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Abstract

The essence of leather industry is modified collagen fibers. 
With more challenges facing traditional chemicals used for 
leather making, along with the development of higher living 
standards, great demand is imposed on the leather industry. 
Therefore more researchers are paying attention to collagen 
modification using nanotechnologies for tin leather industry. 
In this review, we present a critical discussion of collagen 
modified by nano-size emulsion, clay minerals, nano silicon 
dioxide, or nanosilver. In the end, we conclude this review 
with some perspectives on the future research and development 
of collagen modified by nanotechnology.

Introduction

Animal hides or skins predominantly contain collagen and are 
commercially important as natural frameworks largely 
utilized in medical, food, and leather industries. The leather 
making protein collagen is the most abundant protein and a 
major component of connective tissue. “Hierarchy” of collagen 
structure is a feature of the properties of collagen and it has 
“layers” of structure, which combine to allow the formation of 
fibers.1-2 Collagen consisting of tropocollagen molecules has 
lengths of L≈280 nm and diameters of ≈1.5 nm.3-5 Collagen 
fibers are intertwined to form a fiber bundle having a diameter 
of 20 to 150 μm, and fibril bundles come together to create 
fibers. Stabilization of collagen, thus being endowed with 
mechanical stability and retardation of biodegradation, is an 
important requisite for industrial application. Actually, the 
leather manufacturing process is a modified process of 
collagen fibers. Generally, the modifiers include metal ions, 
vegetable, glutaraldehyde, polyphenols, epoxides and so on. 
Multiple-way crosslinkers are known to result in development 
of collagen materials exhibiting novel properties. Traditional 
chemicals used for leather are facing more and more 
challenges. With environmental safety coming under intense 
legislative, political and press scrutiny, governments have 
implemented many stringent regulations to restrict the reckless 
expansion of the leather industry. Moreover, with the 
improvement of living standards, more demands are being 
placed on leather products aside from its protection function, 
for example, demands out of comfortable, aesthetic, 
antibacterial, or hydrophobic consideration.
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Nanotechnology is the manipulation of matter on an atomic 
and molecular scale. Generally, nanotechnology works with 
materials, devices, and other structures with at least one 
dimension sized from 1 to 100 nanometres. Nanotechnology is 
very diverse, ranging from extensions of conventional device 
physics to completely new approaches based upon molecular 
self-assembly, from developing new materials with dimensions 
on the nanoscale to direct control of matter on the atomic 
scale. Nanotechnology has matured significantly during the 
last decade as it has transformed from bench-top science to 
applied technology. Presently, nanomaterials, are used in a 
wide variety of fields such as electronic components,6-7 textile 
industry 8-9 biomedical applications10 and so on. 

The collagen fibers have a complex spatial structure. To obtain 
the modified collagen fibers, the material is first to meet a 
certain size, to penetrate into the skin, gap of fibrils and then 
collagen, and with collagen on the micro-scale and nano-scale. 
On the basis of the properties of nano material, Qi Wu11 
proposed potential prospects of nanotechnology in the leather 
industry. In the past decades, many researchers introduced 
different nanomaterials in different leather processes, and 
mainly concentrated on collagen modification, the finishing of 
the leather surface and effluent treatment. Considering the 
rapidly expanding body of literature on nanotechnology in the 
leather industry, we will mainly focus on collagen modified by 
nanotechnology. First, representative works are selected from 
the literature available and critical discussions about collagen 
modified by nano-size emulsion, clay minerals, nano silicon 
dioxide, and nanosilver are offered. Lastly, we conclude this 
review with some perspectives on the future research and 
development of collagen modified by nanotechnology.

Nano-size Emulsions

The term microemulsion was first used by T. P. Hoar and J. H. 
Shulman, professors of chemistry at Cambridge University in 
1943. Microemulsions are clear, thermodynamically stable, 
isotropic liquid mixtures of oil, water, and surfactant, 
frequently in combination with a cosurfactant. The aqueous 
phase may contain salt(s) and/or other ingredients, and the 
“oil” may actually be a complex mixture of different 
hydrocarbons and olefins. The three basic types of 
microemulsions are direct (oil dispersed in water, o/w), 
reversed (water dispersed in oil, w/o) and bicontinuous. 

