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Introduction
In recent years, a growing concern has arisen over the 
discharge of organic dyes, particularly from the textile 
and paint industries, which negatively affect global 
water quality. These dyes are often toxic, carcinogenic, 
and chemically stable in aquatic environments, posing 
serious threats to ecosystems and human health [1, 2]. 
Among these dyes, methylene blue (MB), a widely 
used synthetic dye, is frequently detected in industrial 
wastewater. Its persistence and toxicity make it an 
urgent target for effective removal technologies. Thus, 
various conventional methods have been applied for 
MB removal, including physical, biological, and 
chemical processes such as adsorption, chemical 
reduction, and microbial treatment [3, 4]. Nevertheless, 
these approaches often suffer from several limitations, 
including high costs, pH dependence, high energy, and 
time consumption, as well as the generation of 
secondary waste [5, 6]. Furthermore, many of these 
methods merely transfer pollutants from one phase to 

another rather than achieving complete degradation, 
necessitating further treatment steps [7, 8].

To overcome these challenges, advanced oxidation 
processes (AOPs) have been widely explored [9]. 
AOPs generate highly reactive species such as 
hydroxyl radicals (•OH), which can degrade refractory 
organic compounds into low or non-toxic small 
molecules [10, 11]. These methods are favored for 
their high degradation efficiency, fast reaction rates, 
and low generation of secondary pollutants [12]. 
Several AOPs have been developed, including 
photocatalysis, Fenton oxidation, ozone oxidation, 
and more. Among these, the Fenton process, based on 
the reaction between ferrous ions (Fe2+) and hydrogen 
peroxide (H2O2), has gained significant interest due to 
its simplicity, cost-effectiveness, and ability to operate 
under ambient conditions [13]. However, the 
conventional Fenton process is limited by a narrow pH 
range (2.8 – 3.5) and generates iron sludge, which 
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Abstract
The elimination of organic dyes from wastewater is essential for mitigating environmental pollution. Conventional treatment
methods often fail to completely remove these persistent pollutants. Among advanced oxidation processes, the Fenton-like
reaction  has  garnered  considerable  attention  for  its  effectiveness  in  dye  degradation.  This  study  reports  the  synthesis  of
Technische Universiteit Delft-1 (TUD-1) supported nickel oxide-doped titanium dioxide (NiO-TiO2/TUD-1) as a Fenton-like
catalyst for methylene blue (MB) removal. The catalysts were characterized using X-ray diffraction (XRD), Fourier Transform
Infrared  (FTIR)  spectroscopy,  ultraviolet-visible  diffuse  reflectance  spectroscopy  (UV-vis  DRS),  nitrogen  adsorption-
desorption  analysis, and point of zero charge (pHPZC).  The results confirmed the presence of the anatase TiO2  phase, successful
NiO doping, and the incorporation of Ti species into TUD-1.  Among the catalysts,  0.4 mol% NiO-TiO2/TUD-1 exhibited the
highest MB removal efficiency (91.8%) at pH 12 under dark conditions within 2 hours. Its catalytic activity was  approximately
2.5  times  higher  than  that  of  unsupported  NiO-TiO2.  This  performance  is  attributed  to  its  high  surface  area  (323  m2/g),
mesoporous structure (~12 nm), and strong adsorption capacity (10.5 mg/g), which enhance dye uptake. The catalyst functions
through a Ti4+/Ti3+  Fenton-like mechanism, reacting with hydrogen peroxide (H2O2) to generate hydroxyl radicals (•OH) that
degrade MB. This catalyst demonstrates strong potential as a light-free solution for practical wastewater treatment.
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complicates catalyst recovery [10]. To address these 

drawbacks, Fenton-like systems have been developed 

using heterogeneous catalyst configurations that 

facilitate easier recovery and reuse [13]. Recent 

studies have shown that heterogeneous Fenton-like 

catalysts, such as modified titanium dioxide (TiO2), 

can operate effectively across a broader pH range, 

thereby expanding the scope of AOP applications [14]. 

TiO2 catalysts have generally been used for organic 

pollutant removal and wastewater treatment [15]. TiO2 

has gained significant interest for use as a catalyst due 

to its environmentally friendly characteristic, 

chemical stability, cost-effectiveness, and abundance 

[16, 17]. The anatase phase of TiO2 is particularly 

desirable as it offers a relatively higher surface area, 

porosity, and adsorption capacity compared to the 

rutile phase, resulting in improved catalytic activity 

[18]. Nevertheless, TiO2 is less effective for prolonged 

reactions due to the limited specific surface area and 

number of active sites, which reduces its long-term 

catalytic efficiency [19]. To overcome the limitations 

associated with the low surface area and limited active 

sites of TiO2, surface modification has emerged as a 

key strategy to enhance its catalytic efficiency. One 

effective approach involves doping TiO2 with suitable 

transition metal oxides to tailor its structural properties 

[20]. Among transition metal oxides, nickel oxide 

(NiO) stands out for its favorable optical properties, 

chemical stability, cost-effectiveness, and ease of 

synthesis, thus offering high catalytic activity and 

scalability for industrial applications [3]. Ni-based 

catalysts have been successfully applied in various 

catalytic processes, including dye degradation using 

oxidizing agents such as ozone [21]. In this study, NiO 

is incorporated as a dopant into TiO2 to address its 

inherent limitations. Doping TiO2 with NiO can 

increase the surface area and number of active sites 

and stabilize the anatase phase by preventing its 

transformation into rutile, thereby enhancing overall 

catalytic efficiency [16, 22].  

