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Abstract 

This study synthesised bi-component Zirconium dioxide (ZrO2)/Silver (Ag) 

nanotubes through anodization and photoreduction methods. The synthesised 

nanotubes were characterised and adsorption tests were carried out to evaluate 

its performance in removing a heavy metal, lead (Pb(II)). ZrO2 nanotubes 

were synthesised by anodising zirconium foil in an electrolyte composed of 

glycerol, ammonium fluoride, formamide, and distilled water. The effect of 

anodising time and the annealing process on synthesised nanotubes' 

morphology was studied. Bi-component ZrO2/Ag nanotubes were prepared 

through photochemical reduction which silver precursor solution undergoes 

ultraviolet (UV) irradiation in the presence of the active reducing agent. 

Larger pore diameter and longer length of synthesised nanotubes were formed 

at the longer anodising time and the walls of nanotubes were smoother without 

annealing. The effect of the initial heavy metal concentration and contact time 

on the adsorption efficiency of synthesised nanotubes was evaluated using 

Pb(II) as the heavy metal ions. Overall, the percentage removal of Pb(II) 

increased from 10.31% to 20.31% with longer adsorption time and higher 

initial concentration of the Pb(II) ions.  
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1 Introduction 

Zirconium dioxide (ZrO2)-based nanomaterials are nanosized metal oxides applied in heavy metal 

removal. Due to their high heavy metal selectivity and high removal capacity make excellent adsorbents 
for heavy metals in wastewater [1–3]. It has adsorption affinities towards heavy metals such as lead 

(Pb(II)), zinc (Zn(II)), and cadmium (Cd(II)). In previous studies, large surface areas were observed 

from the synthesised metal oxides and were partially composed of homogeneous nanoparticles (NPs) 
with crystalline cores and amorphous cells [4]. Silver (Ag) is a noble metal synthesised in nano size 

through various synthesis methods. Ag NPs nowadays are applied in a wide range of applications such 

as medical devices, home disinfectants and water purification [5]. According to Sumesh et al. [6], Ag 
NPs exhibit high reactivity with the mercury (II) as the reduction potential of silver reduces with the 

decreasing particle size, although the reactivity of mercury with bulk silver is not high. 

ZrO2 nanotubes were synthesised through anodization. Anodization involves the mechanism of the 
electrolytic cell in which a metal substrate is designed as an anode. It is oxidised when a constant voltage 

is applied to the cell system [7–9]. A few parameters manipulate the anodization process: electrolyte 
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used, fluoride ion content in the electrolyte, voltage applied, duration of anodization, and surface 
modification such as annealing of synthesised nanotubes results in different components phases of 

zirconia nanotubes [10]. 

Several methods have been developed for silver doping on the surface of nanotubes, such as 
microwave-assisted chemical reduction method [11–13], photoreduction method [14–16], wet 

impregnation method [17], and in situ synthesis of Ag NPs ZrO2 nanotubes [18,19]. The photoreduction 

method is simple, and it increases the possibility for desired and controllable morphology to be 
produced [20]. Reducing agents such as electrons, radicals, and excited species are applied to synthesise 

nanomaterials. Reduction of metal salts can be easily achieved and controlled through optical irradiation. 

The synthesis of Ag NPs in the synthesised nanotubes to be doped with is done by photochemical 
reduction which metal precursor solution undergoes ultraviolet (UV) irradiation in the presence of an 

active reducing agent. The photoreduction method enables the formation of nanoparticles in a solid-

state at low temperatures. It also complies with the conclusion that desired and controllable morphology 
can be produced through the photoreduction method [20]. With the presence of polycarboxylic acid, 

spherical and rod-like nanoparticles can be obtained by controlling nanoparticles' size and shape [21]. 

From previous research, ZrO2 has been proven a promising nano adsorbent in removing heavy metal 
ions such as lead, chromium and arsenic ions. However, the potential of advanced metal ion adsorbents 

in the adsorption of heavy metal ions for water purification is exciting [22]. Decoration of metallic 

nanoparticles onto the metal oxides has been studied, and silver (Ag) is one of the most attractive noble 
metals for enhancing the capability of metal oxides in eliminating the contaminants in water. For 

instance, enhancement of the photocatalytic activity of titanium oxide nanotubes (TNTs) under visible 

light in dye photodegradation [23]. However, further study is essential to elucidate the significance of 
noble metals in enhancing the properties of ZrO2 for heavy metal removal. ZrO2 nanotubes were 

synthesised in this study through different anodising times and annealing temperatures, then decorating 

Ag NPs on ZrO2 nanotubes through the photoreduction method. SEM, EDS, and XRD characterised 
the synthesised bi-component ZrO2/Ag nanotubes. The heavy metal removal performance by 

synthesised nanotubes was evaluated using Pb (II) as heavy metal through an adsorption test.  