The microemulsion easily penetrates into the collagen fibers 
of the leather and complex with the peptide chain of collagen. 
For wet blue leather, microemulsions also can be in ligand 
combination with Cr3+. It makes the fiber cross-link together 
to play the role of the auxiliary cross-linked fibers in the main 
tanning agent, thus enhancing the strength and firmness of the 
leather.12

G Mallikarjun et al13 synthesized tercopolymer microemulsion 
by using methyl methacrylate, n-butyl acrylate and methacrylic 
acid, with particle size smaller than 100nm. The microemulsion 
was employed in retanning chrome-tanned goatskins. The 
result showed marked improvement in properties, such as 
tensile strength, tearing strength and bursting strength. The 
shrinkage temperature of the retanned wet blue goat skins 
could increase up to 118℃. However, it could cause to some 
extent the denaturation of the retanned leather with large 
quantity of emulsifiers in the emulsion. To overcome this 
disadvantage, X.C. Wang et al14 prepared 25% solid contents 
acrylic resin latex with particle size about 20nm. The amount 
of emulsifiers in the emulsion was decreased to 4%. The 
tensile strength increased by 68%, and the tearing strength 
incresed by 44% after the drop splits of pigs were retanned by 
2% acrylic nanosize latex. Fu Changqing et al15 synthesized 
core-shell structure acrylate micro-emulsion by pre-
emulsification and semi-continuous seed-emulsion 
polymerization methods with acrylate monomers as main raw 
materials, anionic emulsifier F-20 and reactive nonionic 
emulsifier X-03 as anionic/nonionic composite emulsifier. The 
filling properties of micro-emulsion with core -shell structure 
were better than those with monolayer structure.

E.H.A. Nashy16 et al prepared two nano-emulsions of styrene/
butyl acrylate/acrylic acid copolymers (copolymer A) and 
styrene/butyl acrylate/methacrylic acid copolymers(copolymer B) 
using seed emulsion polymerization technique. The prepared 
polymer emulsions were applied as retanning agents for 
chrome-tanned leather. The mechanical properties of chrome-
tanned leather improved when it was retanned with two 
prepared copolymer emulsions. Copolymer B improved the 
tensile strength, elongation at break and tear strength of the 
leather when compared with copolymer A. The improvement 
can be attributed to the smaller particle size of copolymer B 
(see Figure1) and the better lubricating effect of copolymer B 
that has higher ratio of the soft butyl acrylate monomer than 
styrene. The fullness and tightness of leather grain obtained 
was due to the filling action of the copolymer nano-particles. 

Figure 1. TEM images for co-polymer emulsion.16
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Clay Minerals

The collagen modification (tanning) aims at the stabilization 
of the hide or skin against wet heat, enzymatic attack and 
thermomechanical stress. The development of chrome tanning 
can be traced back to Knapp’s treatise on tanning of 1858. The 
use of chromium salts is currently the commonest method of 
tanning and perhaps 90% of the world’s output of leather is 
tanned in this way.1 Chrome tannage gives the performance of 
leather good, while is absorbed only by 60-70%, and the rest 
of the unabsorbed chromium powder is discharged into 
water.17 However, the conventional chrome employed for 
tanning leads to significant material loss and serious 
environmental concern.18 Traditional chromium tanning in 
leather processing is being challenged nowadays from 
environmental perspectives. Moreover, the chrome used in 
tanning is almost all imported because of the shortage of 
chrome resources. In recent years, there is a great need for 
chromium in defense industries and some of the high-tech 
industries, resulting in years of rising prices of chrome ore. 
Hence, tanners are looking for new product-process 
innovations towards low-waste and high exhaust chrome 
tanning.

Clay minerals have long attracted attention for their wide scale 
of application in industry and for the possibility of modifying 
their layered structure by intercalation. The general structure 
of the montmorillonite (MMT) that is widely used for 
nanocomposites is shown in Figure 2. They are naturally 
occurring 2:1 phyllosilicate, which has the same layered and 
crystalline structure as talc and mica but a different layer 
charge. The MMT crystal lattice consists of 1nm thin layers 
with a central octahedral sheet of alumina fused between two 
external silica tetrahedral sheets, in such a way that oxygen 
from the octahedral sheet also belongs to the silica tetrahedral. 
Isomorphic substitution of Al3+ for Mg2+ or for Fe2+, or of Mg2+ 
for Li+ within the layers generates negative charges that are 
counterbalanced by cations (for example Na+,Ca2+,Li+) situated 
in the gallery. Pure MMT is a hydrophilic phyllosilicate and is 
only miscible with hydrophilic polymers. It is necessary to 
exchange alkali counterions with cationic organic surfactants 
in order to improve the compatibility of MMT with organic 
monomer or polymers.

Montmorillonite is the most commonly used layered silicate 
because it is inexpensive. It plays a significant role in the field 
of nanocomposites.20 Polymer/montmorillonite has become an 
importance part in organic/inorganic nanocomposites. By 
virtue of the layered montmorillonite, these nanocomposites 
show many desirable properties, such as improved modulus 
and strength, higher heat distortion temperature, enhanced 
barrier characteristics and reduced gas permeability. The 
dispersion of montmorillonite in polymer matrix can result in 
the formation of three types of composite materials:21 

aggregation, exfoliation, or intercalation. In the exfoliated 
nanocomposites, the distance between two clay layers is very 
large and the ordered lamellar structure of the montmorillonite 
is destroyed, while in the intercalated polymer/montmorillonite 
nanocomposites the lamellar structure of the clay is retained 
though the polymer inserts into the nanogalleries of the clay. 

