
grew on the polypropylene substrate and finally were theore-
tically terminated with carboxylic acid groups. One broad
absorption band can be seen at 3350 cm-1 and another peak
was found around 1041 cm-1 for the poly(L-lactic acid)-grafted
polypropylene flakes, which can be assigned to the hydroxyl
groups of the carboxylic acid of poly(L-lactic acid) grafts.

The change in morphologies of poly(L-lactic acid)-grafted
polypropylene flake surface is compared with that of both
native polypropylene flakes and chromic acid oxidized
polypropylene flakes. Atomic force microscopy show that the
poly(L-lactic acid) graft was effectively covered on the
polypropylene flake surface. However, this poly(L-lactic acid)
film cannot completely coat the surface of polypropylene flake,
there is still bare polypropylene surface.

Following the treatment procedure, the water contact angle
of polypropylene flake changed accordingly. For the native
polypropylene flake, the water contact angle measurements is
106º and indicates that the polypropylene surface is hydrophobic.
After the oxidation of chromic acid, the formed carboxylic
acid groups on the polypropylene surface leads to a  slight
hydrophilicity with a contact angle of 93º and the further grafting
polymerization of L-lactic acid on polypropylene surface

  Fig. 4. Atomic force microscopy images of poly(L-lactic acid)-grafted
polypropylene (PP-g-PLLA) flake with the different magnifications

recover the water contact angle to 104º (Fig. 5). The surface
of poly(L-lactic acid)-grafted polypropylene flake is hydro-
phobic whereas the water contact angle of the pure poly(L-
lactic acid) smooth film is 77º.36,37 These two measured water
contact angles seem paradoxical each other. A theoretical
calculation probably can help us to interpret this phenomenon.
The relationship between the contact angle of a flat surface θ
and that of a suitably rough surface θr can be expressed by
Eqn. (1)38,39:

cos θr = f1cosθ - f2 (1)
where, f1 and f2 are the fractional interfacial areas of the smooth
PLLA film and of the air in the poly(L-lactic acid)-grafted
polypropylene flake, respectively and f1 + f2 = 1. From Eqn.
(1), f1 can be calculated according to the values of θr and θ.
Here θr = 104º and θ = 77º, so f1 = 0.6. The calculation result
indicates that the cover percentage of poly(L-lactic acid) on
polypropylene flake is about 60 %. Although the calculated
value is obviously lower than the directly atomic force micro-
scopy observations, the calculation result of the contact angle
and direct atomic force microscopy morphologies observations
coincidentally suggest that poly(L-lactic acid) was grafted on
polypropylene flake.

   Fig. 5. Water contact angle of native PP, PP-COOH and PLLA-g-PP flakes:
a) Native PP flake (105°); b) PP-COOH flake (93°); PP-g-PLLA
flake (104º)

It is worth noting that the mechanical properties of
polypropylene have lost severely at 160 ºC. Some polypro-
pylene flakes broken into small pieces and mixed with
the formed poly(L-lactic acid). The survived polypropylene
flake became rather fragile and therefore lost their applica-
tion value.
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Conclusion

The chromic acid oxidized polypropylene (PP-COOH)
flakes can be used effectively as co-initiator to undergo a poly-
condensation reaction with L-lactic acid momomer in aqueous
solution at heating condition. Consequently, poly (L-lactic
acid) grew on the surface of PP-COOH flakes, that is to say,
L-lactic acid was grafted eventually onto the surface of poly-
propylene flakes. ATR-IR spectra measurements together with
atomic force microscopy obversations confirmed the changes
in chemical and morphological aspect of the poly(L-lactic
acid)-grafted polypropylene flakes compared with that of the
native polypropylene or PP-COOH flakes surface. The
hydrophilicity changes along the chemical etching and the
subsequent grafting process were monitored by the static water
contact angle measurements. The calculation of water contact
angle indicates that the cover percentage of poly(L-lactic acid)
on polypropylene flake is more than 60 %. In order to identify
the surface composition of poly(L-lactic acid)-grafted polypro-
pylene flakes, the further experiment, like X-ray photoelectron
spectroscopy (XPS) measurement, has to be carried out. The
higher polycondensation temperature needs to be decreased
in maintain bulk property of polypropylene for the purpose of
practical biomedical application.

ACKNOWLEDGEMENTS

The work is supported by the Ministry of Education of
China Key Science and Technology Research Project (109072),
Suzhou High-Tech Enterprise Innovation Fund (SG0921),
National Natural Science Foundation of China (Nos. 50872021,
90406023), International cooperation program awarded by
Ministry of Science and Technology of China (2008 DFA51180)
and Qing Lan Project. The authors also thank Ms. Yan Huang
for IR measurements, Dr. Hui Jiang for water contact angle
measurements and Ms. Xiaoli Jiang for atomic force micros-
copy measurements.

REFERENCES

1. J.M. Goddard and J.H. Hotchkiss, Prog. Polym. Sci., 32, 698 (2007).
2. D.E. Bergbreiter, Prog. Polym. Sci., 19, 529 (1994).
3. C.M. Chan, Polymer Surface Modifiction and Characterization, Hanser/

Gardner Publications: Cinncinnati, OH (1994).
4. S.R. Holmes-Farley, R.H. Reamey, T.J. McCarthy, J. Deutch and G.M.