In contrast, TiO2 tends to aggregate due to its high 

surface energy, while excessive NiO loading can also 

lead to particle agglomeration [23]. Moreover, solid 

catalysts typically interact with dye molecules only on 

their surfaces, which limits the accessible active sites 

and results in relatively low catalytic activity [17]. 

Hence, various strategies have been explored to 

address these problems, including surface 

modification, the use of porous support materials, and 

more [24]. Among these, incorporating catalysts 

with support materials has become one of the most 

effective methods for dye removal from wastewater 

[9]. In this study, Technische Universiteit Delft-1 

(TUD-1) was selected as the support material due to 

its unique properties. TUD-1 is a mesoporous silicate 

material that can be synthesized easily and 

functionalized with active sites in one pot via a non-

surfactant pathway [25, 26]. It features excellent

      

     

  

     

    

      

      

 

      

     

   

    

     

  

         
    

    

     

     

     

     

     

      

    

 

 

 

 

   

 

adsorption  ability,  large  surface  area,  and  a  three-

dimensional  open  pore  network,  making  it  highly

suitable  for  catalytic  applications  [27].  These

structural  characteristics  enhance  mass  transfer  and 
facilitate  the  uniform  dispersion  of  active  metal

species  within  TUD-1  [28].  Its  performance  as  a
support  material  has  been  demonstrated  in  various

applications,  such  as  in  the  study  by Alhanash  [29],

where  Pt-TUD-1  outperformed  other  supports  in 
cycloalkene  hydrogenation  due  to  enhanced 
accessibility  and  dispersion  of  active  sites.  These 
findings highlight the potential of TUD-1 as a robust 
and efficient support for transition metal catalysts. In 
the  present  study,  TUD-1  was  introduced  to  support 
NiO-TiO2  in a Fenton-like catalytic system to enhance 
MB removal efficiency in wastewater treatment.

Building  on  this  background,  the  present  study

introduces  a  novel  NiO-doped  TiO2  supported  on

TUD-1  (NiO-TiO2/TUD-1)  developed  as  a
heterogeneous  Fenton-like  system  for  MB  removal 
from wastewater. This hybrid composite integrates the 
catalytic activities of NiO and TiO2  with the structural 
advantages  of  TUD-1,  offering  a  synergistic  system 
for efficient  dye removal.  To the best of our knowledge,

this  is  the  first  report  on  synthesizing  this  composite 
via  combinational  methods,  which  included 
precipitation,  sol-gel  method,  wet-impregnation,  and 
hydrothermal  treatment.  The  effect  of  NiO  doping 
concentrations on the physicochemical properties and 
catalytic  activity  of  the  composites  was  assessed 
through  MB  removal  via  adsorption  and  Fenton-like 
oxidative  degradation  under  dark  conditions  with 
H2O2.  By  showing  effective  catalytic  performance 
without  light  activation,  this  study  presents  a  more 
energy-efficient  and  scalable  alternative  for 
wastewater treatment using TiO2-based materials.

Materials and Methods

Chemicals and  reagents

Titanium(IV) isopropoxide  (TTIP)  (C12H28O4Ti, 97%),

nickel(II)  nitrate  hexahydrate  (Ni(NO3)2.6H2O),

tetraethylammonium hydroxide (TEAOH)  (C8H21NO3,

35  wt.%  in  H2O),  and  H2O2  (30%)  were  purchased 
from Sigma  Aldrich Chemical Company. Meanwhile,

absolute  ethanol  (C2H5OH)  was  obtained  from 
Hayman  Limited,  whereas  triethanolamine  (TEA)

(C6H15NO3)  was  purchased  from  QRec  Chemical 
Company. Tetraethyl  orthosilicate (TEOS)  (C8H20O4Si)

was  acquired from Merck Chemical  Company.  All  the 
chemicals and reagents were  used as received without 
further purification.

Synthesis of TiO2  and NiO-TiO2  catalysts

TiO2  was  synthesized  using  a  wet  chemical 
precipitation approach, based on  a  previously reported 
procedure  with  minor  modifications  [23].  Initially,  6 
mL of TTIP (2 M)  was  mixed with 10 mL of distilled 
water and stirred continuously for 45 minutes  at  40°C.

The  resulting  precipitate  was  then  centrifuged  and
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washed several times with distilled water. Finally, the 

precipitate was dried at 90°C for 12 hours and then 

calcined at 500°C for 3 hours. 

For NiO-TiO2 synthesis, a similar procedure was 

followed using Ni(NO3)2.6H2O as the nickel precursor. 

To prepare 1 mol% NiO-TiO2, Ni(NO3)2.6H2O was 

dissolved in distilled water and added to 2 M TTIP 

solution. The mixture was stirred for 80 minutes at 

40°C, resulting in the formation of a pale-yellow 

precipitate. The precipitate was then centrifuged and 

washed several times with distilled water. Finally, it 

dried at 90°C for 12 hours and calcined at 500°C for 3 

hours. The procedure was repeated to prepare other 

composites with x mol% NiO-TiO2 (x = 0.2, 0.4, 0.6 

and 0.8). 

Synthesis of TUD-1 and TUD-1 supported NiO-

TiO2 catalysts 

TUD-1 was prepared using the sol-gel method 

followed by hydrothermal treatment, according to a 

previous study from our research work with slight 

modification [23]. The molar composition used for 

TUD-1 synthesis was 1 TEOS: 0.5 TEA: 0.1 TEAOH: 

11 H2O. Initially, TEA was mixed with H2O and stirred 

for 1 hour, followed by adding the mixture into TEOS. 