Lakshminarayana22-24 found montmorillonite with small 
molecular size and excellent physical and chemical properties, 
and synthesized montmorillonite-acrylic acid graft copolymer, 
given leather fullness that cannot reduce the othe excellent 
performance.

Our group25-27 has researched on acrylic tanning agent, 
including its composition, type, characteristics, synthesis, and 
interaction mechanism with collagen. On the basis of acrylic 
tanning agent, we prepared exfoliation or intercalation vinyl 
polymer/montmorillonite nanocomposites (see Scheme 1) by 
p o l y m e r  i n t e r a c t i o n , 2 8 , 2 9  i n t e r a c t i o n  a n d 
cyclopolymerization,30-32 in situ polymerization in the presence 
of monomer33, 34 or initiator supported into the clay galleries.35, 36 
We expected to introduce vinyl polymer and nano-scale 
montmorillonte to the skin collagen fibers properly, which 
could replace chrome tannage. If it came true, chrome-free 
tannage could be invented. The results indicated that active 
groups in the nanocomposites could crosslink with the 
collagen fiber reactive groups to strengthen and toughen the 
collagen fibers. The carboxyl and carbonyl groups in vinyl 
polymer could form electrovalent bond, hydrogen bond and 
covalent bond with various reactive groups of collagen, while 
nano MMT primarily served as hydrogen bond and filling 
between fiber bundles (see Figure 4). Leather tanned by vinyl 
polymer/montmorillonite nanocomposite tanning agent 
associated with 2% chrome could increase the shrinkage 
temperature above 90℃. 

In our study, we found that such polymer/MMT nanocomposite 
could not completely replace 8% chromium powder, but its 
associated with 2% chromium powder was able to meet the 

Figure 2. Structure of 2:1 phyllosilicates.19
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similar products in the market, it can be applied to either 
pickling or pickling-free tanning process. An attempt has been 
made to tan goatskins and bovine hide, along with a control 
test of traditional chrome tanning process. The shrinkage 
temperature of the resultant leather tanned by 5% CTA 
combined with 3% chromate was similar to that of chrome 
tanning using 7% chromate while the amount of Cr2O3 in 
wastewater was decreased from 2440mg/L to at least 20mg/L, 
and the absorption rate of Cr2O3 was higher than 99.0% (See 
Figure 5). The experimental leather exhibited clear grain 
appearances, porosity and good dispersion of the collagen 
fibers. In addition, the experimental leather had better physical 
properties and fullness than the leather in the control test. It 
can be considered as one of the most effective chrome tanning 
exhausted auxiliaries, which could have a potential 
significance for leather tanning. 

Nano Silicon Dioxide

Silicon dioxide and sodium silicate are used for manufacturing 
wet-white leather. Silica tannage provides leather with softness 
and fluffiness because of the gelling nature of silica38 
However, the drawbacks associated with the solo tanning with 
silica are lack of desired shrinkage temperature and strength 
properties of the leather.39 Nano-SiO2 has been used to 
increase strength, f lexibility and aging resistance of 
polymers.40 It is reported that nano-SiO2 is introduced into 
fibers of the hide by two methods: producing nano-SiO2 
between fibers of the hide by in-situ method; graft 
copolymerization on the surface of nano-SiO2.

Figure 3. TEM micrographs of nanocomposite.28

Scheme 1. Synthesis routes of vinyl polymer/montmorillonte nanocomposite.

Figure 4. Possible mechanism model of nanocomposites with collagen.

requirements, and had a good absorption of chromium powder. 
Therefore, a novel high exhaustion chrome tanning 
nanocomposite auxiliary (CTA) was synthesized which had a 
variety of different functional groups and created 
montmorillonite with nanoscale dispersion.37 Different to 
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Producing Nano-SiO2 Between 
Fibers of Hide by In-situ Method
In 2002, Fan, H. J. etal41 proposed application possibility of 
nano-particles in tanning because of their small size, 
abundance of un-paired atoms and high combination ability 
with polymer substrates. Following in time, their group 
introduced a precursor containing nano-particles (such as 
nano-SiO2 or nano-TiO2) carried by polymer or modified-oil 
as dispersion supporter into fibers of the hide. The precursor 
in fibers of the hide could in-situ produce nano-SiO2 under a 
special triggering condition such as radiation, heat, hydrolysis 
or gas reaction etc, and then a protein-SiO2 organic-inorganic 
nano-hybrid with a strong interaction between the organic and 
inorganic phases was obtained due to the high surface activity 

and high surface energy of nano-particles. The collagen fiber 
has played the role of controlling the nano-particle size and 
inhibiting their agglutination, acts as organic phase; nano-SiO2 
distributed evenly in the collagen fiber acts as inorganic phase. 

