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Abstract. The challenge of accessing clean and potable water due to the increase in human population, 
economy, and development, as well as global warming, poses a global concern. Solar-powered seawater 
desalination using photothermal substances appears as a promising environmentally friendly solution. The 
development of these materials as decayed aquatic samples is very significant. Indonesia produces various 
marine wastes in large quantities, including fish scales, and the potential conversion into photothermal 
materials is analyzed by the characterization of the physical and chemical features. The purpose of this 
study is to evaluate the physicochemical properties of fish scales using energy dispersive spectroscopy 
(EDS), X-ray fluorescence (XRF), Fourier transform infrared spectroscopy (FTIR), UV-VIS spectroscopy, X-
ray diffraction (XRD) and electron microscopy scanning (SEM). Carbon, oxygen, calcium, and phosphorus 
served as the primary elements in the waste samples. Characterization of the functional group bonds 
showed collagen and hydroxyapatite as the main mineral components. These constituents naturally exhibit 
photothermal phenomena under ultraviolet light irradiation and are also amorphous, with the capacity to 
increase the crystallinity during pyrolysis. Based on the characterization results, fish scales contain carbon 
in the mineral collagen and showed the unique transition of the orbitals π to π* carbonyl groups, which has 
the potential to be converted into photothermal material such as Carbon Nano Tubes (CNTs) or Carbon 
Nano Dots (CNDs) for seawater desalination processes. 
Key Words: CNDs, CNTs, collagen, fishery waste, photoexcitation. 

 

 

Introduction. The demand for clean and potable water appears increasingly problematic, 

mainly due to the upsurge in human population, economic development, and global 

warming (Ullah & Rasul 2019; Chen et al 2018). Approximately 1.6 billion persons are 

known to reside in water crisis regions (Ni et al 2018). The development of seawater 

desalination technology could serve as an anticipatory solution to water scarcity. This 

measure is very significant as the ocean provides an abundant water source alternative 

(Sharif et al 2019; Li et al 2018). Multi-stage flash distillation (MSF), multiple-effect 

distillation (MED), and reverse osmosis (RO) are the widely applied desalination techniques 

around the world (Wang 2018). Both MSF and MED require excess energy consumption for 

high-temperature conditions and also demonstrate significant environmental impact, due 

to the greenhouse gases generated (Rahmani et al 2016; Liyanaarachchi et al 2014). RO 

involves high energy levels, although the residues occur in a salt liquid form capable of 

degrading the surrounding (Ahmadvand et al 2019). The three processes require a massive 

centralized infrastructure that severely limits practical applications, particularly in offshore 

locations, minor villages, remote regions, or lesser islands (Zhang et al 2019a). The 

development of desalination technology with low-level and renewable energy sources, 

which is environmentally friendly and costs little, as well as having high productivity and 
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portability, offers a potential alternative to access to clean water and environmental 

sustainability. 

Solar-powered desalination technology supports low-level and efficient energy 

utilization (Wilson et al 2020; Ullah & Rasul 2019). Under this circumstance, sunlight is 

used (Gueymard, 2004) to facilitate seawater evaporation to form environmentally friendly 

salt crystals (Xia et al 2019; Luo & Wan 2013). The photothermal phase serves as the 

primary process, where sunlight is absorbed and converted into heat for seawater steam 

generation (Wang et al 2019; Han et al 2018; Ghasemi et al 2014). This stage is due to 

photoexcitation of the constituent materials, including plasmonic metals, semiconductors, 

and carbon-based substances. In carbon-based elements, the lattice vibrations are 

responsible for the photothermal processes during the absorption and conversion of solar 

energy into heat (Gao et al 2019). These tremors are due to the relaxation of the excited 

electrons through electron-phonon coupling that involves the transfer of solar energy into 

a vibrational mode, leading to the increasing temperature of the carbon samples (Vélez-

Cordero & Hernandez-Cordero 2015).  

Carbon-based materials demonstrate strong physical and chemical properties that 

support photothermal application (Han et al 2018). The characteristic orbital structure 

facilitates electron excitation by irradiation at almost every solar wavelength from 300-

2500 nm (Dao & Choi 2018). Transformation into nanostructures and morphology possibly 

enhances the ability to convert sunlight into heat with high efficiency (Liu et al 2019; Zhang 

et al 2018; Zhang et al 2016). Several studies have shown that the carbon nanomaterials, 

including CNTs exhibited a black body-like absorptivity, wide absorption band and high 

thermal efficiency, suitable for photothermal materials (Xia et al 2019; Xu et al 2019; 

Zhang et al 2018, 2019a; Jiang et al 2018; Chen et al 2017; Yin et al 2017; Wang et al 

2016). These advantages are attributed to the abundance of raw materials in the form of 

biomass, both from agricultural and aquatic waste.   