After stirring for 1 hour, TEAOH was added dropwise 

into the mixture and stirred for another 2 hours. The 

resulting mixture was aged at room temperature for 24 

hours to form a solid gel. The solid gel was treated 

hydrothermally for 10 hours at 130°C and then dried 

at 100°C overnight. Finally, the resulting products 

were calcined at 600°C for 6 hours to obtain TUD-1. 

x mol% NiO-TiO2/TUD-1 composites (x = 0.2, 0.4, 0.6, 

0.8 and 1.0) were synthesized using the same 

procedure as TUD-1, with a constant Si/Ti molar ratio 

of 30. Firstly, TEA was mixed with H2O and stirred for 

1 hour. In the meantime, pre-synthesized 1.0 mol% 

NiO-TiO2 was mixed with TEOS and stirred for 1 hour. 

Next, the mixture of TEA and H2O was added to the 

mixture of NiO-TiO2 and TEOS and subsequently 

stirred for 2 hours. The resulting mixture was aged for 

24 hours, followed by hydrothermal treatment at 

130°C for 4 hours. The final product was dried at 

100°C overnight and calcined at 600°C for 6 hours. 

The procedure was repeated to synthesize 0.2, 0.4, 0.6, 

and 0.8 mol% NiO-TiO2/TUD-1 composites. 

Characterization of catalysts 

The physicochemical properties of TiO2 and NiO-

TiO2/TUD-1 composites were characterized using 

several instruments. The phase purity and crystallinity 

of the composites were determined using powder X-

ray diffraction (XRD) with a Rigaku SmartLab X-ray 

diffractometer. Fourier Transform Infrared (FTIR) 

spectroscopy was employed using Thermo Scientific 

Nicolet iS10 Spectrometer to identify the functional 

groups present in the composites. The optical 

information of the composites was examined using 

ultraviolet-visible diffuse reflectance spectroscopy 

(UV-vis DRS) on a Shimadzu UV-3600 Plus 

spectrometer. The Brunauer-Emmett-Teller (BET) 

surface area, Barrett-Joyner-Halenda (BJH) pore size 

distribution, and pore volume were determined by N2 

adsorption-desorption analysis using a Thermo Fisher 

Scientific Sorptomatic 1990 surface analyzer. 

Determination of point of zero charge (pHPZC)

The point of zero charge (pHPZC) of the composites 

was identified using the salt addition approach with 

slight modifications [30]. Firstly, 10 mL of sodium

chloride (NaCl) solution (0.1 M) was added to a 50 mL 

conical flask containing 50 mg of the composites. The 

initial pH (pHi) of the solution was adjusted to pH 2 

using dilute hydrochloric acid (HCl) and sodium 

hydroxide (NaOH) solutions. The mixture was then 

equilibrated for 24 hours at 200 rpm using a 

mechanical orbital shaker. The final pH (pHf) of the 

solution was measured and recorded. The experiment 

was repeated with other pHi values (pH 5, 7, 9, and 12). 

The difference between pHi and pHf was calculated 

and labeled as ΔpH. A plot of ΔpH versus pHi was 

constructed and the intersection between the curve and 

X-axis was identified as pHPZC.

Fenton-like oxidative catalytic performance of 

catalysts

The Fenton-like oxidative catalytic performance of the 

catalysts was assessed via the catalytic oxidation of 

MB in the presence of H2O2 as an oxidant under dark 

conditions to prevent the photocatalysis effect during 

the reaction. In each trial, 10 mg of the synthesized 

sample was added to 50 mL of MB solution (5 ppm) 

and stirred for 1 hour to reach adsorption equilibrium. 

Next, H2O2 (500 µL, 30% v/v) was added to initiate 

oxidative degradation. An aliquot of 10 mL of the 

mixture was withdrawn and centrifuged to separate the 

catalyst. The final concentration of the supernatant 

was determined using UV-vis spectroscopy. The final 

concentration of MB was calculated using Equation 

(1). Each experiment was repeated in triplicate for all 

catalysts. Control experiments containing only H2O2 

and MB were also conducted.  

     Removal percentage of MB (%) 

      = 
C0−Cf

C0
 × 100% = 

A0−Af

A0
 × 100%  (1) 

where C0 and A0 are the initial concentration (mg/L) 

and absorbance (a.u.) of MB, and Cf and Af are the 

final concentration (mg/L) and absorbance (a.u.), 

respectively. 

Adsorption tests were employed to evaluate the 

capacity of the catalysts to adsorb MB. Each catalyst 

was tested for its adsorption ability over 1 hour at 

room temperature. The adsorption capacity (qe) of the 

catalysts was calculated using Equation (2): 
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qe (mg/g) = 
(Co−Ce)V

W
 (2) 

where Co and Ce are the initial and equilibrium 

concentration of MB in solution (mg/L); V is the 

volume of solution (L) and W is the weight of the 

catalyst (g). 

Optimization of oxidative catalytic performance of 

catalysts 

The effects of pH and contact time were investigated 

to determine the optimal conditions for the oxidative 

catalytic performance of the catalysts. To investigate 

the effect of pH, the catalyst with the highest removal 

efficiency was added to 50 mL of MB solution (5 ppm) 

after the initial oxidative catalytic performance test. 

The pH of the solution was adjusted to pH 2 using HCl 

(1.0 M) and NaOH solution (1.0 M). The experiment 

followed the same procedure as described in the 

catalytic oxidative performance test. The experiment 

was repeated at different pH levels (5, 7, 9, and 12). 

