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Abstract To improve the interfacial adhesion of bamboo

powder (BP) and polypropylene (PP), the effects of zirc-

onaluminate coupling agent (TL) on the mechanical

properties, rheological behavior and thermal stability of

33 wt% injection moulded BP/PP foaming composites

were investigated. The bending and tensile properties were

enhanced first as the TL content increased and then

decreased as the TL content exceeded 1 %; the notched

impact strength improved steadily with increased TL con-

tent. The 1 % TL-treated composite showed the best

comprehensive mechanical properties; the bending, tensile,

and notched impact strengths were increased by 9.0, 9.7,

and 16.1 %, respectively; and water absorption for 1,920 h

was decreased from 8.85 to 2.61 % compared to the

untreated composite. The frequency sweep results indi-

cated that the slope of lgG0–lgf curve increased from 0.709

in the untreated composite to 0.842 in the 1 % TL-treated

composite. The TG results revealed that thermal stability

was slightly improved in the TL-treated composite. Envi-

ronmental scanning electron microscopy showed that the

interfacial compatibility of the treated composite

improved, which was confirmed by Fourier transform

infrared spectroscopy and X-ray photoelectron spectros-

copy analysis.

1 Introduction

Wood–plastic composites (WPCs) demonstrate remarkable

environmental and economical advantages, and therefore

they have a wide application field such as decoration,

building, packing, and transportation (Ashori and Nour-

bakhsh 2011). Additionally, in order to reduce the density,

improve the specific strengths and broaden the application

fields, foaming technology has been widely used for mi-

crocellular WPCs over recent decades (Bledzki et al. 2005;

Lee et al. 2011; Zhang et al. 2012).

It is well known that China has the most abundant and

under-utilized bamboo resources in the world. Bamboo

fiber possesses excellent intrinsic properties including fast

growing, low density, high tensile modulus and biode-

gradability. Bamboo fiber can be a cheaper substitute for

synthetic fibers such as glass fiber and carbon fiber in some

application fields (Okubo et al. 2004). Due to these out-

standing properties, many researchers have focused on the

composites reinforced with bamboo fibers (Zhang et al.

2010; Rawi et al. 2013). As a processing residue of bam-

boo, bamboo powder (BP) can also be used as reinforce-

ment of WPCs.

Polypropylene (PP) is widely used as a major matrix of

WPCs because it exhibits higher heat resistance, higher

corrosion resistance and easier recycling degradability than

polyethylene (PE), and it brings out less environment

pollution than polyvinyl chloride (PVC)-based products

(Lee et al. 2007). Therefore, in this study BP/PP foaming

composites were prepared using an injection molding

process. During the last decades, the methods of esterifi-

cation (Freire et al. 2006) or etherification or benzylation of

natural fibers and using coupling agents have been widely

applied to improve the compatibility between matrices and

fillers (Dominkovics et al. 2007). In PP-based WPCs, the
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most common coupling agents are maleinated polypro-

pylene (MAPP) and maleinated polyethylene (MAPE) and

silane (Deka and Maji 2010; Xie et al. 2010; Gao et al.

2012; Lou et al. 2013; Yeh et al. 2013). In the 1980s,

zirconaluminate (TL) was potentially used as a coupling

agent in the plastic, paper, and rubber industry, and also

other industries (Cohen 1985; Chen et al. 2006; Tang et al.

2007; Li et al. 2013). TL can also be a useful coupling and

hydrophobing agent for cellulosic fiber/flour-polyolefin

composites.The bending modulus and toughness in the

30 % wood flour/PP composite at a concentration of 1 %

TL were increased by 4.8 and 11.3 %, respectively (Fre-

ischmidt and Michell 1991). Moreover, TL can replace

silane coupling agent in many cases because it has stronger

organic reactivity and can better improve the compatibility

of composites (Guo et al. 2011). However, the application

of TL to foaming WPCs has been rarely reported and so far

it is unknown whether the TL has a positive effect on the

mechanical properties, rheological behavior, and thermal

stability of WPCs. Therefore, it is significant to systemat-

ically study the effects of TL on the properties of PP/BP

foaming composites.

2 Materials and methods

2.1 Materials

Moso bamboo (Phyllostachys edulis) powder with a mix-

ture of particle sizes in the range of 90–450 lm and a

density of 1.37 g/cm3 was supplied by Zhejiang Lin-an

Mingzhu Bamboo and Wood Industry Co., Ltd, China.