Whitesides, Langmuir, 1, 725 (1985).
5. S.R. Holmes-Farley and G.M. Whitesides, Langmuir, 2, 266 (1986).
6. S.R. Holmes-Farley and G.M. Whitesides, Langmuir, 3, 62 (1987).
7. S.R. Holmes-Farley, R.H. Reamey, R. Nuzzo, T.J. McCarthya and G.M.

Whitesides, Langmuir, 3, 799 (1987).

8. S.R. Holmes-Farley, C.D. Bain and G.M. Whitesides, Langmuir, 4,
921 (1988).

9. G. Tao, A. Gong, J. Lu, H.J. Sue and D.E. Bergbreiter, Macromol-

ecules, 34, 7672 (2001).
10. D.E. Bergbreiter, G. Tao and A.M. Kippenberger, Org. Lett., 2, 2853

(2000).
11. M.Z. Elsabee, E.S. Abdou, K.S.A. Nagy and M. Eweis, Carbohydr.

Polym., 71, 187 (2008).
12. C. Brun, A. Chambaudet, C. Mavon, F. Berger, M. Fromm and F. Jaffiol,

Appl. Surf. Sci., 157, 85 (2000).
13. E.M. Liston, Plasma Surface Modification of Polymers: Relevance to

Adhesion; VSP Publishing: Utrecht, Chapter 1 (1994).
14. R.M. France and R.D. Short, Langmuir, 14, 4827 (1998).
15. W. Wang, J. Cai and P. Cen, Mater. Sci. Eng., 15, 49 (1997).
16. G. Li, Q. Sun and X. Hou, Acta Polym. Sin., 5, 589 (1997).
17. X. Wang, J. Zhang and Q. Wang, Polym. Mater. Sci. Eng., 21, 78 (2005).
18. M.J. Wang, Y.I. Chang and F. Poncin-Epaillard, Surf. Interf. Anal., 37,

348 (2005).
19. J. Hopkins, R.D. Boyd and J.P.S. Badyal, J. Phy. Chem., 100, 6755

(1996).
20. J.D. Liao, S.P. Lin and Y.T. Wu, Biomacromolecules, 6, 392 (2005).
21. N.V. Bhat, D.J. Upadhyay, R.R. Deshmukh and S.K. Gupta, J. Phy.

Chem. B, 107, 4550 (2003).
22. R.Q. Kou, Z.K. Xu, H.T. Deng, Z.M. Liu, P. Seta and Y. Xu, Langmuir,

19, 6869 (2003).
23. Y. Li, J.M. Desimone, C.D. Poon and E.T. Samulski, J. Appl. Polym.

Sci., 64, 883 (1997).
24. H. Ma, R.H. Davis and C.N. Bowman, Macromolecules, 33, 331 (2000).
25. H.J. Chun, S.M. Cho, Y.M. Lee, H.K. Lee, T.S. Suh and K.S. Shinn, J.

Appl. Polym. Sci., 72, 251 (1999).
26. E. Chiellini and R. Solaro, Adv. Mater., 8, 305 (1996).
27. S. Li and M. Vert, Macromolecules, 27, 3107 (1994).
28. Z. Lei, Y. Bai and S. Wang, Chin. Sci. Bull., 50, 2390 (2005).
29. S.I. Woo, B.O. Kim, H.S. Jun and H.N. Chang, Polym. Bull., 35, 415

(1995).
30. I. Rashkov, N. Manolova, S.M. Li, J.L. Espartero and M. Vert, Macro-

molecules, 29, 50 (1996).
31. S.M. Li, I. Rashkov, J.L. Espartero, N. Manolova and M. Vert, Macro-

molecules, 29, 57 (1996).
32. I.S. Choi and R. Langer, Macromolecules, 34, 5361 (2001).
33. M. Möller, F. Nederberg, L.S. Lim, R. Kange, C.J. Hawker, J.L. Hedrick,

Y. Gu, R. Shah and N.L.A. Abbott, J. Polym. Sci. Part A Polym. Chem.,
39, 3529 (2001).

34. X. Hua, T. Zhang, J. Ren, Z. Zhang, Z. Ji, X. Jiang, J. Ling and N. Gu,
Coll. Surf. A: Physicochem. Eng. Asp., 369, 128 (2010).

35. J. Ren, X. Hua, T. Zhang, Z. Zhang, Z. Ji and N. Gu, J. Appl. Polym.

Sci., 121, 210 (2011).
36. N.T. Paragkumar, D. Edith and S. Jean-Luc, Appl. Surf. Sci., 253, 2758

(2006).
37. S.L. Ishaug-Riley, L.E. Okun, G. Prado, M.A. Applegate and A.

Ratcliffe, Biomaterials, 20, 2245 (1999).
38. C. Guo, L. Feng, J. Zhai, G. Wang, Y. Song, L. Jiang and D. Zhu,

Chem. Phy. Chem., 5, 750 (2004).
39. A.W. Adamson, A.P. Gast, Physical Chemistry of Surfaces, Wiley, New

York, edn. 6,  p. 359 (1997).

1498  Zhang et al. Asian J. Chem.


