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Abstract. In this study, a precipitation method was employed to prepare a synthetic hydroxyapatite 
(HAP)/chitosan (CHN) composite by the modification of synthetic HAP with CHN. The HAP/CHN 
composite was characterized by Fourier transform infrared (FTIR) spectroscopy and scanning 
electron microscopy equipped with energy-dispersive X-ray spectroscopy (SEM-EDX). 
Furthermore, the HAP/CHN composite in a 1:1 ratio (wt.%) was investigated as an adsorbent for 
the removal of heavy metals ions (such as Cr6+, Cd2+ and Zn2+) from simulated wastewater. 
Adsorption experiments were conducted in batch mode at room temperature. In addition, the effect 
of process conditions, such as contact time, was evaluated. Kinetic data were well-described by the 
pseudo-second-order kinetic model, where adsorption was governed by the intraparticle diffusion 
model. The HAP/CHN composite demonstrated potential utility as an adsorbent for the removal of 
heavy metals from an aqueous solution, with the highest maximum adsorption capacities of 39.3, 
30.8 and 29.9 mg/g for Cr6+, Cd2+ and Zn2+, respectively. The HAP/CHN composite materials with 
variable structure and composition exhibited remarkably different adsorption properties and 
potential applicability for industrial applications due to the material cost-effectiveness. 
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1. Introduction 

Heavy-metal contamination poses a serious problem for the environment and human 
health. Industries such as mining, smelting, batteries, and chemical production release 
certain heavy metals into surface and groundwater supplies, resulting in negative
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environmental effects (Duan et al., 2020). In recent years, adsorption-based methods have 
been employed to investigate the removal of heavy metal ions from wastewater (Gupta et 
al., 2012; Salah et al., 2014; Zhang et al., 2018; Vieira et al., 2019; Kusrini et al., 2020a; 
Kusrini et al., 2020b). Adsorption is typically employed in industries due to its high 
efficiency and cost-effectiveness (Kusrini et al., 2019a; Kusrini et al., 2019b; Kusrini et al., 
2019c). Some polymers and synthetic materials, such as chitosan (CHN), hydroxyapatite 
(HAP), activated carbon and zeolites have been reportedly used as adsorbents to remove 
heavy metal ions from aqueous media (Gupta et al. 2012; Salah et al., 2014; Zhang et al., 
2018; Vieira et al., 2019). HAP has been reported to exhibit high removal capacities for 
divalent heavy-metal ions (Corami et al., 2007). To improve the HAP adsorption 
performance for heavy-metal species, a composite of HAP with some polymers can be 
prepared, including HAP/polyacrylamide (HAP/PAAm), HAP/polyurethane (HAP/PU) and 
HAP/polyvinyl alcohol (HAP/PVA) (Dong et al., 2010). In addition, the adsorption of Cu2+ 
and Cr6+ on biopolymers such as CHN was also reported (Schmuhl et al., 2001). HAP-CHN 
composites have been reported for the removal of Fe3+ (Kousalya et al., (2010), Pb2+, Co2+ 
and Ni2+ (Gupta et al., 2012), Cd2+ (Salah et al., 2014), Pb2+ (Zhang et al., 2018) and Cr6+, Cd2+ 
and Zn2+ (Kusrini et al., 2013). Recently, HAP/CHN-layered composites have been reported 
for the removal of lead ions from continuous-flow wastewater (Zhang et al., 2020); in that 
study, HAP is extracted from Tilapia fish and then a composite with CHN is prepared to 
remove Pb2+ from wastewater (Liaw et al., 2020). A CHN/HAP composite nanofiber 
membrane for the adsorption of Pb, Co and Ni ions from an aqueous solution has been 
reported (Aliabadi et al., 2014). The presence of amine (-NH2) and hydroxyl (-OH) groups 
in CHN can serve as active sites for the removal of heavy metals from aqueous media via 
adsorption (Gupta et al. 2012; Aliabadi et al., 2014; Kusrini et al., 2019a).  