2 Methodology 

2.1 Synthesis of ZrO2 nanotubes 

A zirconium (Zr) foil in the dimension of 10 mm × 10 mm × 0.1 mm and a carbon rod of 20 mm × 2 

mm was applied as anode and cathode for the electrochemical process. Zr foil and carbon rod were pre-

treated through rinsing, sonicating in acetone, ethanol, and Deionized (DI) water, and dried in the air 
before use. 80 mL of electrolyte composed of glycerol and formamide (volume ratio 1:1) with 1.0 wt.% 

NH4F and 3.0 wt.% DI water was prepared from analytical grade chemicals. The anode and cathode 

were put in the prepared electrolyte, and two electrodes were kept away at 20 mm. This electrode gap 
ensures the formation of ZrO2 nanotubes arrays with better morphology, large dimension and uniform 

ZrO2 nanotubes [24]. 40V of potential was supplied by high-voltage direct-current potentiostat using a 

sweep rate of 0.1 V/s for 0.5 hours and 1 hour. Oxidation of Zr into oxide film bombarded with fluoride 
(F) ions provided by electrolyte was supplied with voltage to synthesise the growth of nanotubes. The 

ZrO2 nanotubes were prepared to decorate Ag nanoparticles through the photoreduction method. 

2.2 Decoration of Ag NPs onto ZrO2 nanotubes  

100 mL of 0.04 M AgNO3 was added into Zr foils with thin-film ZrO2 nanotubes and stirred well using 

a magnetic stirrer to achieve a ZrO2 nanotubes/Ag mixture. The mixture was then irradiated under a 

UVC lamp (OSRAM, Germany) operating at 18 W and 254 nm wavelength and stirred continually for 
24 hours. The product was then filtered and washed with DI water followed by a drying procedure at 

100 °C for 2 hours. The synthesised ZrO2/Ag nanotubes were then annealed at 450 °C for 3 hours.  

2.3 Characterisation of ZrO2 nanotubes 

The synthesised ZrO2 nanotubes before and after annealing and ZrO2/Ag nanotubes were characterised 

with SEM to observe the morphology. EDS was used to determine the components of hybrid 

nanomaterials to analyse the elemental composition and ensure the composition of contaminants if any 
existed. The ZrO2 nanotubes before and after annealing were also characterised by using EDS to 
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determine the effect of annealing and compared to ZrO2/Ag nanotubes. The crystalline phase of 
ZrO2/Ag nanotubes, ZrO2 nanotubes before and after annealing were determined by XRD operated with 

Cu Kα radiation at a tube current of 40 mA and voltage of 45 kV with a  scan rate of 0.02 °/s over 2θ 

range from 10° to 80°. 

2.4 Adsorption test 

Lead stock solution with (1000 mg/L) was self-prepared by dissolving 1000 mg of nitrate salts in 1 L 

of DI water. The solution was diluted to 200 mg/L and 600 mg/L for adsorption studies affected by 
initial concentration. The laboratory glassware used should be washed with 5 % v/v HNO3 and rinsed 

with DI water every time after use to maintain the cleanliness of the glassware. 10 mL of lead stock 

solution was put in polyethylene test tubes for experiment use. The pH of the lead solution was adjusted 
to 6 by using HNO3 or NaOH (0.1-0.01 mol/L concentration). Adsorption of metal ions from aqueous 

solutions is highly dependent on the pH of the solution, which affects the surface charge on the 

adsorbent and the degree of ionisation and speciation of the adsorbent. The finding by Chaouch et al. 
[25] indicates that Pb(II) removal is much lower at low pH could be explained by the rivalry between 

Pb(II) and hydrogen ions for active sites on the sorbent surface. Because the formation of soluble 

hydroxyl complexes limits the amount of adsorbed Pb(II) above pH = 6, and it is inferred that pH6 is 
the optimum value for the lead solution. 

