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1. Introduction

The development of the textile industry in Indonesia 
is experiencing rapid growth in line with the community’s 
increasing needs. In 2018, the development of the textile 
industry experienced an increase in exports by 6 %. This 
increase is expected to continue to grow and reach 13–
14 billion US$ in the following years. The number of textile 
companies also increased from 2,880 to 2,980, by 3.5 per-
cent (Indonesian Textile Association). But on the other 
hand, it turns out that this harms the environment, namely 
the increasing amount of textile waste that is difficult to de-
grade in water media. Therefore, there is an urgent need for 
a textile waste treatment process to overcome this problem 
and thus minimize environmental pollution. This is current-

ly conducted through several conventional techniques such 
as chlorination [1], ozonation [2], biodegradation [3], and ab-
sorption processes [4], which require high operational costs, 
thereby making it difficult for them to be implemented. The 
search for a more economic and environmental alternative 
led to the consideration of the photocatalytic technique as 
the solution for the current and future problems in textile 
waste treatment. 

One of the semiconductor materials often used in photo-
catalytic processes is titanium dioxide (TiO2) [5] due to its 
chemical stability, non-toxicity, pollution-free, photochemi-
cal corrosion resistance, and relatively low price. However, 
this material has certain limitations, which include the 
low optical response in visible light illumination and fast 
electron-hole pair recombination, which can reduce the 
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Ilmenite (FeTiO3) is a suitable mineral to 
produce titanium dioxide (TiO2) for photocat-
alyst applications. Therefore, this research was 
conducted to synthesize TiO2 material from 
titanium oxysulfate (TiOSO4) extracted from 
Indonesia local ilmenite mineral (FeTiO3) and to 
modify this material into TiO2 nanotubes through 
a hydrothermal process at 150 °C for 24 hours 
followed by a post-hydrothermal treatment with 
temperature variations of 80,100, 120, and 150 °C 
for 12 hours. The purpose was to investigate the 
effect of the post-hydrothermal variations on the 
crystal structure, morphology, and optical prop-
erties of the TiO2 nanotubes produced. It was dis-
covered from the scanning electron microscopy 
(SEM) observations that the TiO2 nanotube was 
successfully derived from the ilmenite precursor. 
Moreover, the X-Ray diffraction (XRD) analy-
sis of the nanotube crystal structure showed that 
post-hydrothermal treatment enhanced the crys-
tallinity of the anatase TiO2 phase even though 
the sodium titanate phase was observed to exist 
in the structure. The increase in the post-hydro-
thermal temperature from 80 to 150 °C was also 
discovered to have led to: 

1) a reduction in the unit cell volume from 
136.37 to 132.31 Å3 and a decrease in the lattice 
constant c from 9.519 to 9.426 Å; 

2) an increase in density from 7.783 to
8.081 gr/cm3 as well as in the crystallite size from 
19.185 to 25.745 nm; 

3) a decrease in the bandgap energy (Eg), 
from 3.33 to 3.02 eV. 

These characteristics further indicate the 
ability of the photocatalytic performance of the 
nanotubes to enhance the degradation efficien-
cy from 87.69 to 97.11 %. This means the TiO2 
nanotubes extracted from local FeTiO3 can pro-
vide the expected crystal structure and photocat-
alytic performance
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pollutant degradation rate [6]. Several techniques have been 
used to overcome these problems such as the doping [7] and 
modification of TiO2 morphology from nanoparticles to 
nanotubes [8, 9]. One-dimensional (1-D) nanostructures 
including nanotubes have been considered one of the ideal 
nanostructures for photocatalytic applications. 

TiO2 nanotubes can be formed through the basic hy-
drothermal procedure using TiO2 treated with an aqueous 
solution of 10 M NaOH for 20 h at 110 °C [10]. The basic 
hydrothermal procedure has been adopted in our previous 
research where TiO2 nanotubes were synthesized from the 
commercial precursor of P25 Degussa TiO2 nanoparti-
cles with the application of additional pre-annealing and 
post-hydrothermal treatments on the samples [11]. The vari-
ation of the pre-annealing and post-hydrothermal treatment 
temperatures was discovered to have significantly enhanced 
the nanocrystallinity of the anatase TiO2 phase in the nano-
tubes while the integrity of the tubular nanostructures was 
well-maintained.  

However, it was realized that the procurement of P25 
Degussa TiO2 requires quite tedious importing line proce-
dures, thereby leading to limited stock and expensive price. 
This means there is an urgent need to find an alternative 
TiO2 precursor from nearby local resources. Therefore, the 
ilmenite (FeTiO3) mineral from Bangka Island, Indonesia 
is considered to have great potential due to its TiO2 con-
tent with 30–65 % purity accompanied by other oxides 
compounds [12, 13]. Several processing steps are required 
to convert the ilmenite mineral into TiO2 and these can be 
achieved through the pyrometallurgical [14] and hydromet-
allurgical [15] extraction routes. In this extraction process, 
the hydrometallurgical route is often used to optimize the 
formation of TiO2 nanoparticles. The ilmenite extraction 
through the hydrometallurgy process for obtaining titanium 
dioxide precursor and its conversion into TiO2 nanotubes 
via hydrothermal and post-hydrothermal treatments are 
the main concerns in the current investigation. Therefore, 
studies in this work are selecting the best variables in the 
metallurgical extraction process with sulfate pathway, start-
ing with the decomposition process using sodium hydroxide, 
and washing with sulfuric acid at low concentrations to ob-
tain titanium oxosulphate (TiOSO4), which are subjected to 
hydrolysis process for the formation of TiO2 particles. Fur-
ther hydrothermal process by dissolving the resulting TiO2 
particles with NaOH at a low temperature of around 150 °C 
with a relatively long time of about 24 hours can change the 
TiO2 nanostructure from nanoparticles to nanotubes. The 
function of the post-hydrothermal process is to increase the 
crystallinity of TiO2 nanotubes and maintain their hollow 
structure integrity. 

2. Literature review and problem statement

The paper [16] presents the results of research about 
natural titanium dioxide nanotubes. Titanium dioxide nano-
tubes are based on ilmenite-leucoxene ores through a hydro-
thermal process. The process dissolves 0.8 g of ilmenite-leu-
coxene ores with 10 M NaOH, then puts it in an autoclave 
tightly closed and put in an oven at a temperature of 110 °C 
for 24 hours. It was concluded that the hydrothermal process 
resulted in the synthesis of TiO2 nanotubes having an outer 
diameter of 70–100 nm, a larger surface area of 230 m2/gr, 
and smaller bandgap energy of 2.4 eV, and the photocata-

lytic performance was no less good than that of commercial 
precursor nanotubes. In this study, the extraction process 
was not carried out, so there were still many impurities in 
titanium dioxide. The direct precursor of ilmenite-leucox-
ene ores was obtained by a hydrothermal method without 
any extraction process, and crystallinity calculations were 
not carried out. There are unresolved problems related to 
the extraction process and crystallinity that have not been 
considered. All this indicates that it is advisable to carry out 
an extraction process to obtain TiO2 nanoparticles, and a 
process that can get higher crystallinity is carried out.

