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Abstract 
This study presents the modification of surfaces of nanoclays, halloysite na-
notubes (HNT) and sepiolite (SEP), with styrene-maleic anhydride copoly-
mers (SMA) via esterification reaction between hydroxyl groups of the na-
noclays and anhydride groups of SMA. The structural, thermal, and morpho-
logical analyses of the modified nanoclays were performed by Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction analysis (XRD), thermal 
gravimetric analysis (TGA), and field emission scanning electron microscopy 
(FESEM). All of these results suggested that the expected modification of 
HNT and SEP surfaces were performed. Although XRD patterns of HNT 
containing samples showed that the basal spacing shifted to higher distances, 
it was found that those of the crystalline structure of SEP remained un-
changed. Thermal gravimetric analysis exhibited that SMA copolymers were 
grafted onto the surfaces of nanoclays varying amounts between 15 and 43 
wt. % depending on the types of nanoclays and SMA copolymers. This mod-
ification indicates that these nanoclays can be added to the polystyrene matrix 
without any compatibilizers. 
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1. Introduction 

Nanoclays have been employed as fillers in polymers to improve their mechani-
cal performance, thermal stability, barrier properties and flame retardancy [1]-[6]. 
Various kinds of nanoclays such as montmorillonite [7] [8], kaolinite [9] [10], 
hectorite [11] [12], saponite [13] [14] have attracted the great attention of scien-
tists and technologists within both academia and industrial area.  
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Halloysite nanotubes (HNT), due to its hollow tubular structure, large aspect 
ratio, natural availability, rich functionality, good biocompatibility, and high 
mechanical strength, has been used in the production of polymer/clay nano-
composites in recent years [15]. HNT consists of aluminosilicate nanotubes sim-
ilar to the structure of kaolinite and has a molecular formula of  
Al2Si2O5(OH)4·nH2O. The internal diameter of the hollow nanotubes is in the 
range of 10 - 70 nm, and the length of the nanotubes is varying from 0.2 to 1.5 
μm [16]. HNT’s body consists of two different interlayer surfaces, which are the 
internal surface containing aluminol (Al-OH) groups and the external surface 
covered by siloxane (Si-O-Si) groups. Further, some silanol (Si-OH) and alumi-
nol groups exist at the edges of the tubes [17] [18] [19]. These hydroxyl groups 
caused polarity on the HNT surface offer an opportunity to obtain efficient dis-
persion of HNT into the polar polymeric matrices [20] [21]. Sepiolite (SEP), a 
natural hydrated magnesium silicate with the theoretical formula of  
Si12Mg8O30(OH)4(OH2)4·8H2O, is used as a reinforcing nanofiller in various po-
lymer matrices [22] [23] [24]. The discontinuity of the silica sheets in sepiolite 
leads to the characteristic structural tunnels, which possess silanol groups 
(Si-OH) at their edges. [25] [26]. In the polar polymeric matrix, these silanol-
groups not only improve the interactions between SEP and the host polymer, but 
also enhance the dispersion of SEP without any kind of modification [27] [28] 
[29] [30]. 

The surface modifications of inorganic nanoclays with organic compounds 
are widely applied to improve the dispersion and compatibility of the polymer/ 
nanoclay composites. Joo et al. (2012) modified the functional groups of HNT 
from hydroxyl groups (HNT-OH) to carboxylic acids (HNT-COOH) to show 
only the ability of these hydroxyl groups [31]. Du et al. (2006) modified HNT 
surface via chemically grafting polypropylene (PP) with a two-step method and 
investigated the compatibility of modified HNT into PP matrix. In the first step, 
HNT surface was functionalized with γ-aminopropyltriethoxysilane and then PP 
chains were grafted onto the surface of HNT via commercialized maleic anhy-
dride grafted PP (PP-g-MAH). They found that the modified HNT showed 
much lower polarity compared to pristine HNT and increased the mechanical 
properties compared with neat PP and PP/pristine HNT nanocomposites [32]. 
Pasbakhsh et al. (2010) modified the surface of HNT by γ-methacryloxypropyl- 
trimethoxysilane to improve their dispersion in ethylene propylene diene mo-
nomer [19]. Garcia et al. (2011) modified SEP surface with trimethoxysilane via 
chemically in aqueous gel procedures to improve its compatibility in PP, LDPE 
and PS matrices [33]. Garcia-Lopez et al. (2010) modified SEP surface with tri-
methyl hydrogenated tallow quaternary ammonium (3MTH) and PA6/orga- 
nomodified SEP nanocomposites were obtained by using different amounts of 
modified SEP. They observed that the nanocomposites with the highest amount 
of modifier displayed the best mechanical properties [34]. Di et al. (2004) also 
studied grafting reaction of methyltriethoxysilane on SEP surfaces to investigate 
the reactivity of silanol groups [35]. 
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In this paper, we studied the surface modification of HNT and SEP with the 
two different commercial styrene-maleic anhydride copolymers (SMA), which 
have different molecular weight and styrene/maleic anhydride molar ratio, 
through esterification reaction in THF medium. The modified nanoclays were 
characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffrac-
tion analysis (XRD), thermal gravimetric analysis (TGA), and field emission 
scanning electron microscopy (FESEM). 