Chromium (Cr) is well known to be the main additive in stainless steel that inhibits 
corrosion. As a result, stainless steel has a high market value due to its corrosion resistance 
and hardness. Several applications of stainless steel are known as a result of the 
electroplating industry. Cr3+ is not considered toxic; however, hexavalent chromium (Cr6+) 
is highly toxic and carcinogenic. Zinc (Zn) is also most commonly used due to its anti-
corrosion properties as well as for galvanization, whereas cadmium (Cd) is used for 
corrosion-resistant plating on steel and to colour glass, as well as to stabilize plastic. Cd is 
toxic, which is replaced by metal hydride or lithium-ion batteries in the battery industry. 
Previously, HAP modified with CHN in a 30:70 (wt%) ratio for the removal of heavy-metal 
ions from aqueous media has been reported (Kusrini et al., 2013). In this study, synthetic 
HAP was modified with CHN in a 1:1 ratio. In addition, a new material adsorbent was 
developed as a composite material that contains CHN and synthetic HAP. As well, its 
synergistic properties were investigated for the removal of heavy-metal ions (such as Cr6+, 
Cd2+ and Zn2+) from an aqueous solution to evaluate the optimum removal efficiency. 
Notably, an equal composition of HAP and CHN was investigated to observe the effect of the 
weight ratio of HAP and CHN and to examine the effect of carboxyl and hydroxyl functional 
groups from the natural polymer CHN on the composite surface. 
 
2. Experimental 

2.1.  Materials 
Zn(NO3)24H2O was purchased from Merck (Germany). CHN powder with a 

deacetylation degree of 90.77% was purchased from PT Biotech Surindo (Indonesia). All of 
the materials were used as received without further purification. 
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2.2. Synthesis of the Micro-structured HAP/CHN Composite in a 1:1 Ratio (wt.%) by 
Precipitation  

The 1:1 (wt.%) HAP/CHN composite was synthesized by precipitation and a mixing 
method according to a previous study (Kusrini et al., 2013). First, synthetic HAP was 
prepared by mixing phosphoric acid with calcium hydroxide in a stoichiometric ratio of 
1.67. The formed precipitate was filtered and dried at 100°C for 12 h. Then, a CHN solution 
was prepared in distilled water at pH 6.5 with mixing under stirring for 6 h. Next, the 
resulting precipitate was maintained for 15 h, and the suspension was filtered and dried at 
100C for 12 h. The HAP/CHN composite was ground to obtain a powdered composite. 
Figures 1a and 1b shows the synthetic scheme of HAP and the 1:1 (wt.%) HAP/CHN 
composite. 
 

 
Figure 1 Schematic illustration of the synthesis of HAP (a) and 1:1 (wt.%) HAP/CHN composite (b) 
 
2.3.  Characterization 

FTIR spectra were recorded against a blank KBr background at 4000–400 cm−1 on a 
Perkin-Elmer 2000 FTIR system. The morphology and elemental composition of the 
samples were determined by scanning electron microscopy (SEM)-energy-dispersive X-ray 
spectroscopy (EDX). 

2.3.1. Adsorption experiments in the batch mode  
First, a stock solution (1000 ppm) for each metal ion was prepared by dissolving each 

of Cd(SO4)8H2O (2.282 g), K2Cr2O7 (2.827 g) and Zn(NO3)24H2O (3.997 g) in distilled 
water. Each solution was adjusted to a concentration of 333.3 ppm for each heavy-metal 
ion species. Adsorption studies for the removal of Cr6+, Cd2+ and Zn2+ in simulated 
wastewater were performed in a batch system. A solution (100 mL) containing Cr6+, Cd2+ 
and Zn2+ was prepared, and 0.5 g of the HAP/CHN adsorbent was added and mixed under 
stirring for 5, 10, 20, 30 and 45 min at 500 rpm to attain equilibrium conditions. The 
suspension was filtered using Whatman filter paper, where the Cr6+, Cd2+ and Zn2+ 
concentration levels were measured by inductively coupled plasma-atomic emission 
spectroscopy (ICP-AES). 

 

Ground to 

A powder 
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2.3.2. Adsorption isotherm  
Adsorption isotherm data were analysed by the Langmuir isotherm model that 

accounts for monolayer surface adsorption (Kusrini et al., 2019a; Kusrini et al., 2019b). The 
Langmuir isotherm model, Qe, was fitted using a linearized form, according to Equation 1. 

1/𝑄𝑒 = 1/𝑄𝑚𝐾𝐿 × 1/𝐶𝑒 + 1/𝑄𝑚  (1) 

where Qm is the maximum monolayer adsorption capacity, and KL is the Langmuir 
equilibrium constant. 