The paper [9] presents the results of research about the 
synthesis of titanium dioxide nanotubes via a one-step dy-
namic hydrothermal process. Synthesis of titanium dioxide 
nanotubes using commercial TiO2 powder. The effects of 
NaOH concentration, reaction time, reaction temperature, 
stirring process, and washing on the morphology and the 
exchange ions of the nanotubes were investigated. It can be 
concluded that the dynamic hydrothermal process, stirring 
conditions affected the yields and structural uniformity of 
the nanotubes. The Na+ ions attached to the nanotubes are 
obliterated by HCl aqueous solution and deionized water 
treatments. Moreover, during the dynamic hydrothermal 
process, the nanotubes were obtained, which contradicts 
the assumption that titanate precursor sheets would only 
scroll after acid treatment. This study still uses commercial 
precursors, so it has limitations related to limited stock and 
high costs. The photocatalytic performance test has unre-
solved issues about precursor and crystallinity that have not 
been considered. All of this indicates that it is advisable to 
use natural precursors to be cheaper and easier to obtain, 
and a process that can get higher crystallinity is carried out. 

The paper [17] presents the results of research about 
Nanocrystaline Titanium Dioxide Nanotube (TDN) by 
Hydrothermal Method From Tulungagung Mineral Sand. 
Synthesis of titanium dioxide nanotubes using the Tulun-
gagung Mineral Sand precursor, which was carried out by 
hydrometallurgical extraction process with sulfate pathway 
at 120 °C. Then the filtrate was hydrolyzed at 200 °C to 
obtain TiO2 powder precipitate. TiO2 powder was dissolved 
with NaOH, then put into an autoclave, heated in an oven 
at 130 °C for 24 hours, and continued with the acid and 
water washing treatment process to obtain a TiO2 nanotube 
structure. It can be concluded that the results obtained are 
single-phase anatase TiO2 nanotubes with a crystallite size 
of 43.99 nm. In this study, the diffraction peaks from XRD 
still show low crystallinity, so it is possible to have high 
bandgap energy. There are unresolved issues related to low 
crystallinity and no photocatalytic performance test yet. All 
this indicates that it is advisable to carry out a treatment 
process to increase crystallinity. 

The paper [18] presents the results of research about the 
Effect of reaction time on the formation of TiO2 nanotubes 
prepared by the hydrothermal method. Synthesis of titanium 
dioxide nanotubes using a commercial precursor, namely 
titanium tetra isopropoxide (TTIP), which was carried out 
hydrothermally at 150 °C with a time variation of 10 hours 
and 16 hours, followed by washing with 0.1 M HCl acid and 
followed by an annealing process to obtain TiO2 nanotube 
powder. It can be concluded that the anatase and rutile TiO2 
phases were obtained from the increased hydrothermal re-
action time. The phase change occurs due to the increase in 
hydrothermal reaction time. TiO2 nanotubes have a diame-
ter and length of about 11.23 nm and 260 nm and have band-
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gap energy at hydrothermal reaction times of 10 hours and 
16 hours of about 3.6 eV and 3.5 eV. There are unresolved 
issues regarding precursors, crystallinity has not been taken 
into account, and photocatalytic performance tests have not 
yet been carried out. This indicates that it is advisable to use 
natural precursors and carry out a process that can obtain 
higher crystallinity, thereby lowering the bandgap energy.

The paper [19] presents the results of research about the 
synthesis, characterization and photocatalytic activity of 
TiO2 nanostructures: Nanotubes, nanofibers, nanowires and 
nanoparticles. Synthesis of TiO2 nanotubes, nanofibers, and 
nanowires was performed by the hydrothermal treatment of 
TiO2 nanoparticles with different NaOH concentrations (5, 
10, and 12 N) at 120, 140, and 180 °C. It can be concluded that 
the bandgap energies of nanotubes, nanofibers, nanowires, 
nanoparticles, and Degussa P-25 are 3.18, 3.00, 3.10, 3.09, 
and 3.21 eV because the bandgap energy shows the central 
performance in the ability to produce OH- groups thereby 
increasing their photocatalytic activity. This research, es-
pecially TiO2 nanotubes, still uses commercial precursors, 
so availability is limited, and costs are expensive. There are 
unresolved issues regarding precursors and crystallinity. All 
this indicates that it is advisable to use natural precursors and 
carry out a treatment process to obtain higher crystallinity.

The paper [20] presents the results of research about the 
synthesis of stable TiO2 nanotubes: effect of hydrothermal 
treatment, acid washing and annealing temperature. TiO2 
nanotubes were synthesized using a commercial precursor 
P25 Degussa by dissolving it with 10 M NaOH. The solu-
tion was put into an autoclave and then heated in an oven at 
110 °C for 72 hours. The resulting product was washed with 
0.1 M hydrochloric acid and water until the pH was neutral. 
The samples were dried at 80 °C for 24 hours, followed by 
an annealing process at 400, 600, and 800 °C for 2 hours. It 
can be concluded that the effect of hydrothermal treatment 
and acid washing is significant to form the structure of 
TiO2 nanotubes. Hydrothermal treatment can modify TiO2 
nanoparticles from the anatase phase to the monoclinic 
phase, a characteristic of TiO2 nanosheet structure. The acid 
washing process forms nanotubes with high purity because 
Na+ ions are exchanged from the titanate structure into HCl 
solution. At 400 °C, annealing temperature can maintain 
a stable tube morphology. In comparison, annealing above 
600 °C can change the tube morphology structure to become 
irregular. It can change the crystallinity from anatase to ru-
tile phase, causing damage to the nanotube structure. There 
are unresolved issues regarding commercial precursors that 
need to be replaced with natural precursors, crystallinity 
can still be improved, and photocatalytic performance tests 
have not yet been carried out. All this indicates that it is 
advisable to use natural precursors and carry out a process 
that can obtain higher crystallinity to improve photocata-
lytic performance.