2. Experimental Part 
2.1. Materials  

A commercial grade of HNT was provided by ESAN Eczacibasi (Turkey). The 
elemental composition of HNT is as follows (wt. %): SiO2, 43.30; Al2O3, 38.40; 
Fe2O3, 0.80; TiO2, 0.10. SEP powder was purchased from Sigma-Aldrich (Ger-
many). The commercial styrene-maleic anhydride copolymers (SMA), namely 
SMA-1000® and SMA-EF40® flake, were provided by Cray Valley (USA). Table 1 
gives the details of the SMA. Tetrahydrofuran (THF) and p-toluene sulfonic acid 
(PTSA) were obtained from Sigma-Aldrich (Germany). All the materials were 
employed without further purification. 

2.2. Modification of Nanoclays 

Modification of the nanoclays was prepared through the esterification reaction 
by using PTSA as the catalyst in THF medium. The modification reaction is de-
tailed in Figure 1. 

2.3. Characterization of the Modified Nanoclays 

The FTIR measurements were carried out by Perkin Elmer Spectrum 100 FTIR 
spectrometer in attenuated total reflection (ATR) accessory. Infrared spectra 
were collected between 4000 - 650 cm−1 at a resolution of 4 cm−1. 

The X-ray diffraction (XRD) patterns were recorded using the Shimadzu 
LabX XRD-6100 diffractometer. The Cu Kα (λ = 1.54060 Å) was operated at 40 
kV and 40 mA. The samples were scanned from 2θ = 0˚ - 40˚. 

The TG analysis (TGA) was performed using a SEIKO Exstar 6200 TG/DTA 
instrument. The samples were heated from room temperature to 700˚C with a 
heating rate of 10˚C/min under nitrogen atmosphere with a purging rate of 150 
mL/min. 

The nanoclays samples for field emission scanning electron microscopy 
(FESEM) were prepared by coating with a thin conductive layer of gold onto the  

 
Table 1. The trade names, molecular weight and molar ratio of styrene/maleic anhydride 
of SMA. 

Trade name Molecular weight (g/mole) Molar ratio of styrene/maleic anhydride 

SMA-1000 5500 1/1 

SMA-EF40 10,000 4/1 
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Figure 1. The modification reaction scheme of the nanoclays with 
SMA copolymers. 

 
samples. FESEM images of the samples were performed under high vacuum with 
FEI Quanta FEG 450 at 30 kV. 

3. Results and Discussion 
3.1. Structural Analysis of the Modified Nanoclays 

FTIR spectra of the pristine HNT and modified HNT with SMA-1000 and 
SMA-EF40 (represented by HNT-1000 and HNT-EF40, respectively) are pre-
sented in Figure 2. The characteristic absorption peaks of the pristine HNT, 
such as the O-H stretching of inner hydroxyl groups at 3625 cm−1, O-H defor-
mation of water at 1631 cm−1, O-H bending of inner hydroxyl groups at 906 cm−1 
and Si-O stretching at 1004 cm−1 [18] [19] can be seen. The new vibration bands 
are observed in the FTIR spectra of HNT-1000 and HNT-EF40. The new bands 
at 1852 and 1776 cm−1 are assigned to the C=O stretching vibration. Further, the 
FTIR bands at 3028 - 2919 cm−1 and 1495 - 1455 cm−1 are assigned to =C-H and 
C=C stretching of aromatic benzene ring, respectively. The FTIR spectrum of 
HNT-1000 displays some new absorption bands at 1707 and 1218 cm−1, which 
can be attributed to the formation of ester bonding between anhydride and -OH 
groups [36] [37]. The ester bonding formation exhibits that SMA-1000 copoly- 
mer is more efficiently grafted to HNT surface than SMA-EF40 due to its higher  
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Figure 2. FTIR spectra of the pristine HNT, HNT-1000 and HNT-EF40. 
 
maleic anhydride content and lower molecular weight. 