High melted strength polypropylene (HMSPP), of type

SMS-514F, with a density of 0.91 g/cm3 and melting index

(MI) of 3.2 g/10 min (230 �C/2.16 kg) was provided by

Korea Honam Petrochemical Ind. Co, Ltd. PP (of type

K8303) with a density of 0.90 g/cm3 and MI of 2.4 g/

10 min (230 �C/2.16 kg) was provided by ExxonMobil

Chemicals. Modified azodicarbonamide (AC) was used as

foaming agent (FA). With the intention of improving the

compatibility between the BP, PP, and HMSPP, a zircoa-

luminate coupling agent (TL) from Chongqing Jiushuo

Industry and Trade Co. Ltd, China was used. Five pro-

portions of TL, i.e., 0, 0.5, 1, 2, and 3 % of BP weight were

studied in this research.

2.2 Preparation of BP/PP foaming composites

First, the TL coupling agent was added to ethanol at a ratio

of 1:4. The bamboo powders were dried and treated using

the TL solution in a high-speed Herschel mixer (HM40

KM120) at 80 �C for 15 min. Then the TL-treated BP was

oven dried at 80 �C to 1–2 % moisture content. Second,

PP, HMSPP, lubricant (stearic and calcium stearate) and

the TL-treated BP were mixed in a Herschel mixer for

10 min. Third, the mixture was transferred to a Haake

Torque rheometer and mixed at a temperature of 185 �C, at

a rotational speed of 40 rpm for 12 min. Then, the blends

were crushed into granules in a WSGM-250 mill. Finally,

the BP/PP granules and the FA were mixed, and the

foaming samples were prepared by injection molding. The

PP, HMSPP, BP, lubricant, and FA accounted for 52, 13,

33, 1, and 1 wt% of the foaming composite, respectively,

as previously reported (Zhou et al. 2012).

2.3 Mechanical properties

Density of the specimen was measured according to ASTM

D-792. Flexural properties in three-point bending mode

and tensile strength were determined at a speed of 10 mm/

min, and according to ASTM D-790 and ASTM D-638,

respectively. The notched impact strength was measured in

accordance with EN ISO 179. Each value obtained repre-

sented the average of six samples. The specimen dimen-

sions exactly met these standards.

2.4 Water absorption and thickness swelling

Percentage water absorption (WA) and thickness swelling

(TS) tests were carried out according to ASTM D570. The

specimens had the following dimensions: length of 30 mm,

width of 12 mm and thickness of 4 mm. The foaming

pallets were immersed in distilled water at 23 �C for

1,920 h. All values were calculated as the mean of four

samples. The WA and TS were determined using the fol-

lowing equations:

WA ¼ mt � mo

mo

� �
� 100 ð1Þ

where mt is the mass of the sample after water soaking; and

mo is the mass of the sample before water soaking.

TS ¼ Tt � To

To

� �
� 100 ð2Þ

where Tt is the thickness of the sample after water soaking;

and To is the thickness of the sample before water soaking.

2.5 Rheological behavior

Rheological measurements of the samples were performed

using a rotational rheometer (Haake ARSIII, Germany). A

dynamic frequency sweep test was conducted to measure

the storage modulus (G0) and complex viscosity (g*) at a

frequency range of 0.1–100 Hz in the linear viscoelastic

region at a constant temperature of 180 �C.
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2.6 Thermal stability

For thermal gravimetric (TG) analysis, the samples were

dried in an oven at 105 �C for 2 h. The thermal decom-

position behavior of composites was characterized using a

TG-DTA (Netzsch STA449C, Germany) at a heating rate

of 10 �C min-1 up to 800 �C under nitrogen atmosphere.

2.7 ESEM analysis

The tensile fractured surfaces of untreated and TL-treated

composites were investigated by Environmental scanning

electron microscopy (ESEM) (XL30 PHILIPS, FET, the

Netherlands) after being treated with gold sputtering.

2.8 FTIR studies

Fourier transform infrared spectra (FTIR) of TL, untreated

BP, TL-treated BP, untreated BP/PP foaming composite

and TL-treated composite were recorded by FTIR

(AGL0702005 Nicolet 380, USA) under test conditions of

4 cm-1 resolution, scan number of 32, and scan range of

4,000–400 cm-1.