Batch adsorption was carried out in an ultrasonic bath at 53 kHz, power 100% at room temperature 

(25 °C). One piece of ZrO2/Ag nanotubes foil was added into 10 mL of prepared lead solution (1000 
mg/L). The mixture was agitated at 0.5 hours, 1 hour, and 1.5 hours to observe the adsorption of Pb(II) 

ions onto synthesised ZrO2/Ag nanotubes. The samples were then centrifuged at 1600 rpm for 12 

minutes and filtered using filter paper (grade 41). The Pb(II) concentration change was determined by 
using ultraviolet-visible (UV-Vis) spectroscopy. The experiment was repeated three times, and the 

average was obtained.  
10 mg of ZrO2/Ag nanotubes were added into different prepared lead solution concentrations (200 

mg/L, 600 mg/L, and 1000 mg/L). Adsorption was carried out in an ultrasonic bath at 53 kHz, power 

100 % at room temperature (25 °C) for 1 hour. The samples were then centrifuged at 1600 rpm for 12 
minutes and filtered using filter paper (grade 41). The change in Pb(II) concentration was determined 

using UV-Vis analysis. The experiment was triplicate, and the average was obtained. 

3.1 Characterisation of synthesised ZrO2/Ag nanotubes 

Fig. 1(a), 1(b), and 1(c) show the surface morphology of ZrO2/Ag nanotubes of 0.5 hours anodization 

after annealing at a magnification of 30k SE(UL), 50k SE(UL) and 200k SE(UL) from a cross-sectional 

view. The nanotubes formed scattered in groups on the surface of the foil. Each group of nanotubes 
were self-arranged in a single layer with an average pore diameter of 19.8 nm. The average length of 

416 nm resulted from pore and tubular structure growth on the oxide layer formed on the foil surface 

during anodization [26].  
The dimensions of ZrO2/Ag nanotubes were measured. The pore diameter is considerably small, and 

the length is short, with high voltage of 40 V applied during the anodization. It could be due to the 

shortened anodization hour from 3 hours to 0.5 hours. Because of the strong flow of fluoride ions caused 
by the high anodising voltage, a shorter anodising hour may result in less porosification of the oxide 

layer, increasing the electric field on the layer. As a result, after the oxide layer has porosified, the 

growth of nanotubes may be slowed [27]. Fig. 1(c) shows some bubble-like particles on the walls of 
nanotubes from the cross-sectional view. It is caused by the volume expansion of nanotubes due to a 

high temperature of annealing (450 °C) as the dimensions of synthesised nanotubes are smaller to 

withstand with 450 °C of annealing temperature [3].  
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Fig. 1 Surface morphology of ZrO2/Ag nanotubes of 0.5-hour anodization after annealing at a 

magnification of (a) 30k SE(UL), (b) 50k SE(UL) and (c) 200k SE(UL) from a cross-sectional view. 

 
Fig. 2(a) and (2b) show the SEM image of non-annealed ZrO2/Ag nanotubes anodised for 1 hour 

under 50k and 30k SE(UL) magnification from the top view. The nanotubes are orientated 

systematically, and their pores have a consistent pattern and observable pore size. Fig. 2(c) shows that 
the nanotubes were grown perpendicularly to the foil surface in a highly oriented pattern.  

The non-annealed nanotubes anodised for 1 hour has an average length of 2.5 µm from top to bottom 

and an average pore diameter of 43.95 nm. The pore diameter is comparably larger than that of annealed 
0.5 hours anodization nanotubes. These findings have proven the effect of anodization time on the 

development of nanotubes under the same voltage [10]. The nanotubes are observed to be formed in 

larger pore diameter and longer length under 1 hour of anodization at 40 V. There is no deterioration of 
nanotubes observed from the SEM images.  

The SEM images of 1 hour anodization nanotubes after annealing are shown in Fig. 3(a) and 3(b) 

from cross-sectional view at 10k and 30k SE(UL) magnification. The nanotubes formed were ruptured 
and inorganized. The layers where nanotubes were formed are observed to deteriorate totally; the 

nanotubes are overlapped and clustered in irregular form. The dimensions of nanotubes were failed to 

be determined as the formation of nanotubes is not ideal, and the overlapping orientation decreases the 
accuracy of dimension measurement. The annealing process might cause clustered nanotubes with 

deteriorated tubular shape as bubble-like particles are found on the irregular nanotubes [27]. It can be 
concluded that the annealing temperature is too high for all the samples synthesised from Zr foil with 

0.01 mm during this study. 