The paper [21] presents the results of research about 
the synthesis and Characterization of Single-Layer TiO2 
Nanotubes. Synthesis of TiO2 nanotubes using the Degussa 
P25 anatase nanopowder precursor. Synthesis of nanotubes 
started with 0.5 g TiO2 was hydrothermally treated with 
10 M NaOH aqueous solution and 20 ml of ethanol in a 
50 ml stainless steel Teflon-lined autoclave. The mixture 
was heated in an oven at 180 °C for 24 h. The product was 
washed with acid and water to obtain a neutral pH, then 
dried at 80 °C for 4 h, and then calcined at 250 °C for 6 h. 
It can be concluded that TiO2 nanotubes (TNTs) have a 

single uniform layer with an open-ended crystal structure 
and a uniform tubular shape. TNTs have lengths from 400 to 
700 nm and a thickness of 1.07 nm with uniform tubes. TNT 
has a bandgap energy of 3.0 eV. The ethanol solvent causes a 
smaller bandgap energy value. This research is still using a 
commercial precursor, namely P25 Degussa. It is necessary 
to find an alternative substitute for this precursor due to 
limited availability and is expensive. There are unresolved 
issues regarding precursors, crystallinity has not been taken 
into account, and photocatalytic performance tests have not 
yet been carried out. All this indicates that it is advisable 
to use natural precursors and carry out a process that can 
obtain higher crystallinity.

All of this indicates that it is advisable to conduct re-
search using natural precursors from local Indonesian ilmen-
ite minerals to obtain TiO2 particles and their subsequent 
conversion into nanotube structures and nanotubes to have 
high crystallinity, low bandgap energy, and well-maintained 
hollow structures, the treatment process is carried out. 
Post-hydrothermal. Based on these references, the authors 
decided to form TiO2 nanotubes using natural precursors 
and carry out a post-hydrothermal treatment process at dif-
ferent temperatures on the synthesized TiO2 nanotubes to 
increase their crystallinity, decrease their bandgap energy 
values, and obtain the expected photocatalytic performance.

3. The aim and objectives of the study

The aim of the study is to obtain TiO2 nanotubes from 
ilmenite mineral precursor, which can function as a suitable 
photocatalytic material for liquid pollutant degradation. 

To achieve the aim, the following objectives are set-up:
– to investigate the effect of post-hydrothermal treat-

ment with temperature variation of 80, 100, 120 and 150 °C 
for 12 hours on the crystallinity, morphology and bandgap 
energies of the synthesized TiO2 nanotubes;

– to correlate the characteristics and properties of nano-
tubes and their photocatalytic activity performance.

4. Materials and methods

The raw material used in this research was local pre-
cursor FeTiO3 extracted from Bangka Island, Indonesia. 
Several other additional materials used include sodium di-
oxide (NaOH) (Merck®), sulfuric acid (H2SO4) (Merck®), 
hydrochloric acid (HCl) (Merck®), and aquadest. 

The first stage was crushing the ilmenite with a disk mill 
to a size of 100 mesh and then decomposing it with 30 ml of 
10 M NaOH solution in a Teflon-coated autoclave reactor 
and putting in an oven at 150 °C for 3 hours. The product 
decomposition is carried out by the sulfate pathway leaching 
process with 9 M sulfuric acid (H2SO4) and the stirring 
process at 300 rpm at 90 °C for 3 hours to produce a solution 
of TiOSO4.

The second step was the hydrolysis process where it was 
dissolved in water at an H2O/TiOSO4 volume ratio (v/v) 
of 4:1. This mixture solution was further stirred at a speed of 
300 rpm for 2 hours at 90 °C, and later treated under a con-
densation process for 12 hours at room temperature without 
stirring in order to obtain white precipitates containing TiO2 
nanoparticles. After that, TiO2 nanoparticles were analyzed 
using X-Ray diffraction (XRD) (Shimadzu XRD-7000) to 
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determine the structural properties of TiO2 nanoparticles, 
scanning electron microscopy (SEM) (JEOL-JSM 6390A) 
to determine the morphology of TiO2 nanoparticles.

The third step was the modification of nanoparticles into 
TiO2 nanotubes through the hydrothermal method [10]. The 
process was started by dissolving 1 gram of TiO2 nanoparticle 
product dissolved into 30 ml of 10 M NaOH solution. The solu-
tion was put into a Teflon-coated autoclave and tightly closed 
and placed in an oven at 150 °C for 24 hours. The product was 
washed with 0.1 M HCl solution and washed again with dis-
tilled water until the pH value became neutral. Subsequently, 
annealing was carried out at a temperature of 150 °C for 6 hours 
followed by post-hydrothermal treatment at a temperature 
variation of 80, 100, 120, and 150 °C for 12 hours. The resulting 
TiO2 nanotubes were analyzed using X-Ray diffraction (XRD) 
(Shimadzu XRD-7000) to determine the structural properties 
of TiO2 nanotubes. The crystallite sizes of TiO2 nanotubes 
were estimated using Scherrer’s equation [22].  The crystal 
structure analysis was conducted with lattice parameters, unit 
cell volume, and density using General Structure Analysis 
System (GSAS) software while crystal model simulation was 
conducted through Vesta software. Scanning electron micros-
copy (SEM) (JEOL-JSM 6390 A) was performed to determine 
the morphology of TiO2 nanotubes while the optical properties 
were analyzed using a UV-Vis spectrophotometer (UV-1601, 
Shimadzu). Furthermore, the optical bandgap energy (Eg) was 
estimated using Tauc’s procedure [23]. 

The last step was photocatalytic testing of TiO2 nanotubes 
by evaluating the percentage of degradation of Methylene 
Blue (MB). This means 0.25 gram TiO2 nanotube catalyst was 
dispersed in 150 ml of MB solution at 5 ppm concentration, 
stirred with a magnetic stirrer, and placed under a 70 Watt 
UV radiation lamp for 2.5 hours to measure the photocatalytic 
activity. The absorption spectrum of the MB solution was 
recorded every 30 minutes of irradiation after which the photo-
catalytic degradation was calculated using the efficiency deg-
radation equation [24]. The MB concentration was measured 
using a UV-Vis spectrophotometer (UV-1601, Shimadzu). 
While the reaction rate constants for photocatalytic reaction 
in the liquid phase were determined using the reaction kinetics 
in the Langmuir-Hinshelwood model [25].

5. Results of TiO2 nanotubes derived from ilmenite 
extraction

5. 1. Effect of post-hydrothermal temperature
5. 1. 1. Morphology of nanostructures
Fig. 1, a, b show the SEM images of TiO2 material after 

the hydrolysis process of TiOSO4 solution as well as those 
related to TiO2 nanotubes after the hydrothermal process 
while Fig. 2 depicts the nanotubes after post-hydrothermal 
treatment at 80, 100, 120, and 150 °C for 12 hours.