2.9 XPS analysis

Compositions of foaming composites untreated and TL-

treated were analyzed by X-ray photoelectron spectroscopy

(XPS) (ESCALLAB 250, UK) with a scientific theta probe.

The X-ray source was Al Ka (1,486.6 eV) and samples

were analyzed at pressures of 2 9 10-10 mbar with a pass

energy of 30 eV and energy step size of 0.05 eV. To

determine types of oxygen–carbon bonds present, chemical

bond analysis of carbon was accomplished by curve fitting

of the C1s peak and deconvolution into four sub-peaks. An

oxygenated to unoxygenated carbon ratio (Cox/unox) was

calculated using Eq. (3) (Dorri and Gray 1978):

Cox=unox ¼
Coxygenated

Cunoxygenated

¼ C2þ C3þ C4

C1
ð3Þ

3 Results and discussion

3.1 Mechanical properties

Because the TL did not obviously affect the composites’

densities, the density curve is not shown in this paper. The

densities of foaming composites were all about

0.87 g cm-3, decreased by 14 %, compared to the unfoa-

ming one (Zhou et al. 2012). The mechanical properties of

foaming composites treated with different contents of TL

are presented in Fig. 1. Evidently, the mechanical proper-

ties of TL-treated composites improved compared to those

of the untreated analogue. The flexural and tensile strengths

were enhanced first and then decreased when the TL con-

tent exceeded 1 %. This was because at a moderate TL

concentration, the surface wetting and dispersion of BP

particles in the matrices were promoted and the interfacial

compatibility between BP and matrices was improved, as

shown in the ESEM morphology (Fig. 5). However, the

excessive TL may form a layer of macromolecules,

resulting in the decreased uniformity between the fillers

and matrices. The flexural modulus was enhanced signifi-

cantly with the addition of 1 % TL, but was improved to a

less degree by higher TL. The notched impact strength was

obviously enhanced with TL content increasing from 0 to

1 %, but then improved steadily with further increasing TL

content. It can be concluded that the TL played a positive

role in the increased energy absorption during crack

propagation. This was because TL improved the interfacial

interaction between BP and matrices, leading to increased

efficiency of stress transfer from the matrices to the fillers.

This finding was consistent with previous studies on other

coupling agents such as MAPP (Kim et al. 2007).

3.2 Water absorption and thickness swelling

The time dependence of both water absorption (WA) and

thickness swelling (TS) in composites is shown in Fig. 2.

The WA and TS of the TL-treated composites were found

to decrease drastically. Clearly, the WA and TS of the

untreated composite were 8.85 and 1.93 %, respectively,

after 1,920 h of immersion time. This could be ascribed to

the poor interface between fillers and matrices. As for the

1 % TL-treated composite, the growth trends of WA and

TS were significantly weakened, and the WA and TS

eventually decreased to constant values of 2.61 and

1.52 %, respectively. These results clearly revealed that the

use of TL as coupling agent was proven to benefit the WA

and TS of the composites. First, this is due to the

improvement in the interfacial compatibility and interfacial

bonding between the BP and matrices, and thus the gap

between the BP and PP became smaller. Second, the wet-

ting of TL-treated BP by the matrices was more sufficient

and the amounts of hygroscopic hydroxyl groups in the BP

became less due to their reactions with TL groups, which

further contributed to the reduced water uptake. This

assumption was supported by ESEM, FTIR and XPS as

mentioned below. Additionally, the higher TL content

resulted in slightly lower WA and considerably smaller TS.

However, it should be mentioned that the water resistance

was not improved anymore when the TL content exceeded

2 %.

The optimal amount of TL was assessed to be 1 %,

based on a comprehensive consideration of the mechanical
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properties, water resistance and the cost of composites. In

this case, the mechanical properties with respect to flexural

modulus, flexural, tensile, and notched impact strengths

were increased to 2,895.78, 36.32, 19.55 MPa, and 5.04 kJ/

m2, respectively, yielding improvements of 9.0, 9.4, 9.7,

and 16.1 %, respectively, compared to the untreated com-

posite; the water resistance was improved significantly.

