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Abstract 
In this research, TUD-1 coated NiFe2O4 was synthesized by comparing in-situ and post- synthesis methods, for 
application as photocatalyst material in dye degradation. One pot synthesis of material was conducted by mixing all 
chemical precursors in a homogeneous system under hydrothermal condition, followed by calcination at 500oC for 2h. 
For comparison purpose, two-steps synthesis procedure conducted by firstly synthesis of TUD-1 followed by its use for 
NiFe2O4 impregnation. Tetraethyl orthosilicate (TEOS) was employed as precursor for TUD-1 and NiCl2.6H2O and 
FeCl3.6H2O were utilized as precursors for synthesis of NiFe2O4 by co-precipitation method. The physicochemical 
properties of materials were characterized using X-Ray Diffraction (XRD), Fourier Transform Infrared (FTIR), Gas 
Sorption Analyzer (GSA), zeta potential, Vibrating-Sample Magnetometry (VSM) and Ultraviolet-Diffuse Reflectance 
(UV-DRS). The photocatalytic activity examination of materials was conducted for methylene blue (MB) and rhodamine 
B (RhB) photocatalytic oxidation. The results indicated that in-situ prepared material (NFT-1) produced a higher 
specific surface area of 228.75 m2/g compared to post-synthesis material (NFT-2) with the value of 218.07 m2/g. The 
NFT-1 material exhibited band gap energy of 2.73 eV which support adsorption capacity and photocatalytic activity. 
An excellent degradation of MB of 95.67% removal and RhB of 95.08% removal during 60 min were demonstrated by 
NFT-1. The materials showed magnetism to support easy in separation and reusability. Based on the reusability 
results, the synthesized material has maintained stability until 5th cycles. Evaluation on the effect of scavengers on the 
kinetics of photocatalytic degradation has been performed and the hydroxyl radicals (●OH) was proven to be the most 
important species for the oxidation mechanism . 
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1. Introduction  

Organic-contaminated water is one of the 
important issues in chemical industries which 
needs effective and efficient method to treat before 

* Corresponding Author. 
   Email:  isfatimah@uii.ac.id (I. Fatimah) 
 

released into aquatic environment. For these 
problems, Advanced oxidation processes (AOPs) 
are well-known technique including chemical 
oxidation, photocatalytic oxidation, Fenton, and 
photo-Fenton methods. The progression to AOPs 
is related with low-cost, high effective and easy 
separable catalyst/photocatalyst. Within the 
scheme, researchers have turned their attention 
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to iron-based magnetic complex oxides due to their 
extensive electromagnetic properties[1]. Within 
the AOPs scheme of methods, photocatalytic 
degradation has emerged as a cost-effective with 
high efficiency technology for removing organic 
compounds-contaminated water including dye-
polluted and pharmaceuticals from wastewater 
[2]. For this purpose, various photocatalysts have 
been explored with the consideration of chemical 
stability, reusability and the main features of low 
cost, high capability to complete in pollutants 
removal, and easy application at various 
environmental conditions are needed. Some metal 
oxide semiconductors such as TiO2, ZrO2, ZnO, 
SnO2 and their modified forms exhibited their 
photoactivities towards divers pollutants [2–7].  

In larger scale of applications, the use of these 
photocatalysts faced limitation of the difficulty of 
photocatalyst separation after the process, and 
the loss of photocatalytic activity leading to filter 
clogging and agglomeration, which reduces 
overall efficiency. To overcome these issues, 
magnetic materials have gained increasing 
attention referred to their easy recovery by 
applying external magnetic field. Spinel-type 
ferrites MFe2O4 (where M can be Co, Cu, Ni, Zn, 
or Mn) are stand out for their reactivity including 
in photocatalysis mechanism, high saturation 
magnetization value, and low toxicity. Within the 
class of material, nickel ferrite (NiFe2O4) and its 
modified form have gained interest to be explored 
based on their excellent magnetic properties. As 
photocatalyst, its structure promotes the 
formation of redox pairs (Fe3+/Fe2+ and Ni3+/Ni2+), 
facilitating charge transfer through a hopping 
mechanism between cations of different valences, 
which is the advantageous in the more effective 
photocatalytic performance [8]. 