To study the effect of contact time, the catalyst with 

the highest removal efficiency was applied to 50 mL 

of MB solution (5 ppm) at the optimal pH. The 

experiment was initially conducted for 1 hours to 

determine the removal efficiency of the catalyst. The 

experiment was then repeated at different contact 

times (1.5, 2.0, 2.5, and 3.0 hours). 

Results and Discussion 

Structural analysis 

TiO2, NiO-TiO2, TUD-1, and a series of NiO-

TiO2/TUD-1 were characterized via pHpzc 

determination, FTIR spectroscopy, XRD, and UV-vis 

DRS. Figure 1 illustrates the XRD diffraction pattern 

of the synthesized catalysts (a) TiO2, (b) 1.0 mol% 

NiO-TiO2, (c) TUD-1, (d) 0.4 mol% NiO-TiO2/TUD-

1, and (e) 1.0 mol% NiO-TiO2/TUD-1. The XRD 

pattern proved that the synthesized pure TiO2 

exhibited a tetragonal anatase phase with distinct 

peaks at 2θ = 25.24°, 37.82°, 47.99°, 53.92°, 55°, and 

62.64°, corresponding to the (110), (004), (200), (105), 

(211) and (204) planes [31]. The synthesized TiO2

showed an XRD pattern consistent with pure anatase

TiO2, as confirmed by the standard ICDD file number

21-1272. After doping with 1.0 mol% NiO, the anatase

phase remained unchanged, and no additional peaks

from NiO were observed, suggesting either low

concentration or high dispersion of NiO within TiO2.

Meanwhile, the XRD pattern of TUD-1 displayed a

broad hump around 22°, indicative of its amorphous

nature [32]. Furthermore, the XRD patterns of 0.4 mol%

and 1.0 mol% NiO-TiO2/TUD-1 were like that of the

anatase phase of TiO2. The crystallinity of TiO2

reduced notably with increasing NiO doping

concentrations. This may be due to the reduced peak

intensity of the anatase phase peak and inhibition of

crystal grain growth, which could promote the

formation of the amorphous phase [16].

 

 

 

 

       

      

     

     

      

        

      

     

      

 

 

 

 

Functional group analysis

Figure 2  illustrates  the  FTIR spectra  of (a) TiO2, (b)

1.0 mol%  NiO-TiO2, (c) TUD-1, (d) 0.2 mol%  NiO-

TiO2/TUD-1, (e) 0.4 mol%  NiO-TiO2/TUD-1, (f) 0.6

mol%  NiO-TiO2/TUD-1,  (g)  0.8  mol%  NiO-

TiO2/TUD-1 and (h) 1.0 mol% NiO-TiO2/TUD-1. For

all  samples,  the  prominent  and  distinctive  bands

observed in the regions of 3369 – 3475 cm-1  and 1624

–  1647 cm-1  indicate the  O-H  stretching vibration and

O-H bending, respectively, confirming the presence of

the hydroxyl group on the TiO2  surface and facilitating

the  adsorption  of  MB  on  the  catalyst  surface  [5].

Meanwhile, TiO2  and 1.0 mol% NiO-TiO2  exhibited a

broad band in the range of 400 – 800 cm-1, suggesting

the  presence  of  Ti-O-Ti  stretching  vibration  [8].

However, there is no distinct band from NiO due to the

low mole percentage of NiO doping [33]. In addition,

TUD-1  and  TUD-1  supported  catalysts  exhibited

significant  bands  such  as  Si-O-Si  asymmetric

stretching  (1099  –  1115  cm-1),  symmetric  stretching

(798  –  806  cm-1),  bending  (465  –  467  cm-1),

respectively, confirming the incorporation of the silica

framework  of  TUD-1  in  the  TUD-1  supported

catalysts. Furthermore,  Si-O-Ti  stretching (970 – 975

cm-1)  was  detected,  which  explains  the  successful

incorporation  of Ti  species  into  the  silica  framework

of TUD-1  [34].

UV-vis  DRS  analysis of Ti  species coordination

The  UV-vis DRS  spectra  of the  synthesized catalysts

are  depicted  in  Figure  3.  UV-vis  DRS  analysis  was

conducted to determine  the form of Ti  species  present

in  the  catalysts,  following  the  approach  of  Klinyod

[35], who used this technique  to confirm the  structure

of  isomorphically  substituted Ti(IV)  sites  within  the

support framework. The  absorption peak  at  235 – 244

nm  corresponds  to  charge  transfer  from  O2-  to  Ti4+,

indicating the presence of tetrahedrally coordinated Ti

species [24]. These tetrahedral Ti species are widely

recognized  as  the  most  catalytically  active  sites  in
oxidation  reactions  [36].  However,  their  intensity

decreases  with increasing  NiO  loading. In contrast,  the

absorption  peak  at  283  –  295  nm  corresponds  to
octahedrally  coordinated Ti  species,  and  its intensity

increases  with  NiO  loading [36, 37]. This confirms the

coexistence  of  both  tetrahedral  and  octahedral  Ti

species  in  the  synthesized  catalyst.  Besides,  UV-vis

DRS  was further used to verify the  successful  doping

of  NiO  into TiO2,  as  evidenced  by  a red  shift  in  the

absorption  edge  for  the  1.0  mol%  NiO-TiO2  sample

[38]. A similar observation  was  reported by  Guettaıa

[39], where  UV-vis DRS  confirmed the  coordination

of iron within the  TUD-1. In this study, the  red shift

observed in the  absorption spectrum serves as  indirect

evidence  of  compositional  and  structural  changes  in
the  sample. Other characterization techniques,  such as