Figure 3 gives the details of FTIR spectra of the pristine SEP and modified 
SEP samples which are modified with SMA-1000 (SEP-1000) and modified with 
SMA-EF40 (SEP-EF40). The bands at 3655 and 3564 cm−1 are assigned to the 
Mg-OH groups [38], the broad band at 3404 and the peak at 1464 cm−1 show 
O-H band stretching vibrations of zeolitic water, the peak at 1648 cm−1 is due to 
the stretching vibration of coordinated bonded water in SEP [35]. The band ap-
peared at 1209 and 975 cm−1 are associated with Si-O bending and Si-O-Si stret-
ching vibration, respectively [39]. 

Some new peaks are observed in the spectra of SEP-1000 and SEP-EF40, as 
well as modified HNT samples’ FTIR spectra. The weak bands at 3028 and 2919 
cm−1 are assigned to =C-H stretching vibrations. The peaks at 1853 and 1776 
cm−1 are attributed to the C=O stretching vibration, the bands at 1493 and 1453 
cm−1 are ascribed to C=C stretching of aromatic benzene ring. Moreover, the 
wideness of the peak at 1706 cm−1 and 1656 cm−1 is owing to overlapping of the 
carbonyl (C=O) stretching vibration with the coordinated bonded water [25]. 
These new bands show that the kinds of SMA are chemically grafted onto the 
surface of SEP. As can be seen, SMA-1000 copolymer, possessing higher maleic 
anhydride content and lower molecular weight than SMA-EF40, is also effi-
ciently grafted to SEP surface, as well as grafted to HNT. 

Figure 4(a) exhibits XRD patterns of pristine and modified HNT-1000 sam-
ples. The characteristic d001 diffraction peak of pure HNT is located at 2θ =12.0˚, 
corresponding to a basal spacing of 7.57 Ǻ. After the modification, the diffrac-
tion peak of HNT remains unchanged, which indicates that the tubular structure 
of HNT remained stable [17]. However, the modification causes a displacement 
of the d001 diffraction peak of HNT-1000 to lower angles with increasing in the 
basal spacing from 7.57 to 9.84 Ǻ. These results confirm that the interlayer dis-
tance of HNT increases with modification. 
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Figure 3. FTIR spectra of the pristine SEP, SEP-1000 and SEP-EF40. 

 
The XRD patterns of the pristine SEP and modified SEP-1000 are given in 

Figure 4(b). The characteristic d110 diffraction peak of SEP at 2θ value of 7.4˚ 
corresponds to a basal spacing of 12.22 Ǻ. The other characteristic peaks of pure 
SEP are at 2θ = 19.70˚, 24.55˚, 27.25˚, 28.60˚, 30.45˚ and 35.15˚, which are, re-
spectively, corresponded to basal spacing of 4.50 Ǻ, 3.71 Ǻ, 3.32 Ǻ, 3.18 Ǻ, 2.88 
Ǻ and 2.57 Ǻ. Owing to SEP layers linked each other via covalent bonding, 
changing the interlayer spacing of the SEP is extremely hard. Therefore, this 
modification does not affect the original SEP structure of the samples [40]. 

3.2. Thermal Analysis of the Modified Nanoclays 

Figure 5 displays the weight loss (TGA) curves of the pristine HNT, the mod-
ified HNT samples and the commercial SMA copolymers. The pristine HNT ex-
hibits two thermal decompositions in its TGA curve. The first weight loss started 
at the temperature of 30˚C and ended at 80˚C can be attributed to the loss of 
physically adsorbed water from the surface and internal channels of the tubes 
[41] [42]. The second weight loss occurs at the temperatures between 430˚C - 
500˚C. This weight loss is assigned to dehydroxylation of the structural of the 
Al-OH [18] and Si-OH [43] groups of HNT. The char residue of the pristine 
HNT is 74 wt. % at 700˚C.  

The commercial SMA-1000 and SMA-EF40 show one-step thermal degrada-
tion process in the temperatures between 280˚C - 450˚C and 320˚C - 430˚C, re-
spectively. The char residues of SMA-1000 and SMA-EF40 are 6 and 0 wt. % at 
700˚C, respectively. 