However, pristine MFe2O4 nanoparticles 
dissolve quickly in acidic solution and easy to form 
aggregates at such reactive functional groups. 
These conditions allowing metal leaching to the 
treated solution, which is potentially cause other 
detrimental contamination to the aquatic 
environment [9]. Coating NiFe2O4 by using 
polymer to modify the surface hydrophobicity and 
supporting onto high surface area materials, 
including mesoporous silica are the strategies to 
overcome the drawbacks [10].  With their high 
surface area (>800 m2/g), large pore diameter (2–
50 nm), narrow pore size distribution and 
accessible active sites of surface, mesoporous 
silica is a promising support. Although silica-
coated magnetic nanoparticles attracting much 
attention for their chemical stability, ease of 
functionalization with ligands, and ability to form 
stable dispersions in aqueous media, there are 
limited number of publications focused on SiO2-
coated NiFe2O4 nanoparticles [11,12]. In this 
research, The University of Delft (TUD-1) was 
chosen as the mesoporous silica. TUD-1 is a three-

dimensional mesoporous silicate synthesized in 
2001, characterized by an irregular, sponge-like 
pore structure. The high specific surface area and 
thermal stability are highly potential to facilitate 
surface mechanism in catalysis as reported in 
some previous catalysis and photocatalysis works 
[13–15]. 

In term of green chemistry approach, an 
efficient synthesis procedure could be attempted 
by minimizing step of preparation procedure. One-
pot synthesis of TUD-1-coated NiFe2O4 
nanoparticles is conducted in this work. Facile 
procedure including the self-assembly formation 
of NiFe2O4 nanoparticles in TUD-1 formation 
environment was proposed. As comparison, two-
step synthesis consisting of TUD-1 preparation 
followed by NiFe2O4 nanoparticles impregnation 
was also conducted. The research aimed to 
evaluate the physicochemical feature of in-situ 
synthesized material (furthermore called as NFT-
1) in comparison with post-synthesis material 
(NFT-2) and its effect to the photocatalytic 
activity for dye degradation. Based on the 
popularity of dye in various industries, methylene 
blue (MB) and rhodamine B (RhB) were selected 
as dye model in the photocatalytic activity 
examination.  

 
2. Materials and Methods  

2.1 Materials 

Chemicals consist of tetraethyl orthosilicate 
(TEOS, 98% ACROS), triethanolamine (TEA, 97% 
ACROS), tetramethylammonium hydroxide 
(TMAOH, 35% Aldrich), dodecyl amine (DDA), 
nickel chloride hexahydrate (NiCl2.6H2O, 98% 
Merck), ferric chloride hexahydrate (FeCl3.6H2O, 
99% Merck), sodium hydroxide (NaOH, 95% 
Merck), methylene blue (Merck), rhodamine b 
(Merck), isopropanol (70%), ethylene diamine 
tetra acetate (EDTA, 99%), benzoquinone (BQ). 
All the materials were employed as received 
without further purification. 

 
2.2. Preparation of TUD-1 

TUD-1 mesoporous material was synthesized 
following the procedure reported by precious work 
[7,8]. In a typical synthesis, a mixture of TEA and 
H2O was added dropwise into TEOS while 
stirring. Subsequently, TMAOH was added 
dropwise into the above mixture. After stirring for 
2 h, a clear and pale-yellow solution was obtained, 
with a molar ratio composition of 1SiO2: 
0.3TMAOH :1TEA: 11H2O. The mixture was aged 
at room temperature for 24 h, followed by drying 
at 100 oC for 24 h. The mixture was placed into a-
Teflon-lined autoclave for hydrothermal 
treatment at 150 oC for 4h and then calcined at 
500 oC for 10 h. After these above steps, purely 
siliceous TUD-1 was obtained. 
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2.3. Synthesis of NiFe2O4/TUD 

NiFe2O4/TUD was obtained with varied 
synthesis procedure, in situ synthesis and post-
synthesis or impregnation method. The in-situ 
procedure was performed by mixing TEA and H2O 
followed by its addition to TEOS under vigorously 
stirring. Into the mixture, TMAOH was added 
dropwise, and stirring continued for 2 hours. After 
that, 1% DDA, NiCl2.6H2O and FeCl3.6H2O were 
added, and NaOH solution was added to get pH of 
10. The obtained mixture was transferred into a 
Teflon-lined autoclave for hydrothermal process 
at 150 °C overnight. The obtained samples were 
filtered, washed by using water until the pH of 
filtrate was neutral. After that, the sample was 
dried in oven to remove the water content before 
calcined at 500 °C for 2 h. The collected solid was 
obtained from in-situ and encoded as NFT-1. 