2.3.3. Adsorption kinetics  
By varying the contact time under optimum conditions, 𝑄𝑡 was obtained, and kinetic 

data were analysed using Lagergren pseudo-first order (Lanregren, 1889) and pseudo-
second order (Robati, 2013) kinetic models, which were expressed in Equations 2 and 3, 
respectively. Kinetic data were investigated using the Weber–Morris intraparticle diffusion 
model (Weber and Morris, 1963) with Equation 4. Accordingly, in these simulations, the 
time-dependent adsorption efficiency was fitted by Equations 2–4 (Kusrini et al., 2019b). 

𝑙𝑛(𝑄𝑒 − 𝑄𝑡) = ln𝑄𝑒 − 𝑘1𝑡 (2) 
𝑡 𝑄𝑡 = 1 𝑘2⁄ 𝑄𝑒

2⁄ + 𝑡 𝑄𝑒⁄  (3) 
𝑄𝑡 = 𝑘𝑖𝑡

1/2 + 𝐶 (4) 

where 𝑄𝑡  is the time-dependent sorption, 𝑘1  and 𝑘2  are the pseudo-first and pseudo-
second order rate constants, respectively and 𝑘𝑖  is the intraparticle diffusion rate constant. 
A plot of Qt versus t1/2 yields a straight line, with a gradient ki and an intercept (C) if the 
adsorption mechanism follows intraparticle diffusion. 
 
3. Results and Discussion 

3.1.  FTIR Studies 
Figures 2a–2c shows the FTIR spectra of the natural polymer CHN, synthetic HAP and 

HAP/CHN composite adsorbent. An absorption peak at 3416 cm−1 was observed in the FTIR 
spectrum of synthetic HAP (Figure 2b), corresponding to the hydroxyl (-OH) stretching 
vibrations. Absorption peaks at 602 and 562 cm−1 corresponded to the PO43− bending 
vibrations, while a band at 1024 cm−1 corresponds to the PO43− stretching vibrations. An 
absorption band at 3408 cm−1 relates to OH stretching vibrations (Figure 2a).  

 

 

Figure 2 FTIR spectra of CHN (a), synthetic HAP (b) and the HAP/CHN composite (c) 
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The frequency of this band was greater than that observed for the absorption band 
corresponding to the OH stretching vibrations of CHN at 3343 cm–1, as reported elsewhere 
(Kusrini et al., 2015a). In addition, bending vibrations of the amine (–NH) group were 
observed at 1633 cm−1. The comparison of the FTIR spectra of synthetic HAP, CHN and its 
composite revealed a shift in the absorption band, i.e. mainly -OH, -NH and PO43− groups 
were shifted to 3449, 1560 and 1034 cm−1, respectively, indicating that bonding occurs 
between HAP and CHN to afford an HAP/CHN composite. Additional discussion regarding 
the interactions between the HAP/CHN composite and heavy-metal ions via ionic and 
coordinate covalent bonding will be described in the adsorption discussion (vide infra). 

3.2.  Morphology and Composition Studies 
 SEM images were recorded to examine the surface morphology of CHN, synthetic HAP 
and the HAP/CHN composite. Figures 3a–3c shows the SEM images of CHN, synthetic HAP 
and the HAP/CHN composite.  
 

  
(a) (b) 

 
(c) 

Figure 3 SEM images of CHN (a), synthetic HAP (b), and the HAP/CHN composite in a 1:1 (wt.%) 
ratio at a 30,000 magnification (c) 
 