It was discovered that TiO2 material produced from the 
hydrolysis process of TiOSO4 had an observable nanoparti-
cle structure in the form of small balls piled up such grapes 
as indicated in Fig. 1, a. Meanwhile, TiO2 changed from a 
spherical shape to an elongated shape as observed in the 
long tube threads piled on top of each other in the form of 
dried nanotubes after the hydrothermal process as present-
ed in Fig. 1, b. Moreover, the nanotube structure appears 
shorter when treated with the post-hydrothermal process at 
80 °C as indicated in Fig. 2, a and became invisible when the 
temperature was increased to 100 °C as shown in Fig. 2, b 

but maintained looked like long tube threads stacked on 
top of each other such spider webs at 120 °C as presented 
in Fig. 2, c. However, the nanotubes appeared short again at 
150 °C as indicated in Fig. 2, d. Interestingly, it is possible to 
maintain the t morphology of TiO2 nanotubes in an elongat-
ed or shorter form after the post-hydrothermal processing.  

SEM figures of TiO2 nanotubes were further measured to 
determine the diameter and length. The data were obtained 
repeatedly up to N=70 using ImageJ software after which the 
diameter and tube length distribution was analyzed using 
Origin software. Moreover, fitting analysis was used to pro-
vide the R-Square value with the condition that the closeness 
of the value to 1 indicates the diameter and length of the 
nanotubes are statistically uniform. The results showed that 
the best R-square values for the samples of TiO2 (hydrolyzed), 
PoHT 100, and PoHT 150 were 0.975, 0.997, and 0.974, re-
spectively as indicated in Table 1, and this means the samples 
had a uniform diameter. Meanwhile, the results of the diam-
eter distribution in each sample are also presented in Fig. 3.

Additional important information is provided in Fig. 4 to 
show the R-square value of tube lengths distribution for the 
hydrothermal and post-hydrothermal PoHT 80, PoHT 120, 
and PoHT 150 samples. The best results were recorded for 
hydrothermal product and PoHT 150 samples with 0.975 
and 0.909, respectively, as shown in Table 1 and this con-
firms the uniformity of the tube length.

Table 1

Value of R-Square Diameter and Length of TiO2 samples

Sample
R-Square Val-
ue Diameter

R-Square Val-
ue Length

TiO2 particles  
after hydrolysis process 

0.975 –

TiO2 nanotubes  
after hydrothermal process

0.867 0.975

PoHT 80 0.896 0.887

PoHT 100 0.997 –

PoHT 120 0.815 0.867

PoHT 150 0.974 0.909

Fig. 1. Scanning electron microscopy (SEM) images of:  
a – TiO2 particles after hydrolysis process of TiOSO4 solution; 

b – TiO2 nanotubes after the hydrothermal process

a

b
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Fig.	2.	Scanning	electron	microscopy	figures	of	TiO2	nanotubes	after	post-hydrothermal	treatment	at:		
a –	80;	b –	100;	c –	120;	d –	150	°C

a b c d

Fig.	3.	The	results	of	the	diameter	distribution	of	samples: a –	TiO2	particles	after	hydrolysis	process;	b –	TiO2	nanotubes	after	
the	hydrothermal	process,	and	TiO2	nanotubes	after	post-hydrothermal	treatment	at: c –	80;	d –	100;	e –	120;	f –	150	°C

a b

c d

e f
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The other quantitative measurement of the average 
diameter and length of nanotubes is presented in Table 2. 
It was discovered that the average diameter of the initial 
material, the hydrolyzed spherical TiO2, was found to be 
30.73±0.44 nm but the shape was converted into a pipe-like 
form by the hydrothermal treatment with an average length 
of 118.83±1.71 nm and a smaller diameter of 10.17±0.14 nm. 
Meanwhile, the post-hydrothermal treatment at 80 °C en-
larged the diameter to 12.43±0.17 nm and decreased the 
tube length to 86.38±1.26 nm while an increase in the 
temperature to 100 °C had an adverse effect on the morphol-
ogy by returning to the original nanoparticle shape with a 
diameter of 28.73±0.44 nm. A further increase in the tem-

perature to 120 and 150 °C returned the morphology back 
to the nanotubes and the integrity of the hollow shape was 
well-maintained. 

The composition of the constituent elements of TiO2 nano-
tubes after post-hydrothermal was analyzed by EDX (Fig. 5). 
There are four elements found in TiO2 nanotubes, namely Ti, 
O, Na and Fe with compositions of 74.5, 22.7, 2.6 and 0.1 at %, 
respectively. This shows that the TiO2 nanotube sample from 
the ilmenite precursor still contains Fe as an element that 
provides indirect doping in the TiO2 nanotube. This is also 
reinforced by the results of the EDX mapping that there are 
4 elements, namely Ti, O, Na and Fe elements with mapping 
colors brown, blue, purple and red (Fig. 6).

Fig.	4.	The	length	distribution	of	the	samples:	a –	TiO2	nanotubes	after	the	hydrothermal	process	and	TiO2	nanotubes	after	
post-hydrothermal	treatment	at:	b –	80;	c –	120;	d –	150	°C

a b

c d

Table	2

Diameter	and	length	of	TiO2	nanotubes

Sample Diameter (nm) Length (nm) Morphology

TiO2 particles after hydrolysis process 30.730.44 – Nanoparticles

TiO2 nanotubes after the hydrothermal process 10.170.14 118.831.71 Nanotubes

PoHT 80 12.430.17 86.381.26 Nanotubes

PoHT 100 28.230.40 – Nanoparticles

PoHT 120 12.740.22 118.681.61 Nanotubes

PoHT 150 11.380.16 78.281.14 Nanotubes
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5. 1. 2. Crystal Structure
The XRD pattern of the hydrolyzed TiO2 sample 

presented in Fig. 7, a indicated only one small diffrac-
tion peak at 2θ of 48.0°. This peak belonged to the (200) 
crystal plane of the anatase TiO2 phase as confirmed with 
COD (Crystallography Open Database) no 7206075 [26]. 
This means the TiOSO4 precursor, which is the product 
of ilmenite extraction, was already successfully converted 
into TiO2 even though its crystallinity was rather low 
and the XRD pattern of the hydrolyzed TiO2 sample also 
contains a minor phase of Fe2O3, which is indicated by a 
diffraction peak at 2θ from 68.6°. It means that there is 
still Fe2O3 impurity. In addition, the hydrothermal pro-
cess conducted with NaOH facilitated the modification 
of the structure into nanotube formation. The presence 
of the sodium titanate phase was also indicated by three 
diffraction peaks located at 2θ of 27.9, 36.0, and 53.5° as 

presented in Fig. 7, b and these are associated with the 
(003), (201), and (151) crystal lattice planes as confirmed 
with COD no 2011660 [43]. Meanwhile, the existence of 
the anatase TiO2 phase was observed to have only one 
diffraction peak at 2θ of 25.3°, which belongs to the (101) 
crystal plane while the previous (200) vanished and there 
was also a minor Fe2O3 phase, which showed a diffraction 
peak at 2θ of 68.6°.