Fish scales are major marine decays with the potential to pollute the environment 

and adversely impact human health (Kabir et al 2019; Yadav et al 2019). These substances 

are biocomposite materials extracted into organic and inorganic components, including 

chitin, lecithin, guanine and collagen fibers, as well as hydroxyapatite crystals and calcium 

carbonate, respectively (Yang et al 2020; Silva et al 2019; Rumengan et al 2017; Suo-Lian 

et al 2017). The scales are possibly transformed into carbonaceous matter using pyrolytic 

and hydrothermal methods (Sahoo et al 2019; Ilnicka & Lukaszewicz 2018). Activated 

carbon and fish scale-based biochar have been applied as potential biosorbents in 

eliminating anionic acid from dye solutions (Achieng et al 2019; Kabir et al 2019), as 

organic pollutants in waste treatment (Poblete et al 2020), as electrodes in electrochemical 

energy conversion, fuel cells as well as in supercapacitors (Ilnicka & Lukaszewicz 2018) 

and also as cathode material in lithium-sulfur batteries (Yang et al 2020). Fish scale-based 

carbon nanosheets have been employed as catalysts with high electrocatalytic activity in 

batteries (He et al 2020). CNDs obtained from fish scales by hydrothermal technique, have 

been used to detect drug molecules in human blood serum or biological imaging 

applications (Athinarayanan et al 2020; Meng et al 2019, Zhang et al 2019b). Fish scales 

from various species have been used to manufacture photothermal materials such as CNDs. 

CNDs also have a fluorescent property that is easy to adjust so that they can be used to 

increase the efficiency of solar energy conversion in photothermal materials (Hou et al 

2019). The conversion of fish scales into CNDs materials for seawater desalination remains 

a research challenge. In the research, fish scales of parrotfish (Chlorurus sordidus) and red 

snapper (Lutjanus argentimaculatus) are used because they contain high chitin yield 

(Rumengan et al 2017). In certain studies, the processing of fish scales into carbon 

materials was described as a significant effort to mitigate pollution generated by marine 

waste. The present research proposes the use of fish scale biomass as an alternative and 

sustainable raw material to produce eco-friendly photothermal samples. The potential of 

these aquatic skins, including the CNTs or CNDs from pyrolysis, requires further 

investigation, using the characterization of the underlying physical and chemical properties. 
The purpose of this study is to evaluate the crystallinity, chemical composition, presence 

of collagen, and characteristic morphology of the fish scales. 
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Material and Method 
 

Sample Preparation. The fish scales were obtained from a local market in Manado, North 

Sulawesi province, Indonesia. The size and weight of the fish samples are about 3 kg or 

more with a length of about 50 cm. These samples were used to characterize the physical 

and chemical properties of parrotfish (Chlorurus sordidus) and red snapper (Lutjanus 

argentimaculatus) (Rumengan et al 2017). The scales were washed with running water to 

remove the remains of meat or dirt. This was followed by heating the samples under 

sunlight for two days to achieve approximately 11% water content. The resulting materials 

were then rinsed with distilled water and desiccated in an electric Kirin oven type KBO-90M 

at 1150C for 6 hours to attain a zero water content. The dried fish scales were mashed 

with a Miller Fomac FCT-Z100 machine at a rotation rate of 28000 rpm. Figure 1 shows the 

resulting parrotfish (PF) and red snapper (RS) powder after sieving with a 200 (75 µm) 

and 100 mesh (125 µm), respectively. 

 

  

a) PF Scale Powder 

 

b) RS Scale Powder 

Figure 1. Powder samples of fish scales. 

Source: Photos taken by authors 

 

Characterization of fish scales. X-ray diffraction (XRD), Fourier transform infra-red 

(FTIR), energy dispersive spectroscopy (EDS), X-ray fluorescence (XRF), scanning electron 

microscopy (SEM), and UV-VIS spectroscopy were employed to characterize the fish scale 

powder at the Central Laboratory of the State University of Malang, East Java, Indonesia. 