Compared with the MAPP-treated wood flour/PP com-

posites (Kim et al. 2007) and MAPP-treated BP/PP

foaming composites (Zhou et al. 2013), the improvements

of mechanical properties for the TL-treated composites

were much lower. However, the optimum content of TL

was also much lower than that of MAPP. The mechanical

properties such as bending strength and bending modulus,

and the water resistance of TL-treated foaming composites

meet the requirements of WPC floorings and WPC deco-

rative boards according to GB/T 24508-2009 and GB/T

24137-2009, respectively.
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Fig. 1 Effects of TL on the mechanical properties of BP/PP foaming composites
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Fig. 2 Effects of TL on the water absorption and thickness swelling of foaming composites
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3.3 Rheological behavior

The effects of TL content (0, 1, 2 and 3 %) on the storage

modulus (G0) and complex viscosity (g*) as a function of

frequency (f) are illustrated in Fig. 3a, b, respectively.

Storage modulus was obviously enhanced with increased

frequency, especially at low frequency (0.1–20 Hz) and the

increasing speed of G0 gradually eased at higher frequency

(20–100 Hz). Complex viscosity was reduced with

increased frequency (Fig. 3b), showing typical shear thin-

ning effect. The viscoelastic response of BP/PP foaming

composites varied with TL contents. Compared to the

untreated composite, G0 and g* of TL-treated composites

were all reduced, indicating that TL promoted the

improvement of processing properties.

Available research shows that a higher slope of the lgG0-
lgf curve at the terminal region results in greater homo-

geneous phase in the composite (Gao et al. 2012). Linear

fitting of the lgG0-lgf curve at low frequency showed that

the slopes of the untreated sample and the samples treated

with 1, 2, and 3 % TL were 0.709, 0.842, 0.805, and 0.823,

respectively, with coefficients of determination higher than

0.98. Therefore, the results indicated that the degree of

homogeneity was a little higher after the addition of TL

and the homogeneous degree was the highest in the 1 %

TL-treated composite. These results proved that the TL

enhanced interaction between the bamboo particle and the

polymer matrices. These findings also corresponded to the

mechanical measurements.

3.4 Thermal properties

Figure 4 depicts the TG and derivative thermogravimetric

(DTG) thermograms of the untreated and 1 % TL-treated

composites. Table 1 shows the initial decomposition tem-

perature (Ti), maximum pyrolysis temperature (Tm),

decomposition temperature at different weight loss (%)

(Td), maximum weight loss rate (Wm) and residual weight

(RW) of the composites. The Ti was determined as the

temperature at the weight loss of 5 %. The weight loss due

to thermal degradation of the composites occurred in two

distinctive steps. The first step which occurred at

200–350 �C was mainly caused by the thermal degradation

of BP. The three major constituents of BP were hemicel-

luloses, lignin, and cellulose, which all had lower thermal

stability and degradation temperature than the matrices.

The second step of weight loss was seen at 350–550 �C,

which was mainly attributed to the thermal decomposition

of PP and HMSPP. The composites did not lose weight

anymore at temperatures higher than 600 �C.

As shown in Table 1, the 1 % TL-treated composites

showed a higher value of Ti and bigger RW value com-

pared to the untreated composite. However, the Tm and Td

at varying weight loss for the 1 % TL-treated composite

were slightly lower than those of the untreated composite.

Overall, TL slightly promoted the improvement of thermal

stability of the BP/PP foaming composites. The improved

thermal stability of TL-treated composites resulted from

stronger interfacial action between the fillers and matrices

and the improved mechanical strengths arising from the

addition of TL.

3.5 ESEM analysis

Tensile fracture micrographs of the specimens were

investigated using ESEM, and the results are presented in

Fig. 5. Clearly, the interfacial adhesion between the fillers

and the matrices of the untreated composite was poor and

the interface was considerably clear (Fig. 5a). Meanwhile,

some BP particles agglomerated into bundles and were

unevenly distributed throughout the matrices and these

defects caused stress concentrations and contributed to the
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Fig. 3 Dependence of storage modulus (G0) and complex viscosity (g*) on frequency (f) for foaming composites treated with various TL

contents at 180 �C
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lower mechanical strengths in the untreated composite.

Moreover, in some parts of the untreated composite, no

matrices coated the BP surfaces (Fig. 5b). In case of the

1 % TL-treated composite, the immiscibility of the fillers

and matrices was weakened drastically and the micro-

structure of the failure surface was much rougher (Fig. 5c).

Additionally, the dispersion of BP in the matrices was

improved and the interfacial boundary became indistinct

(Fig. 5d). These results further confirmed that TL can

improve the BP dispersion and interfacial compatibility of

BP/PP foaming composites. However, partial agglomera-

tion of BP was still observed for the TL-treated composite,

which might be responsible for the insignificant improve-

ment of mechanical properties. Therefore, improving the

dispersion of the BP needs to be further studied.