CHN exhibited a flat surface comprising stacks of thin overlapping layers. CHN apparently 
exhibited a flake-like layered structure with variable sizes. Similar observations have been 
reported by Kusrini et al. (2015b) and Usman et al. (2018) for commercially sourced CHN, 
exhibiting irregular blocks with a size of 1−100 μm. Meanwhile, the synthetic HAP surface 
was porous and thinly twisted similar to a nest-like structure. Synthetic HAP apparently 
exhibited hybrid petal-like and dendritic structural features throughout. The SEM image of 
the HAP/CHN composite revealed features that differed to those of CHN and synthetic HAP. 
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The brittle composite revealed significant porosity and holes with a nest structure. The 
HAP/CHN composite apparently exhibited the same features as those of HAP, albeit with a 
more pronounced porosity throughout the adsorbent material structure. The composite 
exhibited a combination of micro-structural features that are intermediate to those observed 
for CHN and synthetic HAP components. Several porous micro-structural characteristics in 
the HAP/CHN composite are anticipated to provide good textural characteristics, with a 
favourable adsorption capacity for the removal of Cr6+, Cd2+ and Zn2+ ions. EDX measurement 
in conjunction with SEM characterization was employed to determine the molar ratio of Ca/P 
of synthetic HAP. EDX measurement of synthetic HAP confirmed the presence of Ca, P and O. 
According to the molecular formula of standard and pure HAP, the theoretical Ca/P molar 
ratio is 1.67 (Kusrini and Sontang, 2012). However, the average Ca/P ratio of synthetic HAP 
was 1.53. The lower Ca/P ratio of synthetic HAP (1.53) indicated that it is likely to be more 
acidic and more soluble. Furthermore, synthetic HAP formed a composite with natural 
polymer CHN to afford an HAP/CHN composite, the structure of which exhibited hybrid 
features as well as plate-like and dendritic structural features, with a porosity greater than 
that of CHN and possibly greater than HAP. 

3.3.  Adsorption of Heavy Metals using a 1:1 Ratio (Wt.%) of the HAP/CHN Composite  
Figure 4 shows the effect of contact time in the range of 5–45 min for the removal of 

Cr6+, Cd2+ and Zn2+ from an aqueous solution by using the HAP/CHN composite. At contact 
times of 5 and 45 min, the removal (%) of Cr6+ was in the range of 51.13% to 58.99%; 
whereas the removal of Cd2+ was in the range of 36.1% to 46.12% and the removal of Zn2+ 
ion was in the range of 36.31% to 44.77%. The removal efficiency increased by 8–10% at a 
contact time in the range of 5 to 45 min. At a contact time in the range of 0–5 min, significant 
adsorption of heavy metals was mainly observed, and the removal of Cr6+, Cd2+ and Zn2+ did 
not significantly change after 30 min. Similar trends have been reported for the time-
dependent removal of lead, cobalt and nickel (Aliabadi et al., 2014). Therefore, the 
equilibrium time for subsequent experiments used a 30-min time interval.  

 

 

Figure 4 Effect of contact time on the adsorption of heavy-metals ions (Cr6+, Cd2+ and Zn2+) on the 
HAP/CHN composite at a ratio of 1:1 wt.% 

 

For comparison, the removal of Cr6+, Cd2+ and Zn2+ was examined using a 3H7C 
composite adsorbent composite, with metal-ion removal efficiencies of 73.42, 60.31 and 
55.99%, respectively (Kusrini et al., 2013). These heavy-metal ion removal efficiencies were 
better that those obtained by using the HAP/CHN composite, with removal efficiencies 
listed in parentheses: Cr6+(58.99%), Cd2+ (46.12%) and Zn2+(44.77%). In this study, results 
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revealed that the adsorption capacity of different heavy-metal ions are listed in descending 
order: chromium > cadmium > zinc. This trend is related to the differences in the radii of 
the hydrated ionic metal ions. By comparison, the heavy-metal ion removal efficiencies (in 
parenthesis) were obtained using pure synthetic HAP as follows: Cr6+(14.02%), Cd2+ 
(44.8%) and Zn2+ (42.91%). The atomic radii of Cr, Cd and Zn are 128, 134 and 151 pm, 
while their corresponding covalent radii are 139 ± 5, 144 ± 9 and 122 ± 4 pm. Cr exhibits 
the highest charge density among the ions, where the cavity and pore of the HAP/CHN 
composite were likely more suitable for the adsorption of Cr6+ within the pores and surface 
sites of the HAP/CHN composite. The trend in adsorption is related to the charge density of 
each ion, where chromium was removed only by CHN. The removal of Cd2+ and Zn2+ was 
independent of the CHN content by comparing with HAP as the adsorbent. This 
phenomenon can be explained by the better selectivity of the 3H7C adsorbent compared 
with the HAP/CHN adsorbent composite for the removal of Cr6+. Synthetic HAP is a more 
functional adsorbent for the removal of heavy metals as synthetic HAP comprises porous 
characteristics; thus, metals with large and/or small ionic radii can be adsorbed onto the 
surface. Charge density plays a role in this adsorption since Zn and Cd ions are both divalent 
metals. 