42-45 The result showed that the mechanical properties and 
hydrothermal stability of collagen treated with nano-SiO2 
could be obviously enhanced due to the strong bonding 
between the organic and inorganic phases.

Graft Copolymerization Method
Nano-SiO2 particles without surface modification is easy to 
reunite during storing process, causing precipitation in 
composite tanning agent, result in decreasing of hydrothermal 
stability of tanned leather. In order to improve the dispersion 
of nanoparticles in the medium, Zhijun Zhang and his 
co-workers46,47prepared surface modification of nano-SiO2 
particles with different functional groups by in situ method, to 
effectively control the particle size and improve its dispersion 
and chemical stability in the medium. They then introduced 
these nano-SiO2 particles into acrylic polymer48 and styene-
maleic anhydride polymer49 to prepare for the nanotannage, 
such as surface modification of double bond,50-51 amino 
group,52 alkyl group53 and so on.54 The surface of SiO2 
nanoparticles was grafted with monomer reactive group to 
obtain homogenously dispersed nanoparticles in polymer. 
Therefore, nano SiO2 was not only filled between the fibers, 
but also contributed to the hydrothermal stability of tanned 
leather.

Nano Dichromium Trioxide
The tanning industry can perhaps draw similarities and clues 
from the biomedical applications of collagen in developing 
new tanning agents that are benign and provide higher atom 

Figure 5. Photos of wastewater from tanning process.

(a1, a2) tradition chrome tanning using 7% chromate, (b1,b2) 5% CTA 
combined with 3% chromate tanning, (c1,c2) pickling-free, 5% CTA 
combined with 3% chromate tanning.

Figure 6. SEM images of Cr2O3 nanoparticles at two different magnifications.55

Figure 7. Polarizing optical micrographs of native fibers treated with PS-b-PAA and Cr-PS-PAA.55

	N anotechnologies Review	 396



JALCA, VOL. 108, 2013

economy through better diffusion and fixation. Kalarical 
Janardhanan Sreeram et al55 synthesized nanoparticles of 
chromium (III) oxide with an average size ranging from 50 to 
72nm (see Figure 6), functionalizing it with polymers capable 
of interacting with the collagen side chains and bringing about 
a higher degree of stability to the collagen. Native and PS-b-
PAA and Cr-PS-b-PAA crosslinked collagen fibrils were 
characterized by polarizing optical microscopy (see Figure 7). 
Texture of collagen fibrils crosslinked with PS-b-PAA or 
Cr-PS-b-PAA did not present any major change when 
compared with the native fibers. However, the Cr-PS-b-PAA 
treated fibers were shorter in length and the extent of stability 
needs further improvement.

Nanosilver

Leather and sheepskins for medical use are natural materials 
based on collagen and keratin, and are well known for 
preventive and curative properties, suitable for treatment of 
orthopedic, diabetic or bedsore diseases. The medical use of 
sheepskin has been successful since the early 1960’s.56 The 
microbiological resistance of leather for medical use is an 
important characteristic. 

Silver nanoparticles have attracted considerable interest from 
the chemical industry and medical field due to their unique 
properties, such as high electric conductivity, high catalytic 
effect and high antibacterial activity. The biological safety of 
silver nanoparticles has been widely proved by much 
research.57,58 Recently, silver nanoparticles as an alternative 
antimicrobial agent were used to leather. Carmen Gaidar et 
al58,59 reported that colloidal silver solutions (CSS) obtained 
with electrochemical and chemical methods, with and without 
TiO2 and also using chemical methods, combining with 
polyhydroxiurethanes were used to interact with collagen or 
keratin from medical leather and sheepskins to induce 
bioresistance properties at fungi or microbes action. Leather 
treated by immersion presented a good antibacterial action, 
even at lower Ag concentration (see Figure 8). 

Carmen Gaidau et al60 prepared nano-Ag based colloidal 
solutions and Ag/TiO2 dispersed solutions using an efficient 
and simple electrochemical method. Leather treated with Ag/
TiO2 solutions had a very strong antifungal activity up to 28 
days of fungi exposure, rated by 0 mark and an inhibition zone 
up to 25mm in the case of wet blue leather and rated by 1 
mark, without inhibition zone for metal-free leather, 
respectively (see Figure 9 and 10). Wet blue and metal-free 
leather, treated with disperse systems of nano-Ag and 
nano-Ag/TiO2 had exhibited inhibitory activity for 
Pseudomonas aeruginosa(ATTCC 9027) or Staphylococcus 
aureus(ATCC 6538) bacteria.