The formation of the sodium titanate phase in the 
nanotubes occurs in the acid washing treatment process, 
which will break the Ti-O-Ti bond [27]. The process was 
initiated with the breaking of the Ti-O-Ti bond in the 
TiO2 anatase phase to construct a new structure contain-
ing Ti-O-Na and Ti-OH bonds once the sodium titanate 
phase was formed with the exchange of Na+ with H+ ions 
observed to have occurred during the washing process 

with HCl. This ion exchange provided surface 
tension variations that caused the titanate layer 
to peel off, thereby forming unstable nanosheets, 
which eventually rolled up to produce nanotube 
structures [28].

Fig. 7, c–f show the XRD pattern for nano-
tube samples post-hydrothermally treated at dif-
ferent temperatures of 80, 100, 120, and 150 °C, 
and the results showed that the anatase TiO2 
phase became more pronounced as the tempera-
ture increased from 80 to 150 °C. This was clear-
ly indicated with the (101) crystal lattice plane, 
which was more enhanced intensity at 2θ by 25.3° 
as well as the appearance of new additional peaks 
of anatase at 2θ by 37.8, 48.0, 55.1, and 62.7° 
associated with (112), (200), (211), and (204) 
crystal lattice planes. The intensities were also 
increased as the post-hydrothermal temperature 
increased and this was accompanied by the dis-
appearance of sodium titanate (003) and (201) 
diffraction peaks at 2θ of 27.9 and 36.0 °C even 
though the peak at 2θ, which was 53.5°, belonged 
to sodium titanate (151) plane remained upon 
post-hydrothermal treatment up to 150 °C. The 
results of the XRD pattern for post-hydrother-
mal nanotube samples followed by the minor 
phase are Fe2O3. This means that the presence 
of a minor phase such as Fe2O3 provides indirect 
doping on the TiO2 nanotubes. Table 3 provides 
the data extracted from the diffraction peaks of 

the post-hydrothermally treated samples providing the 
FWHM value and the estimated crystallite size by using 
Scherrer’s equation. The data shows that the increase in 
post-hydrothermal temperature from 80 to 150 °C en-
hanced the crystallite size of the TiO2 anatase phase from 
19.19 to 25.75 nm.

Further crystal structure analysis was conducted on 
the XRD data using the Rietveld refinement method with 
GSAS software. The procedure involved inputting raw 
data in RAW files, crystallographic background data in 
cif files, and parameters in prm files. 

The Powplot results from the GSAS software were 
indicated by the fit (fitting) of the X-ray diffractogram 
intensity between the red dotted line, which shows the 
observation data, the green line, which represents the cal-
culated data, and the pink line, which shows the difference 
between the two. It was discovered from the two red dotted 

Fig.	5.	Energy	dispersive	X-ray	(EDX)	analysis	of	TiO2	

nanotube	samples	after	post-hydrothermal	treatment

Fig.	6.	Energy	dispersive	X-ray	(EDX)	mapping	of	TiO2	nanotube	samples	
after	post-hydrothermal	treatment:	a – Ti;	b – O;	c – Na;	d –	Fe

a b

c d
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lines and the green line that the data coin-
cide as indicated in Fig. 8. This means the 
XRD data are in accordance with the crys-
tallographic data (COD) of TiO2 anatase 
considering the fact that the observation 
and calculation data match each other.

The refinement analysis was conduct-
ed based on the value of goodness of fit 
(GOF), which shows the conformity be-
tween the observed and calculated data. 
The best GOF value parameter should be 
close to 1.9 [29] and those recorded for all 
nanotube samples were found to be lesser 
than 1.9, thereby indicating they are very 
close to the ideal target. This means the 
observed and standard crystallographic 
databases are a very good match and this 
confirmed the fitting as indicated in Ta-
ble 4. The other purification parameters 
such as residue profile (Rp) and weighted 
residue profile (wRp) were also used to 
determine the quality of the refinement 
as indicated by their values, which are 
close to 10 % as presented in Table 4. This 
also confirms that the calculated and ob-
served data are close to the ideal.

Fig.	7.	X-Ray	diffraction	(XRD)	pattern	on	samples:		
a –	TiO2	particles	after	hydrolysis	process;	b –	TiO2	nanotubes	after	the	

hydrothermal	process	and	TiO2	nanotubes	after	post-hydrothermal	treatment	at:		
c –	80;	d –	100;	e –	120;	f –	150	°C

anatase 

Fig.	8. The Rietveld	refinement	results	for	the	XRD	pattern	of	post-hydrothermally-treated	TiO2	nanotubes	at:			
a –	80;	b –	100;	c –	120;	d –	150	°C

a b

c d
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The quality of a good refinement repair is determined 
by the slope value of the standard probability plot curve. It 
was discovered that the value for each sample was 1.03, 1.10, 

1.05, and 1.14 and these are 
almost close to 1.0 while the 
intercepts of these values were 
recorded to be 0.08, 0.10, 0.09, 
and 0.10 of the curve figures, 
respectively. This led to the 
formation of linear straight 
lines as indicated in Fig. 9, 
thereby proving that the qual-
ity of the refinement fittings is 
close to ideal. This means the 
refinement was successfully 
conducted and the ideal value 
was obtained.

The fitting results of the 
post-hydrothermally-treated 
TiO2 nanotube samples were 
further refined to determine 
the lattice parameters, unit cell 
volume, and density using the 
GSAS software (Table 5). The 
reference used for the analysis 

includes the crystallographic data of TiO2 anatase with lattice 
parameters a=b=3.785 Å, c=9.519 Å, c/a=2.515 Å and unit cell 
volume V=136.38 Å3 as stated by COD 7206075 [26].