3.6 FTIR study

Figure 6 presents the FTIR spectra obtained for TL, BP

before and after TL modification, and the untreated and

TL-treated composites. The FTIR spectrum of TL (Fig. 6a)

showed a broad band at 3,378 cm-1 for a –OH stretching

vibration, and the bands at 2,925 and 2,854 cm-1 are

ascribed to the asymmetric stretching vibration of methyl

and methylene groups, respectively. The peak at

1,739 cm-1 is indicative of C=O stretching due to the

‘‘bridging’’ structure (Fig. 7) (Li et al. 2009). The

characteristic peak at 1,621 cm-1 is attributed to alumin-

ium and zirconium atom with carboxyl (Freischmidt and

Michell 1991). The peak at 1,466 cm-1 is attributed to the

scissoring vibration of methylene or the symmetric defor-

mation of methyl group. The peaks at 1,380 and

1,376 cm-1 are due to the symmetric stretching vibration

or bending vibration of –CH3. The peak at 1,078 cm-1 is

related to C–O stretching. The peak at 611 cm-1 is

assigned to the symmetric stretching mode of Al–O bond

(Li et al. 2013). The FTIR spectrum of the untreated BP

(Fig. 6b) showed the presence of bands at 3,403 cm-1 for –

OH stretching, at 2,915 cm-1 for –CH stretching, at 1,601

and 1,510 cm-1 for C=C aromatic ring, and at 1,052 cm-1

for C–O stretching. Compared to the untreated BP, the TL-

treated BP (Fig. 6c) exhibited new peaks at 1,741 cm-1 for

C=O stretching, and at 1,463 cm-1 for –CH vibration, and

at 611 cm-1 for Al–O vibration, which confirmed the

etherification of the BP hydroxyl groups and TL groups

(Fig. 7). Additionally, the intensity of –OH stretching peak

was strengthened and the corresponding peak shifted from

3,403 to 3,431 cm-1. Meanwhile, the peaks at 2,915,

1,601, 1,510, and 1,052 cm-1 were correspondingly shifted

to 2,923, 1,604, 1,514, and 1,050 cm-1, which further

confirmed that TL can react with the hydroxyl groups of

BP to form new chemical bonds (Deka and Maji 2010).

Figure 6d, e show the FTIR spectra of untreated and 1 %

TL-treated composites. In the TL-treated composite, new
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Fig. 4 Thermo-decomposition behavior of bamboo powder/PP foaming composites

Table 1 Thermal properties of bamboo powder/PP foaming composites

Sample Ti/�C Tm
a /�C Tm

b /�C Wm
a /% min-1 Wm

b /% min-1 Td/�C at different weight loss RW/% at 800 �C

20 % 40 % 60 % 80 %

Untreated 245 336 449 3.3 10.6 333 423 448 470 9.4

1 % TL treated 249 337 445 4.0 8.9 327 409 442 466 11.2

Tm
a , value for 1st step; Tm

b , value for 2nd step; Wm
a , maximum weight loss rate for 1st step; Wm

b , maximum weight loss rate for 2nd step
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peaks appeared at 2,856 cm-1 for –CH stretching of the

modifying hydrocarbon and at 607 cm-1 for Al–O. The

intensity of –OH stretching (Fig. 6e) was weakened and

the corresponding peak shifted from 3,429 cm-1 (Fig. 6d)

to 3,403 cm-1 (Fig. 6e). The spectral shifting from higher

to lower wave number confirmed that hydrogen bonds were

generated as ether linkage between BP and matrices. The

intensity of –CH stretching (Fig. 6e) was increased and

shifted from 2,920 cm-1 (Fig. 6d) to 2,923 cm-1 (Fig. 6e).

Similar trends of shifting of hydroxyl group to lower

wavenumber and increased intensity of –CH stretching

were reported in the FTIR analysis of the PP/MAPP/wood

composite (Awal et al. 2010). The intensity of C–O

stretching was increased and shifted from 1,049 cm-1

(Fig. 6d) to 1,050 cm-1 (Fig. 6e). In conclusion, TL

proved to have undergone an etherification reaction or

hydrogen bonding with the hydroxyl groups of the BP at

(a) Untreated ×200  (b) Untreated ×500 

(c) 1% TL-treated ×200 (d) 1% TL-treated ×500

Fig. 5 ESEM micrographs of

foaming composites
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Fig. 7 Etherification reaction of cellulose hydroxyl of bamboo

powder and the groups of zircoaluminate coupling agent (TL)
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one end and the fatty acid or methacryloxy groups of the

TL make the BP surfaces more compatible with the

matrices at the other end, and thereby enhanced the inter-

facial bonding between BP and PP, improving the

mechanical properties of composites.