Notably, the oxidation number of heavy-metal ions also was not affected by the 
formation of a complex and/or interaction with active functional groups of CHN for 
different adsorption abilities of Cr6+, Cd2+ and Zn2+. The removal efficiency for the heavy-
metal ions by using the HAP/CHN composite increased due to the presence of amine and 
hydroxyl groups from the natural polymer CHN (Wu et al., 2010; Kusrini et al., 2013). Both 
-NH2 and -OH groups of CHN were crucial for adsorption (Kusrini et al., 2015a). This 
adsorption mechanism for metal ions is similar to a previous report (Tomczak, 2011). In 
addition, the two functional groups were extremely reactive for coordination with metallic 
ions (Kusrini et al., 2014). Furthermore, CHN in the composite can enhance the removal 
efficiency of heavy-metal ions due to the presence of suitable functional groups. CHN 
comprises a primary amine group and two free hydroxyl groups for each glucopyranose 
unit. Owing to the presence of free amine groups, CHN is positively charged; hence, it can 
react with negatively charged polymers and polyanions. Notably, at acidic pH, the free 
amine group binds to anions by cross-linking, while at alkaline pH, the free amine group 
can bind to a hydroxyl group or other anions via hydrogen bonding or dipolar interactions.  
In the presence of other competitor ions in the aqueous solution, the relative removal 
efficiencies depended on the size and suitable pore dimensions of the effective adsorption 
sites. Adsorption of metal cations is related to the presence of -NH2 and -OH groups on the 
HAP/CHN composite surface. With the increase in the CHN concentration of the composite, 
greater heavy metal removal was observed for the HAP/CHN composite. This trend concurs 
with previous results reported for the performance of the 3H7C adsorbent composite 
(Kusrini et al., 2013).  

3.4.  Adsorption Isotherm 
Table 1 summarizes the maximum monolayer adsorption capacity (Qm) of each metal. 

The Langmuir isotherm model was applied to analyse the adsorption mechanism of heavy-
metal ions on the HAP/CHN composite. Experimental data were plotted and fitted by using 
the linear relationship given in Equations 1–4. Table 1 also lists the parameters deduced 
from the best-fit results to the isotherm model for the experimental data.  

The Qm values for Cr6+, Cd2+ and Zn2+ in an aqueous solution were 39.3, 30.8 and 29.9 
mg/g, respectively. The adsorption profiles of heavy metals on the HAP/CHN composite 
exhibited similar trends, and these metal solutions flowed through the HAP/CHN composite 
via interlaminar macropores. 
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Table 1 Maximum monolayer adsorption capacity values for heavy-metal ions on the 
HAP/CHN composite 

Heavy metal ions 
Qm (mg/g) 

HAP/CHN composite 

Cr6+ 39.3 
Zn2+ 29.9 
Cd2+ 30.8 

 
The extent of adsorption did not significantly change after 30 min; subsequently, it 
remained unchanged after 30–45 min. Compared to the HAP/CHN layered composite 
reported by Zhang et al. (2018), the adsorbed amounts of Pb2+, Cd2+ and Hg2+ were 296.0, 
192.4 and 127.4 mg/g, respectively, after 6 days. Notably, the different structure and 
composition of the HAP/CHN composite and different times for adsorption resulted in 
remarkably different adsorption properties. In comparison to the Qm of Zn2+ ion (36.7 
mg/g) for a durian rind adsorbent (Ngabura et al., 2018), comparable agreement is noted 
in Table 1 for the adsorption of Zn2+on the HAP/CHN composite reported herein.  