Figure 8. Fungitoxic effect on leather support expressed by mould 
growth: a) witness, b) 32 ppm Ag CSS, c) Ag/ TiO2 CSS with 10 g/l 
TiO2, d) Ag/ TiO2 CSS with 50 g/l TiO2, after 7 days.59

Figure 9. a) Wet blue untreated leather and b) wet blue leather 
treated with Ag/TiQ2 dispersed solution after 28 days of exposure to 
mold colony.60

Figure 10. a) Metal-free untreated leather and b) Metal-free leather 
treated with Ag/TiQ2 dispersed solution after 28 days of exposure to 
mold colony.60

A novel way to prepare antibacterial sheepskin with silver 
nanoparticles as an antibacterial agent was reported by Chen 
Wuyong et al.61 The antibacterial study showed that the treated 
sheepskin had an antibacterial inhibition of 99.9% against 
Escherichia coli and Staphylococcus aureus, even after 6 
cycles of perspiration treatment, and the sheepskin still 
exhibited a durable antibacterial effect with the inhibition 
above 79.4% and 67.1% respective to the leather and the wool 
(see Table 1).
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Outlooks

As can be seen from this review, extensive studies have been 
carried out on collagen modified by nanotechnology and some 
results have been obtained. Nanomaterials were applied in 
modifying leather collagen in mainly two aspects: as tannage 
and antibacterial agents. As a new tannage, the relative 
advances are reflected by controlling latex particles and 
introducing some special nanoparticles in polymer matrix; 
such as clay minerals, nano silicon dioxide and dichromium 
trioxide. There has been research on antibacterial sheepskin 
with silver nanoparticles as an antibacterial agent.

Although many methods have been proposed over the past ten 
years, none of them are perfect. This in turn provides us with 
more research opportunities. In particular, we believe that the 
following aspects should be paid more attention to in the 
future research and development of leather nanotechnology:

(a) For the mature cognition on nanoparticles, introducing 
nanoparticles into collagen modification will imparts 
more excellent performance to resultant leather.

(b) Complex mechanism of action between nanomaterials 
and collagen fibers is still not yet explained clearly. For 
further development of collagen modified with 
nanomaterials, thorough and systematic research on 
mechanism must be conducted. 

(c) The collagen being modified will be used in 
conjunction with a lot of chemical materials. Although the 
synthesis and properties of nanocomposite have been 

widely studied, the investigations on optimal condition of 
nanocomposite and other chemical materials are relatively 
few. Research in this area should be strengthened, and the 
success of the modified collagen fiber is essential.

(d) Due to the tremendous pressure and the need of the 
people, modification of collagen fibers using 
nanotechnology was proposed, which led the leather 
industry to be high efficient, low-cost and environmentally 
friendly. Thus, toxicity and biodegradability of nano 
material used in collagen modification need to be further 
studied. 

We hope that the progress in collagen modification using 
nanotechnologies and our personal opinions in this review can 
provide readers with useful information for the further 
development of leather industry. We believe that 
nanotechnology will certainly bring about a revolution in the 
leather industry.

Acknowledgements

This work was supported by the National Basic Research 
Program of China (2011CB612309), National Science 
Foundation of China (21104042), Excellent Youth Scholars of 
Ministry of Education of China (20106125120003), Science 
and Technology Research and Development Program of 
Shaanxi (2012KJXX-31) and Academic Personnel Training 
Projects of Shaanxi University of Science and Technology 
(XS11-04).

References

1. 	� Covington, A.D.; Tanning Chemistry: The Science 
and Leather. Royal Society of Chemistry Publishing, 
Cambridge, 2009

2. 	� Jager, I. and Fratzl, P.; Mineralized collagen fibrils: 
A mechanical model with a staggered arrangement of 
mineral particles. Biophys. J. 79, 1737–1746, 2000.

3. 	� Bozec,L. and Horton,M.; Topography and mechanical 
properties of single molecules of type I collagen using 
atomic force microscopy. Biophys. J. 88, 4223–4231,2005. 

4. 	� Sun, Y. L., Luo, Z. P., Fertala, A. and An, K. N.; Stretching 
type II collagen with optical tweezers. J. Biomech. 37, 
1665–1669, 2004.

5. 	� Hulmes, D. J. S., Wess, T. J., Prockop, D. J. and Fratzl, 
P.; Radial packing, order and disorder in collagen fibrils. 
Biophys. J. 68, 1661–1670,1995.

6. 	� Wang, Z.Q., Wang, J., Sham, T.K. and Yang, S.G.; 
Tracking the Interface of an Individual ZnS/ZnO Nano-
Heterostructure. J. Phys. Chem. C 116, 10375–10381,2012.