The organic content on the sample surface was measured using the EDS integrated with 

the SEM FEI Inspect S50, while the metallic and non-metallic elements were characterized 

by the PANalytical Brand XRF equipment, minipal 4 type. Chemical bond vibrations in fish 

scale samples were detected using a Shimadzu Fourier transform infrared 

spectrophotometer (IR-Prestige-21), produced in transmittance mode in Tokyo, Japan. The 

FTIR spectra were recorded at wavelengths between 4000 and 400 cm-1 with the samples 

placed in KBr pellets.  Jena Specord 200 plus UV-VIS analytical equipment was used to 

analyze absorbance, transmittance, and reflectance as a function of wavelength. The UV–

VIS parameters applied the absorbance mode between 190.00-1100.00 nm with 

measurement points of 1.00 nm, a rate of 50.0 nm/s, and an integration time of 0.02 s. 

The sample crystal structure was characterized by x-ray diffraction, using the Panalytical 

X'pert-Pro diffractometer developed by Almelo, the Netherland. The XRD patterns were 

recorded at 2θ angles from 7.01°-69.99° with CuKα radiation (λ = 1.54 ) and CuKβ (λ = 

1.39 ), at a generator voltage of 40 kV and a current of 35 mA at chamber temperature 

(250C). The morphological characteristics of the fish scales were determined with the SEM 

FEI Inspect S50 equipment produced in Tokyo, Japan. The SEM images were measured at 

a voltage of 20 kV with magnifications of 100, 500 and 1000.   
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Results and Discussion 

 

Elemental and metal composition. Table 1 shows the composition of organic and 

metallic elements in both types of fish scales. Primary components include carbon (24.48% 

RS and 34.49% PF) and oxygen (35.88% RS and 33.35% PF), followed by calcium (25.03% 

RS and 20.28% PF) and phosphorus (11.79% RS and 9.48% PF). Metals identified by EDS 

analysis below 1.24% were Na, Mg and Fe, although the constituents were insignificant 

compared to the main components. 

 

Table 1 

The composition of organic and metallic elements by EDS analysis (Wt%) 

 

 C O  Na  Mg  Fe  Ca P  

RS 24.48 ± 
0.07 

35.88  ± 
0.09 

1.22  
±0.02 

0.75  ± 
0.01 

0.51  ± 
0.03 

25.03  ± 
0.04 

11.79  ±  
0.02 

PF 34.49 
±1.66 

33.35 ± 
0.59 

0.78 ± 
0.10 

0.56 ± 
0.03 

0.86 ± 
0.02 

20.28 ± 
1.61 

9.48 ± 
0.57 

 

Table 2 shows the metallic and non-metallic compositions of parrotfish and red snapper 

powder after the XRF analysis. Primary components included calcium (83.79% RS, 83.07 

% PF) and phosphorus (14.5% RS, 14.1% PF). Other trace elements detected in lesser 

amounts of less than 2-3% of the total composition were sulfur, iron, cobalt, manganese, 

zinc, copper, strontium, erbium, europium, rhenium, and ytterbium. Previous studies 

suggested the presence of inorganic components, including CaO or calcium oxide (Ikoma 

et al 2003), and Ca10(PO4)6(OH)2 or hydroxyapatite (Silva et al 2019). The EDS results 

indicated the presence of hydroxyapatite biomaterials containing Ca, P, and O. 

 

Table 2 

The elemental composition of metals and non-metals by XRF analysis (%) 

 

 P S Ca Fe Co Cu Mn Zn Sr Er Re Yb 

RS 14.5 0.30 83.79 0.10 0.03 0.057 - 0.05 0.93 0.2 0.10 - 

PF 14.1 0.41 83.07 0.13 - 0.069 0.11 0.13 1.5 - 0.07 0.37 

 

EDS and XRF analyzes confirmed that fish scales from both the PF and RS types contained 

the main elements of carbon, oxygen, calcium, and phosphorus. The substantial carbon 

content showed the potential for the conversion to carbon-based materials, including 

biochar, activated carbon, or CNT by pyrolysis (Achieng et al 2019; Sahoo et al 2019). The 

Ca-rich inorganic components tend to improve the pyrolysis process due to the catalytic 

function at temperatures above 7000 C (Yuan et al 2019). Based on the EDS and XRF 

results, the Fe also acted as a catalyst to produce a high degree of graphitization in CNT 

synthesis (Suriani et al 2013; Sengupta & Jacob 2010). In microwave oven pyrolysis, 

catalysts, including Fe, played a significant role by increasing the effectiveness of 

microwave absorption and reducing the activation energy of CNT formation (Liu et al 2019). 