In the post synthesis or impregnation 
procedure, TUD-1 was previously prepared before 
NiFe2O4 dispersion onto TUD-1. TUD-1 synthesis 
procedure was executed referred to previous work 
[7]. Typically, TEA, TEOS, TMAOH and water 
were employed as precursors under the molar 
ratio of 1SiO2 : 0.5TMAOH : 1TEA : 11H2O. 
Furthermore, TUD-1 was dispersed in a 1% of 
DDA followed by stirring for 30 minutes to get a 
homogenous suspension. Into the suspension, 
solutions of NiCl2.6H2O and FeCl3.6H2O with the 
Ni:Fe molar ratio was added, and the pH was set 
to 10. Furthermore, the similar steps for NFT-1 
were taken, and finally the obtained sample from 
post synthesis encoded as NFT-2. As comparison, 
NiFe2O4 was also prepared under the similar 

synthesis condition within NFT-2. Figure 1 
provides the scheme of synthesis procedure.  

 
2.4. Characterizations 

Characterizations of the obtained samples 
were conducted by using x-ray diffraction (XRD) 
on a Shimadzu X6000 (Tokyo, Japan) instrument 
using a Ni-filtered Cu-Kα source. The 2θ range 
used in the measurement was from 10-80° with a 
step size of 4 o/min. Fourier-Transform infrared 
(FTIR) was recorded on Perkin Elmer Spectrum 
Two System L160000A (Singapore). SEM 
measurements were performed on Hitachi S-4800 
Scanning electron microscope (Tokyo, Japan) 
working at 10 kV. The surface parameters of 
specific surface area, pore volume and pore radius 
were carried out on a Quanta Chrome NOVA 1200 
instrument (Singapore). The material was 
degassed at 150 °C for 2 h prior the analysis. Zeta 
potensial analysis was performed using Horiba 
SZ-100 (Tokyo, Japan). The UV-Visible diffuse 
reflectance spectra were recorded on Perkin 
Elmer Lambda 35 (Massachusetts, USA). For 
magnetism analysis, vibration sample 
magnetometer (VSM) was employed LakeShore 
7400 (Ohio, USA).  

 
2.5. Adsorption Studies 

Adsorption experiments were conducted in a 
horizontal shaker at room temperature. Typically, 
about 0.2 g of the NFT-1, NFT-2 and TUD-1 
powders were dispersed onto MB and RhB 
solutions with the concentration of 30 mg/L. The 
sampling to the treated solution was performed 

Figure 1. Synthesis procedure of NFT-2 and NFT-1. 
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sequentially at certain time, and the 
concentration of solution was analyzed using 
colorimetric method on UV–Visible 
spectrophotometry of HITACHI U-2080 (Tokyo, 
Japan).  

 
2.6. Photocatalytic Activity Examination 

The photocatalytic activity examination of 
NFT-1 and NFT-2 materials were applied for MB 
and RhB photocatalytic oxidation. For typical 
photocatalytic experiment, about 0.2 g of material 
was added into 250 mL of 30 mg/L dye solution. 
The mixture was placed in a batch photocatalytic 
reactor equipped with a UV lamp with a 
wavelength of 296 nm (20 W, intensity of 1.3 
mW/cm2). The adsorption; stirring the mixture in 
the dark; was performed for 15 min prior the UV 
light exposure for each experiment. The sampling 
to the photocatalyzed-solutions was performed 
sequentially at certain time, and determination of 
dye concentration was conducted using 
colorimetric method on UV–Visible 
spectrophotometry of HITACHI U-2080 (Tokyo, 
Japan). The effectivity of photocatalytic treatment 
was measured as the removal efficiency (RE) 
which was calculated by using the following 
Equation (1): 

 
RE (%) = 𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶
 x 100      (1) 

 
with C0 and Ct are the concentration of dyes at the 
initial and time of sampling t.  

To determine the participating photoactive 
material in the mechanism the experiment of MB 
and RhB adsorption were also employed as 
comparison. Studies on reusability and stability of 
samples was conducted on MB photocatalytic 
oxidation after the sample recycling. The recycling 
procedure was separation of powder from mixture 
followed by washing using ethanol:water (1:1) 
followed by drying in an oven at 100 oC. The 
photocatalytic mechanism was examined by 
investigating the influence of IPR, EDTA and BQ 
addition as the scavengers of •OH, h+ and •OOH, 
respectively. Optimization of the scavenger’s 
concentration has been performed and the 

optimum concentration of IPR, EDTA and BQ are 
10 mM, 5mM and 5mM, respectively. At that 
condition, the interferences on absorbance 
reading could be minimized. The data from 
adsorption and photocatalytic experiments were 
collected by triplicate sampling. 