Table I 
Antibacterial inhibition (%) of 

the sheepskin treated with sliver 
nanoparticles after different cycles of 

perspiration treatment.61

Sample Perspiration Treatment Bacterial Strains

Wool 0 Cycles 99.9 99.9

3 Cycles 88.1 74.7

6 Cycles 83.2 67.1

Leather 0 Cycles 99.9 99.9

3 Cycles 90.6 81.3

6 Cycles 87.5 79.4

	N anotechnologies Review	 398



JALCA, VOL. 108, 2013

7. 	� Yan, X.D., Li, Z.W., Zou, C.W., Li, S., Yang, J., Chen, R., 
Han, J. and Gao, W.; Renucleation and Sequential Growth 
of ZnO Complex Nano/Microstructure: From Nano/
Microrod to Ball-Shaped Cluster. J. Phys. Chem. C 114, 
1436–1443,2010.

8. 	� Xie, X., Hu, L.B., Pasta, M., Wells, G. F., Kong, D.S., 
Criddle, C.S. and Cui, Y.; Three- Dimensional Carbon 
Nanotube−Textile Anode for High-Performance 
Microbial Fuel Cells. Nano Lett. 11, 291–296, 2011.

9. 	� Windler, L., Lorenz, C., Goetz, N.V., Hungerbühler, K., 
Amberg, M., Heuberger, M. and Nowack, B.; Release of 
Titanium Dioxide from Textiles during Washing. Environ. 
Sci. Technolo. 46, 8181–8188, 2012.

10. 	�Wang, J. and Gao, W.; Nano/Microscale Motors: 
Biomedical Opportunities and Challenges. ACS Nano 6, 
5745–5751, 2012.

11. 	� Wu,Q.; Relationship between namometer materials and 
leather development. China Leather 30, 1-3, 2001.

12. 	�Bao, L.H., Lan, Y.J. and Zheng, S.F.; Aliphatic anionic 
polyurethane microemulsion leather filling-retanning 
agent. JSLTC 91, 73-80, 2007.

13. 	�Mallikarjun, G., Saravanan, P. and Ramanareddy, G.V.; 
Microemulsion solutions of acrylic copolymers for 
retanning applications on chrome tanned goatskins. 
JALCA 97, 215-224, 2002.

14. 	�Wang, X.C., Sun, M., An, H.R. and Luo, Y. H.; Preparation 
of Acrylic Resin Nanosize Latex and Its Reinforced 
Function to Leather. Fine Chemicals 22, 464-468, 2005.

15. 	�Fu, C.Q., Liu, H.B., Qiao, Y.L. and Shen. L.; Study on 
synthesis and properties of leather filling adhesive based 
on micro-emulsion with core-shell structure. China 
Adhesives 21, 55-59, 2012.

16. 	�Nashy, E.H.A., Hussein, A.I. and Essa, M.M.; Novel 
retanning agents for chrome tanned leather based on 
emulsion-nano particles of styrene/butyl acrylate co-
polymers. JALCA 106, 241-272, 2011.

17. 	� Subramani, S., Palanisamy, T., Jonnalagadda, R.R., 
Balachandran, U.N. and Thirumalachari, R.; Natural 
leathers from natural materials: progressing toward a 
new arena in leather processing. Environ. Sci. Technol 38, 
871–879,2004.

18. 	�Sundar, V.J., Rao, J.R. and Muralidharan, C.; Cleaner 
chrome tanning-emerging options. J. Clean. Prod., 69-74, 
2002.

19. 	� Giannelis, E. P., Krishnamoorti, R. and Manias, E.; 
Polymer-Silicate Nanocomposites: Model Systems for 
Confined Polymers and Polymer Brushes. Adv. Polym. 
Sci. 138, 107-147, 1999.

20. 	�Leszczyńska, A., Njuguna, J., Pielichowski, K. and 
Banerjee, J.R.; Polymer/ montmorillonite nanocomposites 
with improved thermal properties: Part II. Thermal 
stability of montmorillonite nanocomposites based on 
different polymeric matrixes. Thermochi. Acta 454, 1-22, 
2007.

21. 	� Lan, T., Kaviratna, P.D. and Pinnavaia, T.J.; Mechanism 
of clay tactoid exfoliation in epoxy-clay nanocom- posites. 
Chem. Mater. 7, 2144–2150, 1995.

22. 	�Lakshminarayana, Y., Jaisankar, S.N., Ramalingam, 
S. and Radhakrishnan, G.; A novel water dispersable 
bentonite--acrylic graft copolymer as filler cum retanning 
agent. JALCA 97, 14-22, 2002.