XRD  and  FTIR,  were  unable  to  detect  NiO  in  the

composites, likely due  to its low  doping concentration.
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Figure 1. XRD patterns of (a) TiO2, (b) 1.0 mol% NiO-TiO2, (c) TUD-1, (d) 0.4 mol% and (e) 1.0 mol% NiO-
TiO2/TUD-1 

Figure 2. FTIR spectra of (a) TiO2, (b) 1.0 mol% NiO-TiO2, (c) TUD-1, (d) 0.2 mol% NiO-TiO2/TUD-1, (e) 0.4 
mol% NiO-TiO2/TUD-1, (f) 0.6 mol% NiO-TiO2/TUD-1, (g) 0.8 mol% NiO-TiO2/TUD-1 and (h) 1.0 mol% NiO-
TiO2/TUD-1 

shing
Stamp

shing
Stamp
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Figure 3. UV-vis DRS spectra of TiO2, 1.0 mol% NiO-TiO2 and NiO-TiO2/TUD-1 composites 

Surface area and porosity analyses 

The surface area and porosity properties of the 

synthesized catalysts were determined through 

nitrogen adsorption-desorption analysis. The textural 

data, including surface area, pore volume, and pore 

size of the catalysts, are tabulated in Table 1.  

Surface area, pore volume, and pore size distribution 

are usually the key parameters influencing dye 

removal efficiency [40]. As shown in Table 1, TUD-1 

exhibits the highest surface area of 924 m2/g. The 

surface areas of the NiO-TiO2 incorporating with 

TUD-1 are significantly larger than that of pure TiO2, 

exceeding 300 m2/g. The pore diameters of the 

composites range from 11.77 to 12.29 nm, confirming 

their mesoporous nature. A slight decrease in BET 

surface area and pore volume is observed as the NiO 

doping concentrations increase from 0.2 mol% to 1.0 

mol%. Among the samples, 0.4 mol% NiO-

TiO2/TUD-1 exhibited the highest surface area (323 

m2/g) and a mesoporous structure with an average pore 

size of approximately 12 nm. These characteristics 

facilitate the simultaneous adsorption of MB and its 

subsequent catalytic oxidation, hence enhancing dye 

removal efficiency. The increased surface area and 

porosity provide more active sites and promote 

efficient diffusion of dye molecules and oxidants, thus 

promoting catalytic degradation [41]. 

The N2 adsorption-desorption isotherms of TiO2 and 

NiO-TiO2/TUD-1 with varying NiO doping 

concentrations are illustrated in Figure 4. All samples 

exhibited type IV isotherms, indicating the presence of 

mesoporous structures based on IUPAC classification. 

From the isotherm curve, it was observed that TiO2 has 

H2 hysteresis loops, indicating the presence of 

bottleneck-shaped pores. The ink-bottle pores with 

narrow necks may hinder molecular diffusion and 

limit dye removal efficiency. In contrast, with 

increasing NiO doping, the hysteresis loops 

transitioned to H1 type in the 0.2, 0.4, and 1.0 mol% 

NiO-TiO2/TUD-1 samples. The appearance of H1 type 

denotes the formation of cylindrical-shaped pores, 

which facilitate the effective diffusion of MB and 

H2O2 into active sites, thus enhancing both adsorption 

and catalytic degradation.

Table 1. Textural properties of the catalysts 

Samples Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

TiO2 61 0.22 14.57 

TUD-1* 924 0.69 2.83 

0.2 mol% NiO-TiO2/TUD-1 322 0.99 12.29 

0.4 mol% NiO-TiO2/TUD-1 323 0.97 12.06 

1.0 mol% NiO-TiO2/TUD-1 303 0.89 11.77 
*Data adapted from [23]
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Figure 4. N2 adsorption-desorption isotherms of TiO2 and x mol% NiO-TiO2/TUD-1 (x = 0.2, 0.4 and 1.0) 

Surface charge analysis 

The relative surface charge of the catalyst was 

investigated by determining its pHPZC to study the 

electrostatic interactions between cationic dye 

molecules and the catalyst surface. Figure 5 illustrates 

the pHPZC determination curve of 0.4 mol% NiO-

TiO2/TUD-1 catalyst, plotted as ΔpH versus pHinitial. 

As shown in Figure 5, the pHPZC of 0.4 mol% NiO-

TiO2/TUD-1 is 4.16, based on the intersection point 

with the X-axis. At the pH of 4.16, 0.4 mol% NiO-

TiO2/TUD-1 exhibited a neutral surface charge. Below 

pH 4.16, the catalyst surface is positively charged, 

while above this pH, it becomes negatively charged.  

Adsorption and oxidative catalytic performance of 

catalysts

The oxidative catalytic performance of the 

synthesized catalysts was evaluated through the 

catalytic oxidative removal of MB in the presence of 

H2O2. Before the oxidative degradation reaction, an 

adsorption test was conducted under dark without the 

presence of H2O2. The degradation experiment was 

also performed under dark in the presence of H2O2 to 

eliminate the influence of photocatalytic effect by the 

NiO-TiO2/TUD-1 composites. A control experiment 

using only H2O2 and without any catalyst was 

conducted for comparison. The adsorption capacity of 

the catalysts was evaluated after one hour of 

adsorption testing at room temperature. The 

adsorption capacities of the catalysts are illustrated in 

Figure 6.  