 
3. Results and Discussion  

3.1. XRD Analysis 

The XRD results of the prepared samples are 
presented in Figure 2. TUD-1 shows a broad peak 
at 22.50° as the indication amorphous silica in 
TUD-1 structure. This result is in confirmation 
with previous works [13,15]. NiFe2O4 exhibits the 
diffraction peaks at 2θ values of 30.53°; 35.89°; 
43.58°; 54.04°, 57.58° and 63.2° associated to 
(220), (311), (400), (422), (511) and (440), 
respectively. All the observed peaks indicate the 
formation of spinel NiFe2O4, confirmed by the 
standard JCPDS data no. 01-074-2081 [16]. Some 
of these peaks appeared in NFT-1 are (311), (400), 
(511) and (440), and the peaks referred to (311), 
(400), and (440) are indicated in NFT-2. 
Additionally, both NFT-1 and NFT-2 express the 
broad peaks ranging at 22-25o which associated 
to the presence of SiO2 structure, indicating the 
formation of nanocomposite. By comparing the 
peaks exhibited by NiFe₂O₄, both NFT-1 and 
NFT-2 patterns confirm the formation of NiFe₂O₄ 
nanocrystals supported on the SiO₂ layers. The 
comparison of intensities suggests the lower 
intensity respect to the crystallinity of prepared 
NiFe2O4.  

Based on (311) phase of the indication of 
NiFe₂O₄, the crystallite size (D) was calculated by 
using Scherer equation: 
 
D = 𝐾𝐾 𝜆𝜆

𝛽𝛽 cos 𝜃𝜃
                (2) 

 
With K is reflection constant, λ is the X-ray 
wavelength, β is full width at half maximum 
(FWHM) of the reflections, and θ is the reflection 
angle. Based on the results obtained, it was found 
that NFT-1, NFT-2, NiFe2O4 have a crystallite 
size of 20.02; 19.10 and 1.38 nm, respectively. The 
crystallite sizes obtained in this research are 
comparable to NiFe2O4/SiO2 by previous works 
notified the crystallite size ranging at 10-30 nm 
[17–19]. However, higher compared to [20], which 
reported a size of 7.80 nm. The crystal size is 
influenced by several factors, including the 
synthesis method and the thickness of the silica 
matrix. 
 
3.2. FTIR Analysis 

The FTIR spectra of the samples recorded in 
the region from 4000 to 400 cm-1 are presented in 
Figure 3. The band of TUD-1 at 3384.23 cm⁻¹ 
indicates the symmetric vibration of the –OH Figure 2. XRD pattern of materials. 
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group from the water molecules in the catalyst 
system [21]. Following the conversion to NFT-1 
and NFT-2, the wavenumbers shift to higher 
values, specifically to 3419.78 and 3409.06 cm⁻¹, 
respectively. The bands of NFT-1, NFT-2, and 
TUD-1 at 1629.08; 1631.02 and 1636.81 cm⁻¹ are 
mainly due to water molecules or hydroxyl groups 
attached to the silica surface (Si-OH vibrations). 
Additionally, the absorption band from 1060.73 
cm⁻¹ in TUD-1 to 1044.52 and 1026.02 cm⁻¹ in 
NFT-1 and NFT-2. These wavenumbers represent 
the asymmetric vibration of Si–O–Si bond from 
the tetrahedral SiO₄ [22]. 

The wavenumber range of 400-700 cm⁻¹ are 
characteristic of stretching vibrations metal-
oxide. The band of TUD-1 is observed at 799.34 
cm⁻¹ and shifts to 796.26 cm⁻¹ in NFT-1. 
Absorption in this band is due to the symmetric 
stretching vibrations of Si–O–Si, indicating an 
interaction between silica and water. In the TUD-
1 sample, the peak at 447.79 cm⁻¹ corresponds to 
Si-O bending vibrations. Shi et al. [23] reported 
that a spinel structure of the Ni²⁺–O bond at the 
octahedral site is observed at 470 cm⁻¹, while in 
this study, it was observed at 443.16 cm⁻¹ for 
NFT-1 and 453.29 cm⁻¹ for NFT-2 in the spinel 
structure. These bands are typically associated 
with ion vibrations within the crystal lattice. 

 
3.3. SEM Analysis 

The morphological differences between 
samples are presented in Figure 4. The samples 
possessed various particle sizes with a non-
uniform particle size distribution; all samples 
exhibit a porous surface morphology. Figures 4a 
show a regularly spheric shaped particles 
characteristic of the mesoporous silica similar to 
were reported in previous works [24,25]. 
Supporting NiFe2O4 onto silica alters the 
morphology to be a flaky and rougher 
morphology. In detail, NFT-1 demonstrated a 
maintained spherical forms surface. Referred to 
previous study, this kind of form suggesting the 
silica coating toward NiFe₂O₄ particles [26]. The 
spheric formation is facilitated by the presence of Figure 3. FTIR spectra of TUD-1, NFT-2 and 

NFT-1. 