Fig.	9.	Normal	probability	plot	curve	for	Rietveld	refinement	on	the	post-hydrothermally-treated	TiO2	nanotubes	at:		
a –	80;	b –	100;	c –	120;	d –	150	°C

a b

c d

Table	3

The	estimated	crystallite	size	of	post-hydrothermally-treated	TiO2	nanotubes

Sample hkl 2 Theta (°) FWHM L (nm) L Average (nm)

PoHT 80

101 25.3 0.2676 30.10

19.19
112 37.8 0.4684 17.7

200 48.0 0.6022 14.28

211 55.1 0.6022 14.63

PoHT 100

101 25.3 0.4349 18.52

22.45
112 37.8 0.2676 31.0

200 48.0 0.4015 21.41

211 55.1 0.4684 18.83

PoHT 120

110 25.3 0.2342 34.38

22.55
101 37.8 0.2676 31.0

200 48.0 0.5353 16.0

211 55.1 1.0169 8.71

PoHT 150

101 25.3 0.3346 24.05

25.75
112 37.8 0.3346 24.82

200 48.0 0.2676 32.15

211 55.1 0.4015 21.95
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Table	4

The	Rietveld	refinement	results	of	post-
hydrothermally-treated	TiO2	nanotubes

Sample
Goodness 
of fit (χ2)

Residual pro-
file (Rp) %

Weighted residual 
profile (wRp) %

PoHT 
80

1.333 11.91 16.32

PoHT 
100

1.742 14.02 20.33

PoHT 
120

1.394 12.89 17.76

PoHT 
150

1.962 14.89 21.39

Table	5

Lattice	parameters	obtained	from	the	XRD	data	
refinement	of	the	post-hydrothermally-treated	

TiO2	nanotubes

Sample a (Å) b (Å) c (Å) c/a (Å) V (Å3)
ρ  

(gr/cm3)

PoHT 
80

3.785 3.785 9.519 2.514 136.37 7.783

PoHT 
100

3.785 3.785 9.515 2.513 136.29 7.787

PoHT 
120

3.784 3.784 9.514 2.514 136.25 7.790

PoHT 
150

3.746 3.746 9.426 2.516 132.31 8.081

The results obtained from the refinement 
showed that the increase 
in the post-hydrothermal 
temperature from 80 to 
150 °C led to a reduction 
in the lattice constant c 
from 9.519 to 9.426 Å and 
a subsequent reduction in 
the unit cell volume from 
136.37 to 132.31. There-
fore, this changed the loca-
tion and distance between 
the atoms to approach each 
other and caused the atom-
ic density to change from 
7.783 to 8.081 gr/cm3.

5. 1. 3. Optical Prop-
erties 

Fig. 10 shows the UV-
Vis spectra of the TiO2 
nanotube samples and the 
increase in the post-hy-
drothermal temperature 
from 80 to 150 °C was ob-
served to have caused the 
nanotubes to absorb more 
photon energy as indicat-
ed by the red-shift of the 
absorption edge from 399 
to 487 nm. It is important 
to note that these absorp-
tion edge data were further processed to obtain the value 
of bandgap energy (Eg) of the samples.

Fig. 11, a–d show the Tauc’s plot of post-hydrothermal-
ly-treated samples with the (αhv)2 placed on the y-axis while 
photon energy (hv) is on the x-axis. Moreover, the Eg value 
produced by extrapolating the linear part of the curve to 
the x-axis was 3.33, 3.25, 3.11, and 3.02 for the samples at 
80, 100, 120, and 150 °C, respectively. The decrease in the 
bandgap energy value was observed to be due to the growth 
of TiO2 nano-crystallite from 19.19 to 25.75 nm as indicated 
by the XRD analysis. 

The same phenomena have been discovered in the previ-
ous investigation conducted on post-hydrothermally-treated 

Fig.	10.	The absorbance	spectra	of	post-hydrothermally-treated	TiO2	
nanotubes	at:	a –	80;	b –	100;	c –	120;	d –	150	°C

Fig.	11.	The	bandgap	energy	of	post-hydrothermally-treated	TiO2	nanotubes	at:		
a –	80;	b –	100;	c –	120;	d –	150	°C

a b

c d
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TiO2 nanotubes derived from the commercial precursor P25 
Degussa [28]. Moreover, it is well-known that TiO2, which 
is one of the semiconductor nanostructures in the nanometer 
range, shows a change in the bandgap energy value, which is 
significantly affected by the crystallite sizes. This is observed 
from the fact that a bigger crystallite has a lower bandgap as 
indicated in the findings of the previous research on the con-
ventionally-annealed and post-hydrothermally-treated TiO2 
nanoparticles derived from the sol-gel process [30]. It is also 
interesting to note that the bandgap energies of the samples 
treated post-hydrothermally at 80 and 100 °C in the present 
research were found to be closer to those associated with 
the anatase bulk values of TiO2, which was 3.20 eV while 
those treated at 120 and 150 °C produced smaller values of 
3.11 and 3.02 eV. The latter results can be explained by the 
findings of the XRD analysis that the sodium titanate minor 
phase was also present in the nanotubes in addition to the 
expected anatase phase. The study [31] showed that sodium 
titanate has an indirect band gap of 2.99 eV and this means 
its presence in the TiO2 nanotubes has a high possibility of 
narrowing the bandgap space. Furthermore, another possi-
bility was that the iron ions from the FeTiO3 precursor also 
contributed to the decrease in the bandgap energy due to the 
presence of Fe ions in TiO2. It is believed that the interaction 
of the 3d orbitals of Ti and the d orbitals of Fe metal has 
the ability to create an intra-band gap state, which causes a 
decrease in the bandgap energy [32]. It is also important to 
note that the radius of Fe3+, 0.79 Å, which is similar to Ti4+, 
0.75Å, allowed the easy incorporation of Fe3+ into the TiO2 
crystal lattice [33]. Meanwhile, the Fe ion substituted has 
the ability to inhibit the recombination of electrons from the 
conduction band to the valence band, thereby increasing the 
photocatalytic activity.

The results of the UV-Vis spectroscopy and estimated 
bandgap energies calculation were further used to analyze 
the photocatalytic performance of organic pollutant degra-
dation of the nanotubes as described in the following section.

5. 2. Results of Photocatalytic Activity of TiO2 Nano-
tube

5. 2. 1. Degradation efficiency
The photocatalytic performance of the post-hydrother-

mally-treated nanotubes was analyzed by comparing the MB 
concentration after UV irradiation for 150 minutes (Ct) with 
the initial value before irradiation (Co). The results of the 
UV-irradiated MB degradation test showed a color change, 
which was then analyzed with a UV-Vis spectrometer. These 
results were calculated to obtain the value of photocatalytic 
activity by comparing the final concentration with the initial 
concentration of MB, a kinetic reaction model to show the rate 
of degradation, and the efficiency of degradation to show how 
significant the percentage of MB degradation was. All these 
values can be shown in Table 6. The results are also presented 
in graphical form. The graph can be seen in Fig. 12, a–c. The 
results presented in Fig. 12, a showed that all the nanotube 
samples were able to degrade the MB concentration upon UV 
irradiation. Moreover, the Ct/Co value was observed to de-
crease from 0.12 to 0.03 min-1 for nanotube samples post-hy-
drothermally treated from 80 to 150 °C. 