As shown in Figure 6, the 0.4 mol% NiO-TiO2/TUD-

1 exhibited the highest adsorption capacity of 10.5 

mg/g. This suggests that the catalyst effectively 

enhances MB removal, primarily due to strong 

adsorption affinity and high surface area, which 

increase the accessibility of MB molecules to reactive 

species during oxidative degradation. Adsorption 

increases the concentration of reactant molecules on 

the catalyst surface; the catalyst and elements undergo 

collision with each other to yield an activated complex 

[9]. Therefore, the activated complex decomposes to 

yield a product and catalyst. This makes it easy to 

separate the catalyst after the adsorption process [9]. 

Notably, samples with NiO loading of 0.6 mol% and 

above showed a decline in qe, with 1.0 mol% NiO-

TiO2/TUD-1 recording only 6.2 mg/g. This decline is 

likely due to NiO agglomeration at higher 

concentrations, which reduces the available surface 

area and active sites. Conversely, the significant 

increase in qe from TiO2 (1.1 mg/g) to 0.2 mol% NiO-

TiO2/TUD-1 (6.5 mg/g) highlights the positive 

contribution of the TUD-1 support in enhancing 

surface adsorption. 

The MB removal efficiency of all catalysts was 

evaluated and is illustrated in Figure 7. The removal 

efficiency was calculated based on the UV-vis 

absorbance at λ = 664 nm, with a constant initial MB 

concentration of 5 ppm and 500 µL of H2O2 over 2 

hours. 
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Figure 5. pHPZC determination curve of 0.4 mol% NiO-TiO2/TUD-1 composite 

Figure 6. Adsorption capacity of (a) TiO2, (b) 1.0 mol% NiO-TiO2, (c) 0.2 mol% NiO-TiO2/TUD-1, (d) 0.4 mol% 

NiO-TiO2/TUD-1, (e) 0.6 mol% NiO-TiO2/TUD-1, (f) 0.8 mol% NiO-TiO2/TUD-1 and (g) 1.0 mol% NiO-

TiO2/TUD-1 
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Figure 7. Removal efficiency of MB using (a) H2O2, and H2O2 with (b) TiO2, (c) 1.0 mol% NiO-TiO2, (d) 0.2 

mol% NiO-TiO2/TUD-1, (e) 0.4 mol% NiO-TiO2/TUD-1, (f) 0.6 mol% NiO-TiO2/TUD-1, (g) 0.8 mol% NiO-

TiO2/TUD-1 and (h) 1.0 mol% NiO-TiO2/TUD-1

The control experiment using only H2O2 showed the 

lowest MB removal efficiency (2.9%). The low 

efficiency is attributed to the oxidizing nature of H2O2 

alone, which lacks sufficient catalytic activation. This 

finding agrees with previous studies, which claimed 

that H2O2 requires catalyst activation for the effective 

oxidation of MB [42, 43]. The MB removal efficiency 

of TiO2 with H2O2 was 34.1%, likely due to the 

generation of HOO• and •OH radicals upon its 

interaction with H2O2, which improved the 

degradation efficiency of MB [44].  

The 1.0 mol% NiO-TiO2 catalyst achieved removal 

efficiency of 37.6%, a 3.5% increase over TiO2, 

attributed to the increased surface area resulting from 

NiO doping [16]. However, the improvement was 

constrained by the cationic nature of MB, which 

reduces its affinity for the interaction between Ni+ ions 

on the catalyst surface [45]. It was previously reported 

that the TUD-1 showed negligible catalytic activity 

due to limited active sites, even though it has a 

relatively large surface area and pore volume as 

compared to other prepared samples [23]. Meanwhile, 

0.2 mol% NiO-TiO2/TUD-1 achieved a removal 

efficiency of 42.3%, which increased by about 5%. It 

is documented that the large surface area of TUD-1 

could increase the adsorption ability and thus improve 

the catalytic activity in MB degradation [46, 47].  

As shown in Figure 7, it can be noticed that the MB 

removal efficiency of 0.4 mol% NiO-TiO2/TUD-1 was 

the highest (45.7%), which is consistent with its 

highest adsorption capacity. It has been widely 

accepted that the increased dopant concentration 

enhances the adsorption capability and improves 

accessible surface area of the doped catalysts. 

Furthermore, the uniform distribution of NiO dopants 

on TiO2 also contributed to the improved removal 

efficiency of the catalyst [18]. It has been found that 

NiO-TiO2 composites were able to exert a significant 

cooperative influence when incorporated into TUD-1 

support materials. With an optimal and appropriate 

concentration of 0.4 mol% NiO, the catalyst was 

significantly improved in terms of its performance, 

which made it an excellent candidate for the removal 

of MB from an aqueous solution.  

In contrast, increasing the NiO dopant concentration 

from 0.6 to 1.0 mol% resulted in a decrease in MB 

removal efficiency. This decline may be due to 

excessive NiO loading, which cause dopants 

agglomeration or reduces the active surface area of 

catalyst [18]. These findings align with previous 

research indicating that a high dopant concentration 

can cause agglomeration on TiO2, leading to decrease 

in the crystallite size and catalytic activity [16]. 

Consequently, decrease in specific surface area 

reduces the catalyst’s MB adsorption capability, 

ultimately diminishing its oxidative degradation 

efficiency.  

Method optimization 

0.4 mol% NiO-TiO2/TUD-1 catalyst was chosen for 

the optimization method since it exhibits the highest 
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efficiency of MB removal. A series of MB solutions 

loaded with 0.4 mol% NiO-TiO2/TUD-1 were 

prepared and employed for the investigation of 

optimal conditions for MB removal methods. The 

parameters involved are the pH of the MB solution 

(pH 2, 5, 7, 9, and 12) and contact time (1.0, 1.5, 2.0, 

2.5, and 3.0 hours). A one-variable-at-a-time method 

was used for the optimization of the parameters. 