 

Chemical Bond Analysis. Figure 2 shows similar FTIR absorption profiles of both scale 

samples but varied transmittance intensities. FTIR characterization was used to evaluate 

and identify the presence of collagen and its chemical composition. Amide is the main 

functional group of type I collagen. Four absorption bands at 1657, 1557, 1244, and 3311 

cm-1 corresponded to the organic content in RS and PF. These ranges are associated with 

four types of amide such as type I amide, type II amide, type III amide, and type A amide, 

respectively, and are also functional groups of type I collagen (Jafari et al 2020; Ikoma et 

al 2003). Type I amide was interconnected with the stretching vibration of the C=O bond 

in the carbonyl group (Santana et al., 2015), while type II amide originated from the 

interaction between the stretching vibrations or axial deformation of C-N and the bending 

vibrations or angular deformation of N-H (Torres et al 2008). Type III amide was related 
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to the bending vibration of the N-H bond (Jafari et al 2020), and the vibrations of C-N as 

well as N-H bonds in type II amide and type III amide confirmed the presence of a three-

helical collagen structure (Santos et al 2009). The absorption of type A amide in the 3311 

cm-1 bands was connected to the stretching vibration of the N-H peptide bonds in hydrogen, 

leading to a frequency change (Paul et al 2017). The organic content of fish scales was 

observed in bands 2378, 2974 and 3512 cm-1 that are associated with the C=O in the CO2 

group (Müsellim et al 2018), antisymmetric stretching vibration of the CH2 molecule 

(Santana et al 2015; Santos et al 2009) and the stretching vibration of the OH bond 

(Arykbaev et al 2020). The FTIR spectra confirmed the presence of an inorganic phase, 

including the hydroxyapatite mineral with the appearance of absorption bands at 1086 and 

565 cm-1 linked to the vibrational mode of the phosphate ion and also 1451 and 873 cm-1 

associated with the CO bond vibrations of the carbonate group in the apatite structure  

(Silva et al 2019; Santos et al 2009; Torres et al 2008; Ikoma et al 2003). Phosphate and 

amide content, particularly type I, was also detected by Raman spectroscopy (Ghods et al 

2020; Arola et al 2018). The FTIR results showed that the fish scales for both RS and PF 

were the nanocomposites of type I collagen, carbonate ions, and apatite (Silva et al 2019). 

The collagen and hydroxyapatite content contributed significantly to the high absorbance 

of the IR spectrum, based on the Lambert-Beer principle (Listiaji & Suparta 2020). These 

collagen fibers were also believed to influence the synthesis of nitrogen-doped carbon 

materials (Yang et al 2020). 

 

 
Figure 2. Infrared spectrometer for fish scale residue. 

Source: Authors’ elaboration 

 

Photoabsorption Analysis. The UV-Vis spectrometer recorded a similar absorbance 

pattern between the two types of fish scale. Figure 3 shows high absorbance values in the 

UV wavelength range of 190-300 nm. These results are a characteristic of protein on the 

fish scales with a maximum absorption peak corresponding to collagen (Gao 2021). The 

absorbance pattern indicated a higher absorptivity in the parrotfish samples, compared to 

the red snapper, particularly in the visible area. This indicates that the collagen content in 

the PF sample is higher than that of the RS sample. The carbonization process by pyrolysis 

was expected to increase the optical absorptivity because the structure of fish scales is 

transformed into carbonaceous materials such as CNDs or CNTs, especially for the visible 

region.    
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Figure 3. UV-Vis absorbance pattern of fish scales. 

Source: Authors’ elaboration 

 

The spectral peaks at wavelengths of 282.9 and 284.4 nm were similar to the UV-VIS 

spectroscopic characteristics investigated on carbon dots from Russian Kraper fish scales, 

and the unique transition of the orbitals π to π* carbonyl groups are represented at 280 

nm (Athinarayanan et al 2020). The carboxyl group is related to the type III amide of the 

collagen structure (Jafari et al 2020). The unique transition of π  to π* orbitals plays a 

significant role in the photothermal processes (Gao et al 2019; Vélez-Cordero & Hernandez-

Cordero 2015). In carbon allotropes, including CNTs and graphene, the number of π 

conjugated bonds is known to facilitate the electron excitation by irradiating virtually every 

wavelength of sunlight due to the variations in the π - π* transition. As CNT or graphene 

is illuminated by the electronic transition in the molecule, a light-absorbing electron is 

promoted from the ground state or the highest occupied molecular orbital (HOMO) to a 

higher level or lowest unoccupied molecular orbital (LUMO). The excited electrons tend to 

relax through electron-phonon coupling, where the absorbed light energy is transferred to 

the vibrational mode through the atomic lattice, resulting in the temperature increase of 

the material (Vélez-Cordero & Hernandez-Cordero 2015). These characteristics enhance 

the electron appearance to resemble black objects, where the carboxyl group of the wastes 

in one of the allotrophs of the carbon nanomaterial optimizes the photothermal properties 

for the hot steam generation process. The use of photothermal materials induces localized 

surface heating and reduces the temperature polarization to obtain a higher thermal 

efficiency (Han et al 2019). CNTs with organic ligand functional groups are capable of 

eliminating heavy metals in the wastewater content (Bassyouni et al 2020; Yu et al 2014). 