The elemental composition of nanotubes was quantified, as shown in Fig. 4. From Fig. 4(a), 4(b) and 
4(c), it is shown that the elemental composition of three of the samples includes carbon, oxide, and 

zirconium ions. The weight percentage (wt%) of zirconium makes up the majority wt% of the 

synthesised nanotubes, which is >60 wt%, followed by oxide ion, which is >30% in all samples. 
However, there is a minor percentage of carbon ions in two samples, 0.5 hours and 1 hour anodization 

nanotubes after annealing. Less than 2% of carbon impurities are found in these two samples. These 

a b 

c 
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findings have proven the composition of ZrO2 nanotubes synthesised through anodization, where an 
oxide layer was formed and porosified for the growth of nanotubes  

 

   

 

Fig. 2 SEM images of 1 hour anodization samples before annealing under (a) 50k and (b) 30k SE(UL) 

magnification from the top view, (c) the nanotubes were grown perpendicularly to the foil surface in a 

highly oriented pattern. 

 

   

Fig. 3 SEM images of 1 hour anodization nanotubes after annealing from cross-sectional view at (a) 

10k and (b) 30k SE(UL) magnification. 

 

The carbon impurities percentage is higher, 13.38 wt%, in 1 hour anodization nanotubes before 
annealing as stated in Fig. 4(b). The presence of carbon might be originated from the Zr-C-O bonds, 

which are one of the carbonate species. Carbon impurities may have an impact on the electrical structure 

a b 

c 

a b 
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of ZrO2 nanotubes or improve the characteristics of amorphous materials [28]. There is also the presence 
of fluorine, 15.18 wt% in the sample. Because the samples had been in the container for more than three 

months, pollutants from the container or the air could have caused it. Furthermore, the fluorine could 

have come from the anodization electrolyte, which was made up of glycerol, ammonium fluoride, 
formamide, and distilled water. 

Silver was absent according to the EDS elemental spectrum and quantification results of three samples. 

One of the reasons for the absence of silver might be the trace amount of silver in the samples, which 
is too small to be quantified by EDS. Besides, the unknown pressure applied might affect the 

photoreduction of Ag nanoparticles in ZrO2 nanotubes. At the same time, UV light (λ = 360 nm) was 

being used as high pressure is required for the photoreduction of ZrO2 nanotubes and hence the adoption 
of Ag nanoparticles on the reduced surface. The illumination of UV light is vital for transforming the 

inner surface of ZrO2 nanotubes to be hydrophilic, which allows the solution to fill the tubes with the 

aid of high pressure for doping Ag nanoparticles on the surface with oxygen vacancies for the 
photoreduction process [29]. 

 

 

 

 

Fig. 4 EDS elemental spectrum and quantification results of (a) 0.5 hours before annealing, (b) 1 hour 
before annealing and (c) 1 hour after annealing. 
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3.2 Adsorption test results 

4.5 mL of Pb(II) stock solution at different concentrations was put in a cuvette and used for curve 
calibration to obtain the graph with R2 over 0.9. Light is emitted to pass through a sample at a specific 

wavelength in UV-Vis analysis, but not all the light will be transmitted through the sample but absorbed 

by it. Therefore, the transmission of light through the sample indicates the absorbance of the samples. 
The UV-Vis helps quantify the absorbance, and the results can be used to obtain the concentration of 

the related sample through graph calibration. After conducting the adsorption test at different variables, 

the curve obtained from UV-Vis with a specific wavelength was applied as a graph for final 
concentration determination. The final concentration of the adsorption test was determined by using 

UV-Vis, and the result was given in Absorbance (ABS). Then, the final concentration in ABS was used 

to determine its corresponding value in the unit of mg/L through the graph in Fig. 5. The removal 
percentage of Pb(II) ion was then calculated. The wavelength used in UV-Vis to determine the 

colourless Pb(II) ion concentration was 520 nm. The calibrated graph with corresponding Y-intercept 

and R2 is shown in Fig .5. 
 

 

Fig. 5 ABS versus concentration (mg/L) as indicator graph of final concentration. 