Effect of pH 

The adsorption of MB dye on the catalyst surface 

significantly influenced removal efficiency, as did the 

pH of the dye solution, which played a crucial role in 

the catalytic and oxidative degradation of the dye 

solution [48]. Therefore, a range of pH levels from 2 

to 12 was tested to determine the pH effect on the MB 

removal efficiency. Figure 8(a) illustrates the removal 

efficiency of MB by 0.4 mol% NiO-TiO2/TUD-1 at 

different pH values, with a constant initial 

concentration of MB and volume of H2O2, over a 2-

hour reaction time. 

The highest MB removal efficiency was achieved at 

pH 12 with a removal efficiency of 91.9%, followed 

by 75.7% at pH 9. At neutral pH 7, the efficiency 

dropped significantly to 43.3%. The efficiency of MB 

removal decreased to 39.3% at pH 5 and 26.7% at pH 

2, which are acidic conditions. It could be observed 

that the MB removal efficiency at pH 12 exhibited a 

2-fold improvement over pH 7, indicating that the MB

removal efficiency increased as the pH of the MB

solution increased. This finding was also in agreement

with previous work on degradation efficiency [48].

As for the adsorption, it is primarily a result of the 

electrostatic attraction between positively charged MB 

and 0.4 mol% NiO-TiO2/TUD-1, since MB is a 

cationic dye that carries a positive charge in solution 

[49]. The pHPZC of 0.4 mol% NiO-TiO2/TUD-1 was 

determined to be 4.16. The catalyst surface was 

negatively charged at neutral and alkaline pH and thus 

attracted the positively charged MB molecules. 

Therefore, as the solution pH increases, the catalyst 

surface becomes more negatively charged, enhancing 

its adsorption capacity. In contrast, under acidic 

conditions, electrostatic repulsion limits the 

adsorption of MB on the catalyst surface. This 

behavior is consistent with previous findings [50].  

As part of catalytic oxidative degradation, highly 

reactive radicals were produced from H2O2, which 

react with MB [51]. Per literature reports, •OH radical 

are generated when Ti4+ on the catalyst surface interact 

with H2O2 [44]. Therefore, it can be concluded that the 

nature of the catalytic reaction, the properties of the 

targeted pollutant, and its adsorption capacity on the 

catalyst surface all have significant impacts on the 

effectiveness of the oxidative degradation and 

adsorption process [49].  

Effect of contact time 

The effect of contact time on the MB removal was 

investigated using 0.4 mol% NiO-TiO2/TUD-1 under 

optimal pH condition (pH 12) with a constant initial 

MB concentration and fixed H2O2 volume. Figure 8(b) 

illustrates the removal efficiency of MB by using 0.4 

mol% NiO-TiO2/TUD-1 at different contact times. 

Without H2O2, the removal efficiency of MB was 

80.5%, indicating relatively high MB adsorption 

efficiency due to the abundance of unoccupied active 

sites on the catalyst surface, which allow easy access 

for MB molecules [52]. In the presence of H2O2, the 

MB removal efficiency increased to 86.9% after 1.5 

hours and reached a maximum of 91.8% after 2 hours. 

This indicated that the contact time of 2 hours 

provided a sufficient duration for the optimal 

adsorption and catalytic degradation of MB [53].  

However, the removal efficiency reduced to 83.9% 

after 2.5 hours. This reduction may be due to the 

decreased availability of active sites and increased 

repulsive interaction between MB molecules in 

solution and those already adsorbed [52]. In addition, 

the effectiveness of catalytic oxidative degradation 

may diminish over time as H2O2 is gradually 

consumed during the reaction. After 3 hours, the 

removal efficiency was constant at 83.6%, suggesting 

that equilibrium has been achieved on the catalyst 

surface and thus limiting further MB removal.  

Some NiO-TiO2 related catalysts have been reported, 

and the findings are summarized in Table 2. The 

reaction parameters, such as light source, irradiation 

time, mass of catalyst loading, and H2O2 loading 

amount, have been investigated in this work and other 

research. Obviously, the synthesized NiO-TiO2/TUD-

1 catalyst has promising potential for the catalytic 

degradation of aqueous MB. 
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Figure 8. Effects of (a) pH of MB solution; (b) contact time on the removal efficiency of MB 

Table 2. Performance comparison of some NiO-TiO2 related catalysts for the removal of aqueous MB solution 

Catalyst Reaction Conditions 
Catalyst 

Dosage 
Mechanism 

Removal 

Efficiency 

Reference 

NiO-TiO2 

Concentration: 5 mg/L in 25 

mL 

Light source: Visible light 

Reaction time: 20 minutes 

100 mg Photodegradation 

TiO2: 30% 

degradation 

NiO-TiO2: 80.63% 

degradation 

[54] 

NiO-

TiO2/TUD-1 

Concentration: 5 mg/L in 50 

mL 

Light source: No 

Reaction time: 120 minutes 

H2O2 amount: 0.5 mL (30% 

v/v) 

10 mg 

Adsorption and 

oxidative 

degradation 

TiO2: 34.1% 

degradation 

NiO-TiO2/TUD-1: 

91.90% degradation 

This study 

NiO/Ag/TiO2 

Concentration: 5 mg/L in 80 

mL 

Light source: Visible light 

Reaction time: 60 minutes 

80 mg 
Adsorption and 

photodegradation 

TiO2: 60.7% 

degradation 

NiO/Ag/TiO2: 