23. 	�Jaisankar, S. N., Lakshminarayana, Y., Rajaraman, R., 
Radhakrishnan, G. and Ramasami, T.; A Novel Water 
Dispersible Bentonite-Acrylic Graft Copolymer As 
Filler Cum Retanning Agent For Leather Applications. 
Proceedings of the XXV IULTCS Congress, 625-632, 
1999.

24. 	�Krishnan, P. A., Lakshminarayana, Y., Jaisankar, S. N., 
Ramalingam, S., Ramesh, R. and Radhakrishnan, G.; 
Preparation and characterization of montmorillonite-
acrylic acid graft copolymer as retanning agent for leather. 
Proceedings of International Conference on Polymer 
Advanced Technologies, 175, 2004.

25. 	�Ma, J.Z. and Yang, Z.S.; Effects of the composition of 
vinyl polymer tannages on the physical properties of 
leather. JALCA 96, 14-22, 2001. 

26. 	�Wang, W. and Ma, J.Z.; The correlation between 
composition of vinyl polymer tannages and their 
properties. JSLTC 85, 140-143,2001.

27. 	�Yang, H.X. and Ma, J.Z.; Synthesis of Modified 
poly(Acrylic Acid-Acrylonotrile) Retanning Agent 
with Mannich Reaction and Its Application. JALCA 96, 
437,2001.

28. 	�Ma, J.Z., Gao, D.G., Chen, X.J. and Chu. Y.; Synthesis 
and characterization of VP/O-MMT macromolecule 
nanocomposite material via polymer exfoliation – 
Adsorption method. J. Compos. Mater. 40, 2279-2286, 
2006.

29. 	�Ma, J.Z., Gao, D.G., Lü, B., Chu, Y. and Dai, J.F.; Study 
on PVP/C-MMT Nanocomposite Material via Polymer 
Solution-Intercalation Method. Mater. Manuf. Process. 
22, 715–720, 2007.

30. 	�Ma, J.Z., Gao, D.G., Lü, B. and Wang, Y.D.; 
Study on the In terlay and Cyclopolymerization of 
Diallydimethylammonium Chloride in the MMT’s 
Layer and Its Application. Polymer Materials Science & 
Engineering 22, 71-74, 2006.

31. 	� Gao, D.G., Ma, J.Z., Lü, B. and Li, Y.; Study on PDM-
AM-GL/MMT nanocomposites and its application. 
Mater. Manuf. Process. 24, 1306 – 1311, 2009. 

32. 	�Gao, D.G., Ma, J.Z., Lü, B. and Li, Y.; Characterization 
and Properties of Polymer Diallyl dimethylammonium 
Chloride/Montmorillonite Nanocomposite Tannage. 
Proceedings of the 30th IULTCS Congress 10, 143- 152, 
2009.

33. 	�Bao,Y., Ma, J.Z. and Wan. Y.L.; Preparation of acrylic 
resin/montmorillonite nanocomposite for leather tanning 
agent. JALCA 104, 352-358, 2009.

399	N anotechnologies Review	



JALCA, VOL. 108, 2013

34. 	�Bao, Y. and Ma, J.Z.; The interaction between collagen 
and aldehyde-acid copolymer/MMT nano-composite. 
JALCA 101, 352-358, 2006

35. 	�E,T., Ma, J.Z. and Bao, Y.; Preparation of PMAA/MMT 
nanocomposite via MMT- supported Initiator. Journal of 
Functional Materials 39, 1219-1222, 2008.

36. 	�Ma, J.Z., E,T. and Bao, Y.; Study on preparation and 
activity of MMT-supported initiator. Modern Chemical 
Industry 28, 62-65, 2008.

37. 	� Ma, J.Z., Li, Y., Gao, D.G. and LÜ, B.;The development 
of chrome tanning exhausted auxiliary. The fifth national 
fine chemical clean production process and technical 
economic development symposium, 3, 2012.

38. 	�Fathima, N.N., Rao, J.R. and Nair, B.U.; Augmentation 
of sheep derived properties in goatskins for garment 
manufacture: Role of chromium- silica tanning agent. 
JSLTC 87, 227, 2003.

39. 	�Fathima, N.N., Kumar, T.P., Kumar, D.R., Rao, J.R. 
and Nair, B.U.; Wet white leather processing: A new 
combination tanning system. JALCA 101, 2006.

40. 	�Zhang, Q., Wang, J. and Cheng, S.; Study on the CPE/
Nano SiO2 blends. Journal of Functional Polymer 15, 
271–275, 2002.

41. 	� Fan, H.J. and Shi, B.; Nano-composite of protein-silica 
(titanium) organic/inorganic hybrid-a novel concept of 
leather making. China Leather 31, 1-5,2002.

42. 	�Fan, H.J., Li, L. and Shi, B.; Characteristics of leather 
tanned with nano-SiO2. JSLTC 100, 22-28, 2005.