For the modified HNT samples, HNT-1000 and HNT-EF40, the first weight 
losses which come from the adsorbed water molecules at their surfaces are oc-
curred between the temperatures of 30˚C - 200˚C and 30˚C - 120˚C, respective-
ly. Compared to the pristine HNT, the modified HNT samples show a reducing  
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Figure 4. XRD patterns of (a) Pristine HNT and HNT-1000; (b) Pristine SEP and 
SEP-1000. 

 
of the amount of adsorbed water molecules on the modified surfaces, which in-
dicates an increment of the organic parts on their surfaces. The second weight 
loss between the temperatures of 320˚C - 500˚C for HNT-1000 and 320˚C - 
550˚C for HNT-EF40 can be related to the degradation of organic molecules 
grafted on the HNT surfaces. The char residues of HNT-1000 and HNT-EF40 
are 45 and 63 wt. % at 700˚C, respectively. These residue values indicate that 40 
wt. % of SMA-1000 and 16 wt. % of SMA-EF40 grafted on the HNT surfaces. 
These results confirm that HNT surface is efficiently modified with SMA-1000 
copolymer as demonstrated by FTIR and XRD analysis. 

Thermal analysis was performed up to 900˚C for the samples based on SEP. 
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As can be seen from Figure 6, the pure SEP decomposes with four-step weight 
loss, where the first step is attributed to the removal of surface-adsorbed water at 
the temperature between 30˚C - 90˚C, the second step at the range of 230˚C - 
300˚C corresponds to the degradation of zeolitic water. The other steps occurred 
at the temperatures between 600˚C - 670˚C and 770˚C - 820˚C are related to the 
decomposition of coordinated water and hydroxyl groups, respectively [44]. The 
char residue of SEP is 76 wt. % at 900˚C.  

The modified SEP samples, SEP-1000 and SEP-EF40, decompose with two- 
step weight loss instead of four-step, compared with pristine SEP. The first 
weight losses at the temperatures between 30˚C - 120˚C for SEP-1000 and 30˚C - 
100˚C for SEP-EF40 can be ascribed to the elimination of adsorbed water mole-
cules on the surfaces. The second weight losses of the modified SEP samples at 
the temperature between 300˚C - 700˚C are attributed to thermal degradation of  

 

 
Figure 5. Thermal analysis results of HNT, commercial SMAs and modified HNT sam-
ples. 

 

 
Figure 6. Thermal analysis results of SEP, commercial SMAs and modified SEP samples. 
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SMA copolymers grafted onto the SEP surface. The char residue values of 
SEP-1000 and SEP-EF40 at 900˚C are 43 and 58 wt. %, respectively. According 
to char residue values, it can be said that SMA-1000 and SMA-EF copolymers 
could be grafted on the surface at 43 and 15 wt. %, respectively. This result 
shows that SMA-1000 is also grafted to SEP surfaces at higher efficiency than 
SMA-EF40, as well as grafted to HNT surfaces. 

3.3. Morphological Properties of the Modified Nanoclays 

FESEM images of the pristine HNT and modified HNT with SMA-1000 (HNT- 
1000) are presented in Figure 7(a) and Figure 7(b), respectively. Typical cylin-
drical and some irregular shapes of HNT nanotubes with varying lengths in in-
dividual form can be seen in Figure 7(a). After the surface modification, the  
 

 
Figure 7. FESEM images of (a) Pristine HNT; (b) HNT-1000; (c) Pristine SEP; (d) SEP-1000. 
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agglomeration occurred within the modified nanotubes and the singular form of 
the tubes disappeared (Figure 7(b)) due to organic structures on the surfaces. 

Figure 7(c) and Figure 7(d) give the FESEM micrographs of pristine SEP and 
modified SEP with SMA-1000 (SEP-1000), respectively. The pristine SEP seems 
uniform and smooth surfaces at low magnification image. However, the modifi-
cation caused to needle type aggregates on the surfaces and hence the smooth-
ness of the SEP surfaces reduced due to organic molecules assembly (Figure 
7(d)). 

4. Conclusion 

In this study, halloysite and sepiolite were modified with styrene-maleic anhy-
dride copolymers via chemical method. The modified nanoclays were characte-
rized by FTIR spectroscopy, X-ray diffraction, thermal gravimetric analysis, and 
scanning electron microscopy. The characterization results showed that SMA 
copolymers were grafted onto the nanoclays surfaces at different grafting ratios 
depending on their molecular weight and styrene/maleic anhydride molar ratios. 
The differences of the nanoclays also affected the grafting ratios. It can be con-
cluded that SMA-1000, having lower molecular weight and higher maleic anhy-
dride content than those of SMA-EF40, displays higher efficiency to graft onto 
both nanoclays surfaces. 
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