3.7 XPS analysis

Table 2 shows that the elements of the composite surfaces

were mostly carbon, followed by oxygen, and finally

nitrogen (less than 2 %). Noticeably, the bond forms of

carbon were primarily C1, followed by C2, and finally C3

or C4. The XPS data revealed that in the 1 % TL-treated

composite, the C content of 1 % TL-treated composite

increased from 81.71 to 91.56 %; on the contrary, the O

content decreased. This was due to the chemical reaction

and physical absorption of TL. Clearly, the addition of 1 %

TL resulted in the relative amount of C3 representing O–

C–O or C=O, a slight decrease in C2, and an obvious

decrease in C1; and the appearance of a new bond type of

C4 representing O–C=O. The Cox/unox of TL-treated com-

posites was higher than that of the untreated one, with an

increase from 0.40 to 0.53. The increased relative amount

of C3, the emergence of C4, and the increased Cox/unox

were attributed to the introduction of TL, suggesting that

the chemical reaction occurred between TL and BP

(Fig. 7).

Table 2 also illustrates an obvious decrease in the con-

tent of O2, representing C–O, relative to O1 of C=O.

Additionally, the O1/O2 ratio was increased from 1.09 in

the untreated composite to 5.76 in the TL-treated com-

posite. As reported, the relative contents of O1 and O2 can

be regarded as the areas of crystallization and amor-

phousness, respectively (Di and Gao 2010). Therefore, the

results indicated that the crystallinity of the TL-treated

composite was increased to some extent, which also

accounted for the improvement of the mechanical proper-

ties and water resistance in the treated composites.

4 Conclusion

The mechanical properties and water resistance of the TL-

treated bamboo powder/PP foaming composite were

improved and the optimum content of TL was 1 %. The

flexural modulus and bending, tensile, and notched impact

strengths were enhanced by 9.0, 9.0, 9.7, and 16.2 %,

respectively, and the water absorption reduced from 8.85 to

2.61 %, compared to the untreated composite. The rheo-

logical results indicated that the 1 % TL-treated composite

displayed better processing properties and higher degree of

homogeneity. The TG results revealed that the thermal

stability of the 1 % TL-treated composite was slightly

improved because the Ti increased by 4 �C.

ESEM results give evidence that the interfacial com-

patibility of the TL-treated composite and the dispersion of

BP improved. FTIR and XPS analysis confirmed the

etherification between groups of TL and hydroxyl groups

of BP.

Acknowledgments This work is supported by the Twelfth Five-

Year National Science and Technology Program ‘‘Research on

weather-resistant and mould-proof of bamboo–plastic composites’’

(2012BAD54G01). Also, the authors appreciate the generous finan-

cial support of China Scholarship Council (CSC).

References

Ashori A, Nourbakhsh A (2011) Preparation and characterization of

polypropylene/wood flour/nanoclay composites. Eur J Wood

Prod 69(4):663–666

Awal A, Ghosh SB, Sain M (2010) Thermal properties and spectral

characterization of wood pulp reinforced bio-composite fibers.

J Therm Anal Calorim 99:695–701

Bledzki AK, Zhang WY, Omar F (2005) Microfoaming of flax and

wood fibre reinforced polypropylene composites. Eur J Wood

Prod 63(1):30–37

Chen JZ, Feng LX, Zhao YN (2006) Retention effect of cationic

aluminum zirconium coupling agents. China Pulp Pap

25(5):16–19

Cohen LB (1985) Aluminum zirconium metal-organic complexes

useful as coupling agents. Patent US:4,539,049

Deka BK, Maji TK (2010) Effect of coupling agent and nanoclay on

properties of HDPE, LDPE, PP, PVC blend and Phargamites

karka nanocomposite. Compos Sci Technol 70(12):1755–1761

Di MW, Gao ZH (2010) Modern analytical techniques for biomass

material, 1st edn. Chemical Industry Press, Beijing, pp 78–79
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