 

For the adsorption test with different contact times, 10 mL of Pb(II) stock solution of    1000 mg/L 

concentration and one foil of nanotubes were used. The mixture was then agitated in an ultrasonic bath 

at different contact times: 0.5 hours, 1 hour, and 1.5 hours with fixed pH of 6. The adsorption test was 
repeated for each contact time, and the average was obtained for analysis. Fig. 6 shows that the 

percentage removal of Pb(II) ion increases by time, 9.88%, 13.56%, and 13.91%. It is expected that the 

percentage removal will continue to increase with the increment of contact time. However, the Pb(II) 
ion removal in nanotubes will reach a saturation point that no more Pb(II) ions will be adsorbed. The 

final concentration of the adsorption test was initially obtained from UV-Vis in ABS. Then it was 

reverse calculated from the graph shown in Fig. 5 to get the corresponding final concentration.  
However, it is always relatively less reliable to determine the concentration of a colourless solution 

by using UV-Vis, even with a specific wavelength. This condition is evident as the determination of 

final concentration by using UV-Vis fluctuated drastically during the adsorption test. Aside from that, 
the slightly defective surface structure of the synthesised nanotubes due to annealing temperature may 

decrease adsorption capacity as the surface of nanotubes is vital as a site for adsorption of metal ions.  

For adsorption test with different initial concentrations, 200 mg/L, 600 mg/L, and 1000 mg/L and one 
foil of nanotubes were used for each set. The adsorption test was repeated for each different initial 

concentration, and the average was obtained for analysis. Fig. 7 shows that the percentage removal of 
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Pb(II) ion increases with the increase of initial concentration. The percentage removal of Pb(II) ion for 
200 mg/L, 600 mg/L, and 1000 mg/L are correspondingly 10.31%, 14.58%, and 20.31%. The trend of 

the percentage removal of Pb(II) ion is positive, and it is expected that the percentage removal will 

continue to rise but slow down until the saturation point of nanotubes with increment in initial 
concentration. However, the overall efficiency of ZrO2/Ag nanotubes in Pb(II) ion adsorption is 

comparatively low.  

 

 

Fig. 6 Effect of contact time on Pb(II) ion percentage removal. 

 
The unforeseen defects might significantly influence the results obtained from this adsorption test in 

the structure of nanotubes during the synthesis stage. This situation is evident as the ZrO2/Ag nanotubes 

applied were the batch of nanotubes synthesised at 0.5 hours anodization with annealing process, which 
had smaller pore diameters and shorter length than that of ZrO2 nanotubes synthesised in previous 

studies. The defective surface structure of the synthesised nanotubes might also contribute to the low 

adsorption efficiency as there was a bubble-like structure on the surface of the nanotubes, which led to 
irregular and rough surfaces that served as the adsorption site for heavy metal removal.  

 

 

Fig. 7 Effect of initial concentration on Pb (II) ion percentage removal. 
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4 Conclusion 

The ZrO2/Ag nanotubes being annealed posed slightly defective properties on the surface morphology. 

It was observed that nanotubes with a shorter anodising period (0.5 hours) had an average pore diameter 

of 19.8 nm and a length of 416 nm. 1 hour anodization nanotubes before annealing had a larger pore 
diameter and a longer length which were 43.95 nm and 2.5 µm, respectively. The nanotubes were 

arranged well-ordered, with no defects observed on the nanotube walls. The annealed 1 hour 

anodization nanotubes were in inorganized and overlapped orientation. The tubular shape of nanotubes 
was deteriorated and clustered with bubble-like particles on the wall. It was found that there was Zr 

(>60 wt%), C (<2 wt%), and O ions (>30 wt%) in all the samples. It has proven the composition of 

ZrO2 nanotubes synthesised in this study. Carbon served as an impurity in the nanotubes, but it was 
found lower than 2 wt%. Before annealing, carbon and fluorine impurities were found in 1 hour 

anodization nanotubes, 13.38 wt% and 15.18 wt%, respectively. Ag nanoparticles were unable to be 

detected in all the samples. Hence the synthesised nanotubes were pure ZrO2 nanotubes. The maximum 
percentage of heavy metal removed by annealed 0.5 hours anodization nanotubes was 13.91%, which 

increased as contact time increased. Furthermore, the proportion of heavy metal removed rose with the 

increase in starting concentration, reaching a maximum of 20.31%. Therefore, the synthesised 
nanotubes were applicable in heavy metal removal through adsorption. 
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