Carbon nanomaterials, including fish scale carbon dots, possess natural organic ligands 

(Zhang et al 2019a). These fish scales are potentially converted into CNTs with natural 

ligands to become photothermal materials and also demonstrate the ability to display 

heavy metals from water (Bassyouni et al 2020; Zhang et al 2019a). The implementation 

of fish scales as photothermal materials appears to be very significant in seawater 

desalination technology. 

 

Crystallinity Analysis. Figure 4 shows similar crystallographic characteristics of the XRD 

diffractograms of the two types of fish scale, termed PF and RS. Consequently, six reflection 

peaks were associated with an angle of 2θ for the PF, including 25,920, 31.970 (maximum 

intensity), 39.850, 46.760, 49.540 and 53.090, while the RS recorded 25,920, 32.070 

(maximum intensity), 39.460, 47.050, 49.640 and 53.390. The profile of the diffraction 
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peaks indicated lesser fish scale crystals or structural irregularities with low crystallinity 

(Silva et al 2019). The 2θ angles related to the peaks of the XRD spectra were known to 

correspond to the hydroxyapatite structure, that is, a crystal with a hexagonal structure 

(Torres et al 2008; Ikoma et al 2003). 

 

 
Figure 4. X-ray diffractogram for fish scale samples. 

Source: Authors’ elaboration 

 

Hydroxyapatite (Ca10(PO4)6(OH)2) is a very promising material for the purification of air, 

water, and soil from contaminated sources (Ibrahim et al 2020). Previous studies used a 

composite of hydroxyapatite, polydopamine (PDA), and chitosan nanowires as membranes 

for photothermal effect-driven saltwater distillation (Cao et al 2020). Hydroxyapatite 

nanowires are superior templates for forming stable, dense, and efficient PDA layers (Cao 

et al 2020). Nano-hydroxyapatite also served as a natural template for the synthesis of 

porous carbon materials (Huang et al 2015). CNTs/hydroxyapatite composites have been 

synthesized (Pei et al 2011). This study confirmed the potential of nano-hydroxyapatite as 

a template or substrate for the growth of photothermal nanomaterials, including CNTs. 

 

Characteristic morphology. Figures 5a and 5b represent the morphological 

characteristics of red snapper and parrotfish scale powder after SEM analysis, respectively. 

The results showed the presence of collagen fibers and hydroxyapatite crystals (Silva et al 

2019; Santos et al 2009; Ikoma et al 2003). The SEM image verified the amorphous nature 

of the fish scales detected by XRD and also observed a regular wavy morphology in the 

lamellae region similar to the shape of parallel grooves. 
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a. RS powder b. PF powder 

Figure 5. SEM photo of fish scales. 

Source: Photos taken by authors 

 

Figure 6 indicates three different levels of structural characteristics in the fish scale 

lamellae, commencing from top to bottom: the bone, transition, and matrix layers (Feng 

et al 2020). Type 1 collagen represents the primary component of the matrix, including a 

small amount of hydroxyapatite, while the bone and transition layers are composed of 

randomly oriented collagen fibers (Feng et al 2020). Morphological analysis confirmed that 

both parrotfish and red snapper powder are made up of collagen and hydroxyapatite. 

Wastes are possibly applied as raw materials in the manufacture of carbon nanocomposite 

substances. 

 

 
  

Figure 6. Cross-section of parrotfish scale lamellae. 

Source: Photos taken by authors 

 

Conclusions. Studies on chemical composition and bonding, light absorption, crystallinity, 

as well as the morphology of parrotfish and red snapper scales provided significant 

recommendations for the application of aquatic biomass as raw materials for photothermal 

substances. The primary components, including collagen and hydroxyapatite, were the 

main sources for the manufacture of carbon nanocomposites. Furthermore, iron and 

calcium content tend to accelerate the pyrolytic process of biomass into carbon 
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nanocomposites. The presence of carboxyl groups in collagen instigated the photothermal 

process in a unique transition of π to π*. This technique is possibly optimized when fish 

scales are converted into one of the allotropes of carbon nanomaterials, including CNTs or 

CNDs. The wastes are potentially applied in seawater desalination technology. 
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