It is also important to note that the final MB concentra-
tions had a similar trend with the Eg values where the higher 
temperature was discovered to have led to lower Eg values for 
the samples as indicated by UV-Vis spectroscopy analysis. 
These lower Eg values allowed the easy facilitation of the 

electron excitation to the conduction band, thereby leading 
to an enhanced photocatalytic process by the nanotubes. 

The quantitative analysis was conducted using the Lang-
muir-Hinshelwood model to provide an overview of the pho-
tocatalytic degradation rate of MB in TiO2 nanotubes. The 
initial MB photocatalytic degradation was caused by the 
comparatively first-order kinetics-controlled mass transfer 
due to low target pollutant concentrations as demonstrated 
by the linear plot of ln (Ct)/Co) versus photocatalytic reac-
tion time (t) in Fig. 12, b. The graph also showed that the 
estimated k value of the post-hydrothermally-treated TiO2 

nanotubes at 150 °C was 0.03307 min-1, which is faster than 
0.01816 min-1 recorded for 80 °C. 

Moreover, the results of the photocatalytic degradation 
efficiency (η) calculated for all the nanotube samples present-
ed in Fig. 12, c showed that an increase in post-hydrothermal 
temperature from 80 to 150 °C was able to enhance the degra-
dation efficiency significantly from 87.69 to 97.11 %. It is im-
portant to note that all the data from the analysis conducted 
in Fig. 12, a–c are summarized in Table 6.

Fig.	12.	The	results	of	MB	degradation	of	post-
hydrothermal-treated	TiO2	nanotube	samples:		

a –	photocatalytic	activity;	b –	plot	of	ln	(Ct)/Co)	versus	
photocatalytic	reaction	time	(t);	c –	degradation	efficiency

a

b

c
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Table	6

The	summary	of	the	photocatalytic	activity,	reaction	kinetic	
model,	and	degradation	efficiency	on	post-hydrothermally-

treated	TiO2	nanotubes

Sample Ct/Co (min-1)
ln (Ct)/Co) 

(min-1)
Degradation effi-

ciency (%)

PoHT 80 0.12 0.01816 87.69

PoHT 100 0.09 0.02366 90.54

PoHT 120 0.05 0.02643 93.42

PoHT 150 0.03 0.03307 97.11

6. Discussion of experimental results of synthesizing 
titanium dioxide nanotube derived from ilmenite mineral

In this work, the initial step carried out was converting 
the ilmenite mineral into titanium dioxide through the 
sulfate extraction process. The extraction result in the form 
of titanium oxosulphate was subjected to the hydrolysis 
process, resulting in TiO2 particles in the nanometer scale 
as shown in Fig. 1, a. The ratio of water to TiOSO4 pre-
cursor solution determines the extent of TiO2 particle size 
shrinks to nano size upon this hydrolysis process where the 
more water is added, the more formation of TiO(OH)2 core, 
which will produce TiO2 nanoparticles after the drying 
process [34, 35]. Further modification from nanoparticles 
into nanotubes was realized through the subsequent hydro-
thermal process (Fig. 1, b). The effect of high temperature 
and pressure during this process makes the liquid grain 
boundaries of TiO2 particles attacked by a strong alkaline 
NaOH solution [35]. This results in the breakdown of the Ti-
O-Ti structure chain of the TiO2 powder so that the lattice 
edge of the anatase plane was released to form nanosheets. 
The nanosheets will roll up and then form the structure 
of nanotubes as a result of acid washing treatment. This 
acid washing removes the electrostatics from the residual 
charge, where Ti-O-Na is converted to Ti-OH, which in turn 
changed into the nanotubes during the dehydration of the 
Ti-OH bond. 

Via this procedure, several factors can affect the forma-
tion of TiO2 nanotubes including the particle size of the pre-
cursor, NaOH concentration, hydrothermal temperature and 
duration, and post-treatment processes with acid washing 
and calcination [36, 37]. In our study, the TiO2 nanotubes 
were further subjected to post-hydrothermal treatment, 
involving the use of high-pressure water vapor at various 
temperatures. With a post-hydrothermal temperature of 
80 °C, the treatment has produced nanotubes with short 
lengths (Fig. 2, a). This is due to the applied water vapor that 
affected the Ti-O-Ti network so that the structure becomes 
smaller during tube formation. When the post-hydrothermal 
treatment at 100 °C was applied, however, the higher-pres-
sure water vapor has caused an adverse effect on the arrange-
ment of the Ti-O-Ti network resulting in damage to the tube 
structure (Fig. 2, b). Water vapor can have a positive effect 
on the structure of the Ti-O-Ti network in an environment 
with high humidity levels at temperatures above 100 °C [38]. 
Therefore, in our current study, it was found that the sam-
ples subjected to the post-hydrothermal treatment at 120° 
and 150 °C have shown the well-maintained integrity of the 
nanotube structure and at the same time their TiO2 phase 
crystallinity was significantly enhanced (Fig. 2, c, d). The 
crystallinity improvement during the application of post-hy-

drothermal treatment is resulted from the cutting mecha-
nism by the high-pressure water vapor molecules on the rigid 
Ti-OH network to form much a more flexible Ti-O-Ti bond, 
which is in turn capable of rearranging and fully densifying 
TiO2 phase of high crystallinity. The above results have 
demonstrated the effectiveness of high-pressure water vapor 
in increasing the crystallinity of TiO2 nanotubes while pre-
serving their hollow structure. This has been confirmed with 
the XRD results in Fig. 7 with a significant increase in the 
diffraction peak for the (101) crystal plane. This study shows 
that the crystal plane (101) of the TiO2 bulk material, the 
involvement of water molecules in the cleavage mechanism 
of the Ti-O-Ti rigid network play an important role in rear-
rangement for the formation of nanocrystalline TiO2 [39]. 
The results of the involvement of water molecules in the 
cleavage mechanism of the Ti-O-Ti rigid network and their 
rearrangement into nanocrystalline TiO2.

The current works with XRD still reveal the presence 
of iron (Fe) element containing phase in the resulted nano-
tubes. This can not be avoided since during the extraction 
process, the addition of iron powder was not carried out. 
This is normally performed in order to reduce Fe3+ ions 
into the dissolved Fe2+ ions, which can precipitate together 
with TiO2. However, this condition provided an advantage 
where the remaining iron ions function as a dopant to pro-
vide a donor level so that the photon energy required for 
electrons to excite from the valence band to the conduction 
band decreases. This mechanism works together with the 
enhanced nanocrystallinity of the TiO2 phase causing the 
bandgap energy of the TiO2 nanotubes to approach the bulk 
anatase value of TiO2 as shown in Fig. 11. The synergizing 
condition facilitates the expected photocatalysis perfor-
mance of the TiO2 nanotubes. 