93.15% degradation 

[55] 

Ni-TiO2 thin 

film 

Concentration: 3 mg/L in 5 

mL 

Light source: UV light 

Reaction time: 360 minutes 

Not 

mentioned 
Photodegradation 

TiO2: 67.30% 

degradation 

NiO-TiO2 thin film: 

75.83% degradation 

[56] 

TiO2/NiO 

Concentration: 5 × 10-5 mol/L 

in 5 mL 

Light source: UV light 

Reaction time: 60 minutes 

100 mg/L Photodegradation 

TiO2: 62.4% 

degradation 

TiO2/NiO: 98.3% 

degradation 

[57] 

NiO2/TiO2

Concentration: 2 μmolL−1 in 

50 mL 

Light source: UV-A light 

Reaction time: 60 minutes 

Not 

mentioned 

Adsorption and 

photodegradation 

TiO2: 5.8% 

degradation 

TiO2/NiO: 25.3% 

degradation 

[58] 

Proposed mechanism 

The removal of MB using NiO-TiO2/TUD-1 in the 

presence of H2O2 involves two main steps. Step one 

involves the adsorption of oxidized MB molecules 

(MB•+) onto the catalyst surface [59]. The introduction 

of H2O2 would favor the adsorption of MB on catalyst 

surface due to the generation of superoxide anions (O2
-) 

in the cationic MB solution, which could alter the 

surface charge of the catalysts and thus enhance the 

adsorption of MB. Furthermore, due to the high 

surface area of NiO-TiO2/TUD-1, MB molecules are 

efficiently adsorbed onto its surface.  

Step two involves the oxidative degradation of MB via 

reactive oxidative species (ROS), primarily O2
-

•/•OOH and •OH. The presence of H2O2 initiates the 

generation of ROS and accelerates MB degradation by 

breaking down MB molecules [60]. In the NiO-

TiO2/TUD-1 catalyst system, Ti4+ sites on the catalyst 

surface interact with H2O2 to form surface-bound 

complexes that facilitate radical generation. Radical 

adsorption, such as superoxide radical anions, may 

bind to the surface, resulting in a more negative 

surface potential, which promotes the adsorption of 

cationic dyes. Furthermore, the oxidative environment 

created at the surface of the solid-liquid interface may 

(a) (b) 



Malays. J. Anal. Sci. Volume 29 Number 4 (2025): 1538 

12 

facilitate the subsequent degradation of adsorbed MB. 

Moreover, the NiO dopant is involved in the MB 

degradation in the presence of the oxidant, such as 

H2O2, where the NiO dopant could be used in the 

production of reactive oxidizing agent radicals, singlet 

oxygen (1O2) [61].  

The mechanism of the MB removal using NiO-

TiO2/TUD-1 in the presence of H2O2 is proposed by 

Equations (3) to (8) [62]. The process begins with 

surface adsorption of MB with the catalyst (Equation 

3). The redox-active Ti species (Ti3+/Ti4+) then 

catalyze the decomposition of H2O2 to produce highly 

reactive •OOH, •OH, O2
-, and 1O2 radicals via the 

indirect oxidation processes (Equations 4 to 7). These 

•OOH, •OH, O2
- and 1O2 radicals, which dominate the

degradation process, subsequently attack the adsorbed

MB molecules (Equation 8).

Step 1: Adsorption of MB 

MB + NiO-TiO2/TUD-1 → MB@NiO-TiO2/TUD-1 

(3) 

Step 2: Oxidative degradation via ROS 

Ti4+ + H2O2 → Ti3+ + O2
- + 2H+       (4) 

O2
- + H2O → •OH + H2O2         (5) 

Ti3+ + H2O2 → Ti4+ + O2
- + •OH + 1O2      (6) 

MB-H2O2 ⇌ Reaction intermediate + •OOH + O2 

(7) 

MB@ NiO-TiO2/TUD-1@ H2O2 → Reaction 

intermediates/ NiO-TiO2/TUD-1 + H2O + O2 

         (8) 

Conclusion 

A series of NiO2-TiO2/TUD-1 catalysts was 

successfully synthesized with different doping ratios 

of NiO (0.2, 0.4, 0.6, 0.8, and 1.0 mol%). The catalyst 

was evaluated for the combination adsorption and 

Fenton-like oxidative degradation of MB under dark 

conditions using H2O2 as the oxidant. The 

characterization results demonstrated the 

incorporation of Ti species into the TUD-1, the 

presence of the anatase phase, both tetrahedral and 

octahedral Ti species, successful NiO doping, and a 

desirable mesoporous structure with high surface 

areas. Furthermore, the use of TUD-1 support 

provided sufficient surface area for the removal of 

organic dye, enhancing the removal performance of 

the catalysts. Among the tested catalysts, 0.4 mol% 

NiO-TiO2/TUD-1 exhibited the highest MB removal 

efficiency (91.8%) at pH 12 within 2 hours, increased 

about 2.5-fold compared to unsupported NiO-TiO2. 

This superior performance is due to its enhanced 

adsorption capacity, high surface area (323 m2/g), 

mesoporous structure (~12 nm), and active Ti4+/Ti3+ 

redox sites that facilitate the ROS generation. The 

study shows that NiO-TiO2/TUD-1 effectively 

integrates adsorption and oxidative degradation, 

enabling effective dye removal without the need for 

light activation. This energy-efficient catalyst holds 

strong potential for practical wastewater treatment 

applications. 
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