43. 	�Fan, H.J., Shi, B. and Duan, Z.J.; Nano hybrid of protein/
inorganic particles for collagen materials. Journal of 
Functional Materials 3, 373-376, 2004.

44. 	�Fan, H.J., Shi, B., Fan, W., and Li. Y.; Polymer-based 
nano-composition for leather-tannage and its preparation. 
CN 02134175.3.

45. 	�Fan, H.J., Li, L., Shi, B. and Qiang, H.E.;Tanning 
Characteristics and Tanning Mechanism of Nano-SiO2. 
JSLTC, 139-142, 2004.

46. 	�Li, X.H., Li, Q.H., Zhang, Z.J., Dand, H.X. and Liu, W.M.; 
Synthesis, Characterization, and Tribological Properties 
of a Reactable Nano-Silica. Tribology 25, 499 -503, 2005.

47. 	� Liu, F., Zheng, Q.H., Li, X.H., Ding, T. and Zhang. Z.J.; 
Silicone rubber reinforced by a dispersible nano-silica. 
Acta Materiae Compositae Sinica 23, 57 -63,2006.

48. 	�Pan, H., Qi, M. and Zhang, Z.J.; Preparation and 
application of a nanocomposite tanning agent-RNS/
P(MAA-BA). JSLTC 92, 34-36,2008.

49. 	�Pan, H., Qi, M. and Zhang, Z.J.; Synthesis and study of 
MPNS/SMA nano-composite tanning agent. Chinese 
Chemical Letters 19 435-437, 2008.

50. 	�Pan, H., Qi, M., Zhang, Z.J. and Dang, H.X.; Preparation 
and Application of a Nanocomposite (MPNS/SMA) in 
Leather Making. Chinese Chemical Letters 16, 1409-
1412, 2005.

51. 	� Pan, H., Zhang, Z.J., Zhang, J.X., Wu, Z.S. and Dang, 
H.X.; Preparation and application of a new nanocomposite 
tanning agent MPNS/SMA. China Leather 33, 8-11,2004.

52. 	�Qi, M., Pan, H. and Zhang, Z.J.; Preparation and 
Application of PMB/DNS-3A Nano-composite Tanning 
Agent. China Leather 36, 24-26, 2007.

53. 	�Qi, M., Pan, H. and Zhang, Z.J.; Preparation and 
Application of Nanocomposite Tanning Agent PMB/
DNS-3. Leather Science and Engineering 18 45-49, 2008.

54. 	�Pan, H., Zhang, Z.J., Zhang, J.X. and Dang, H.X.; The 
preparation and application of a nanocomoposite tanning 
agent-MPNS/SMA. JSLTC 89, 153, 2005.

55. 	�Sreeram, K. J., Nidhin, M., Sangeetha, S., Ramamurthy, 
N. N. F. U. and Nair. B. U.; Collagen stabilization using 
functionalized nanoparticles. XXXI IULTCS Congress 
Valencia, Spain, 9, A8, 2011.

56. 	�Ewing, M.R., Garrow, C. and Mchugh, N.; A sheepskin as 
a nursing aid. Lancet 30, 447–1448, 1961. 

57. 	� Kim, Y.S., Kim, J.S., Cho, H.S., Rha, D.S., Kim, J.M., 
Park, J.D., Choi, B.S., Lim, R., Chang, H.K., Chung, Y.H., 
Kwon, I.H., Jeong, J., Han, B.S. and Yu, I.J.; Twenty-eight-
day oral toxicity, genotoxicity, and gender-related tissue 
distribution of silver nanoparticles in Sprague-Dawley 
rats. Inhal Toxicol 20, 575-83, 2008.

58. 	�Kim, Y.S., Song, M.Y., Park, J.D., Song, K. S., Ryu, H. R., 
Chung, Y.H., Chang, H.K., Lee, J. H., Oh, K. H., Kelman, 
B. J., Hwang, I. K. and Yu, I.J.; Subchronic oral toxicity of 
silver nanoparticles. Particle and Fiber Toxicology 7, 10, 
1186/1743-8977-7-20, 2010.

59. 	�Gaidau, C., Petica, A., Trandafir, V., Ciobanu, C., 
Martinescu and T.; Nanosilver Application for Collagen 
Based Materials Treatment. XXXI IULTCS Congress 
Beijing, China, 11, 2009.

60. 	�Gaidau, C., Petica, A., Dragomir,T., Iovu, H. and 
Andronescu. C.; Ag and Ag/TiO2 Nano-dispersed 
Systems for Treatment of Leathers with Strong Antifungal 
Properties. JALCA 106, 76-112, 2011.

61. 	� Yang, W.T., Wang, X., Gong, Y., Li, H., Chen, W.Y. and C. 
Gaidau,;

	N anotechnologies Review	 400