The photocatalytic activity was expressed by the per-
centage of methylene blue degradation, as shown in Fig. 12, c. 
Indeed, the photocatalytic activity of TiO2 nanotubes in this 
study was strongly influenced by irradiation time, which 
provides more photon energy to the photocatalytic materi-
als. This study [40] shows that the duration of irradiation 
affects the percentage of degradation of methylene blue dye 
where the longer the irradiation time, the higher the rate of 
degradation. In our case, the rate of degradation efficiency 
has increased significantly in the first 20 minutes, and after 
60 minutes the rate of degradation efficiency tends to be 
stable. This can be correlated with the fact that the longer 
irradiation time is applied, that is the UV light illumination 
on the resulted TiO2 photocatalytic nanotubes, the more 
OH radicals are produced to get contact with methylene 
blue, and thus the greater the percentage of degradation effi-
ciency can be obtained. Definitely, there is a saturation level 
for the OH radicals production during the UV light irradia-
tion. The smaller bandgap energy of the TiO2 nanotubes also 
contributes to the improved photocatalytic performance as 
in the case of post-hydrothermally treated samples at 150 °C 
as demonstrated in Fig. 12, b. Under this condition, an easier 
electron excitation from the valence band to the conduction 
band can facilitate the formation of more OH radicals for 
accelerated degradation of methylene blue. 

It can be concluded that the synthesis of titanium 
dioxide nanotubes from a natural precursor, the mineral 
ilmenite, has been successfully carried out. In synthesiz-
ing titanium nanotubes through several stages, it has been 
successfully carried out, starting from the extraction of 
ilmenite through the hydrometallurgical process using the 
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sulfate pathway. Titanium oxosulphate is obtained, which 
will become the precursor for the following process. The 
second stage was also successfully carried out, namely the 
hydrolysis process, where titanium oxosulphate was given a 
heating treatment using water at 90 °C for 3 hours. Then the 
result will be obtained as a white precipitate in the form of 
TiO2 particles. Scanning electron microscope (SEM) results 
show that the hydrolysis process results have successfully 
obtained TiO2 nanoparticles (Fig. 1, a). The third stage 
was also successfully carried out, namely modifying the 
nanoparticles into TiO2 nanotubes through a hydrothermal 
process at 150 °C for 24 hours. At this stage, the synthesis 
of TiO2 nanotubes was successfully carried out from TiO2 
nanoparticles extracted from ilmenite, and this can be seen 
in Fig. 1, b with a nearly uniform tube morphology and TiO2 
nanotubes resulting from the hydrothermal process still 
have low crystallinity as shown from the XRD diffraction 
peaks that are still low (Fig. 7, b). The next step is carried 
out, namely the post-hydrothermal treatment stage, with 
the aim of increasing high crystallinity. In the fourth stage, 
it was also successfully carried out, namely increasing the 
crystallinity of TiO2 nanotubes with several temperature 
variations from 80, 100, 120, and 150 °C. At this stage, it 
was successfully obtained that the increase in post-hydro-
thermal temperature to 150 °C succeeded in increasing the 
crystallinity significantly. The peak indicates this. The high 
XRD diffraction that can be seen in Fig. 7, f and post-hy-
drothermal treatment managed to maintain the integrity of 
the tube structure as shown from the morphology of TiO2 
nanotubes in Fig. 2, d. At this stage, the effect of increasing 
post-hydrothermal temperature resulted in a decrease in the 
bandgap energy of TiO2 nanotubes up to 3.02 eV (Fig. 11, e) 
in contrast to the commercial precursor P25 Degussa TiO2 
nanotubes, which had bandgap energy above the bulk ana-
tase TiO2 of 3.20 eV. Photocatalytic tests carried out the 
results of the TiO2 nanotubes produced in the last stage. 
At this final stage, a photocatalytic test was successfully 
carried out, which showed that the performance of TiO2 
nanotubes from ilmenite mineral precursors had the best 
degradation efficiency, as seen from the percentage of degra-
dation efficiency in Fig. 12, c.

The limitations of this research are the low purity of 
TiO2 nanoparticles extracted from ilmenite extraction. It is 
shown that TiO2 nanoparticles still contain Fe impurities, 
the length of time for the hydrothermal process, and the 
absence of variations in NaOH concentration in the hydro-
thermal method. The drawback of this research is that there 
is no special treatment to purify TiO2 nanoparticles extract-
ed from ilmenite. This causes the percentage of titanium 
extraction to be still lower than 100 % so that in the process 
of synthesizing TiO2 nanotubes, there are still Fe impurities. 
However, the successful synthesis of TiO2 nanotubes with 
the mineral precursor ilmenite in this study can be used as 
a reference for further research with some improvements. 
In addition, this research can also provide knowledge that 

Indonesia has local natural resources of the mineral ilmen-
ite, which contains titanium dioxide. Some improvements 
that can be used in further research are the use of adding 
iron powder (Fe) to control the formation of pure TiO2 
nanoparticles in the hydrolysis process of titanium oxosul-
phate (TiOSO4) solution and being given special treatment 
before the hydrothermal method is carried out so that the 
hydrothermal process time can be reduced. The difficulty of 
reducing the hydrothermal processing time is because TiO2 
nanotube structures will not be formed when reducing the 
time. The process before the hydrothermal process must be 
carried out in this study. This is because it will save more 
energy. The post-hydrothermal method is the best method to 
increase the crystallinity of TiO2 nanotubes, and ilmenite as 
a natural precursor to form TiO2 nanotubes should be used 
in this study because its availability is still abundant.

7. Conclusions

1. In this research, TiO2 nanotubes were sucessfully 
synthesized through wet-chemistry routes using ilmenite 
FeTiO3 mineral. It was discovered that post-hydrothermal 
treatment at different temperatures of 80, 100, 120, and 
150 °C facilitated the increase in the crystallite growth of 
the TiO2 anatase phase from 19.19 to 25.76 nm while suc-
cessfully maintaining the integrity of the hollow structure 
of the nanotubes. The increase in the temperature from 80 
to 150 °C was also found to have decreased the bandgap en-
ergy values of the nanotubes from 3.33 to 3.02 eV. Moreover, 
the remaining sodium titanate phase, as well as the iron ion 
content in the nanotubes, also provides an advantage in re-
ducing the bandgap energy of the TiO2 phase.

2. The MB degradation test also showed that the syn-
thesized nanotubes can provide good photocatalytic perfor-
mance for the textile waste treatment with the best degrada-
tion efficiency of up to 97.11 % recorded with the nanotube 
sample post-hydrothermally treated at 150 °C. 
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