3.5.  Adsorption Kinetic Studies 
Adsorption kinetics of metals on the HAP/CHN composite were determined by using 

pseudo-first order (PFO) and pseudo-second-order (PSO) kinetic models, whereas diffusion 
kinetics were analysed by the Weber–Morris intraparticle diffusion model. Based on the 
adsorption efficiency, the kinetics of the heavy-metal adsorption was analysed for the 
HAP/CHN composite adsorbent. Figures 5a and 5b show the linear regression results of the 
PFO (R2 = 0.90, 0.84, 0.97 and 1.00) and PSO (R2 = 1.00, 0.99, 0.99) kinetic models for Cr6+, 
Zn2+ and Cd2+, respectively. The linear regression results for the kinetics and diffusion 
models revealed that the adsorption of all heavy-metal ions on the HAP/CHN composite is 
well described by the PSO model, which indicated is the role of chemisorption (Kusrini et 
al., 2020c). Heavy-metal ions are assumed to be coordinated to the functional groups of CHN 
and HAP via favourable coordination and electrostatic interactions. This adsorption 
behaviour is similar to that of lanthanide using a pectin-activated carbon (Pec-AC) 
composite (Kusrini et al., 2020c). The ratio of synthetic HAP and CHN did not markedly 
affect the kinetic results, but the component ratio affected the adsorption efficiency for the 
heavy-metal ions. The adsorption capacity, Qe (calc.), values estimated by the PFO and PSO 
kinetic models were 39.7, 30.1 and 31.4 mg/g, respectively (Table 2). The kinetic estimates 
were are similar to the experimental Qmax values of 38.9, 28.7 and 30.4 mg/g estimated at 
equilibrium by the Langmuir model (Table 1). This result confirmed that the adsorption 
kinetics of heavy-metal ions on the HAP/CHN adsorbent composite is well described by the 
PSO kinetic model. The maximum capacity estimated experimentally (Qe) using the 
HAP/CHN composite was less than those obtained for the 3H7C composite, with values of 
48.5, 35.3 and 39.1 mg/g for Cr6+, Zn2+ and Cd2+, respectively (Kusrini et al., 2013).  

From the simulation of the intraparticle diffusion rate, the intercept value (C) indicated 
the thickness of the boundary layer exerts a greater effect (Gupta et al., 2012). Adsorption 
occurred in two stages. The first stage involved surface adsorption, followed by 
intraparticle diffusion. Figure 6 shows the intraparticle diffusion model for the adsorption 
of Cr6+, Cd2+ and Zn2+ on the HAP/CHN composite. The modified CHN material can enhance 
the adsorption capacity and removal efficiencies of heavy metal species. Additional studies 
of the effect of parameters such as temperature, pH dependence, co-existing ions, on the 
adsorption performance are underway.  
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(a) (b) 

Figure 5 Pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models for the 
adsorption of heavy metals on the HAP/CHN composite 

 

Table 2 Kinetic parameters of the PFO and PSO models for the adsorption of heavy metals 
on the HAP/CHN composite  

Pseudo-first-order (PFO) model 

Heavy metal Ion Qe (exp) Qe (cal.) k1 R2 

Cr6+ 38.89 18.15 −0.13 0.90 

Zn2+ 28.67 14.81 −0.09 0.84 
Cd2+ 30.45 20.47 −0.14 0.97 

Pseudo-second-order (PSO) model 

Cr6+ 38.9 39.68 0.04 1.000 
Zn2+ 28.7 30.12 0.03 0.998 

Cd2+ 30.4 31.35 0.03 0.999 

 

 
Figure 6 Intraparticle diffusion model for the adsorption of heavy metals on the HAP/CHN 
composite 

 
4.  Conclusions 

In summary, synthetic composites containing HAP with CHN were prepared by 
combined precipitation and mixing methods, along with characterization by FTIR and SEM-
EDX methods. The adsorption of heavy metals on the 1:1 (wt.%) HAP/CHN composite from 
aqueous media was studied using a batch adsorption system. The results revealed the 
benefits of the amine and hydroxyl functional groups of CHN in the composite adsorbent, 
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which provided adequate and versatile adsorption for the removal of heavy-metal ions. The 
maximum adsorption capacities of Cr6+, Cd2+ and Zn2+ in batch adsorption studies were 
estimated as 39.3, 30.8 and 29.9 mg/g, respectively. Adsorption of heavy-metal ions using 
the HAP/CHN composite adsorbent tended to follow the pseudo-second-order and 
intraparticle diffusion models. The variable structure and composition of the HAP/CHN 
composite, including contact time for the adsorption process revealed remarkably different 
adsorption properties. The modified CHN material can enhance the adsorption capacity of 
heavy-metal ions, along with the effects of parameters, such as temperature, pH and co-
existing ions on the adsorption properties. Further studies are underway to gain insight 
into the role of competitor ions, selectivity and thermodynamics of adsorption of new nano- 
and micro-structured composites materials, which can be further used for industrial 
applications. 
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