 

Figure 4. SEM images of (a-b) TUD-1 (c-d) NFT-2 and (e-f) NFT-1. 
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Parameter TUD-1 NFT-2 NFT-1 
Specific surface 
area (m2/g) 

280.24 218.07 228.75 

Pore volume (cc/g) 0.62 0.50 0.64 
Pore radius (nm) 2.43 2.78 3.84 

Figure 5. Mechanism of silica-coated NiFe2O4 
and NiFe2O4-dispersed on SiO2 formation 
[26,27]. 

Figure 6. (a). Adsorption-desorption isotherm and (b). pore distribution of NFT-1, NFT-2 and TUD-1. 

 

(b) (a) 

TMAOH and TEA CTAB as surfactants.  
Meanwhile, the irregularity of the form is 
indication of a simulant the crystallite growth of 
both NiFe₂O₄ and SiO2, which SiO2 stabilizes the 
formation of NiFe₂O₄ similar to was identified in 
the synthesis of NiO-SiO2 [27], SiO2/α-Fe2O3 [28] 
and Fe2O3-SiO2 [27]. Figure 5 represents the 
difference between both mechanisms. 

 
3.4. Textural Properties 

Textural properties of samples were 
measured by using gas sorption analysis. The 
isotherm is presented in Figure 6a. Based on the 
desorption data, a Barret-Joyner-Halenda (BJH) 
pore volume distributions of the materials are 
presented are presented in Figure 6b. The 
calculated Brunair-Emmet-Teller (BET) specific 
surface area, pore volume and pore radius are 
listed in Table 1. The isotherm is identified as of 
the IUPAC classification with pore sizes ranging 
from 2-50 nm. Based on the Barret-Joyner-
Halenda (BJH) pore size distribution, both 
materials have the dominant pore sizes of around 
2-4 nm, respectively, which are characteristic of 

the pore diameter in the silica shell [29]. From 
Table 1, it is known that the specific surface area 
of NFT-1 is 228.75 m2/g which higher compared to 
NFT-2. The results are higher compared to similar 
material reported in previous works, which 
surface areas of 86 and 87.75 m²/g [11,20]. 

 
3.5. Zeta Potential 

Zeta potential of materials presented in 
Figure 7. The zeta potential values of NFT-1, 
NFT-2 and TUD-1 were -35.2, -28.5 and -17.9 mV, 
respectively. The negative value indicates that the 
material's surface tends to attract or retain a 
negative charge under certain conditions [30]. The 
sample has ionizable functional groups, such as 
hydroxyl groups (–OH) on the SiO₂ surface, which 
can ionize into –O⁻, and provide a negative charge 
on the surface. This negative zeta potential 
results would influence the adsorption of dyes. 

 
3.5. VSM Analysis 

The VSM analysis was aimed to study 
magnetic properties which is correlated to the 
reusability of the photocatalyst. The magnetic 
properties of materials are presented in Figure 8. 
From Figure 8a expressed that NFT-1, NFT-2, 
and TUD-1 have saturation magnetization (Ms) 
values of 1.79, 0.91, and 0.22 emu/g, respectively. 
This indicates that TUD-1 is a non-magnetic 
material, then with the presence of NiFe₂O₄ the 

Table 1. Surface parameters from gas sorption 
analysis of materials. 
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samples become magnetic. This is relevant with 
the increased magnetization values observed in 
NFT-1 and NFT-2. 

Based on the magnetic attraction in Figure 
7b, NFT-1 can be more easily attracted by a 
magnet compared to the NFT-2, suggesting the 
easy separation from the reaction system. Both 
NFT-1 and NFT-2 exhibit ferrimagnetic 

characteristics with soft magnetic properties, due 
to the silica coating in the ferrite nanoparticles. 
The magnetic properties are influenced by crystal 
size, which the larger the crystal size, the higher 
the saturation magnetization [31]. The results of 
this study are lower than previous research, 
which reported saturation magnetization values 
of 20 emu/g for NiFe₂O₄/SiO₂ [17]. 

Figure 7. Zeta potential of a. NFT-1, b. NFT-2 and c. TUD-1. 

Figure 8. a. VSM plot of materials, Magnetic attraction of b. NFT-1, c. NFT-2 and d. TUD-1. 
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3.6. Optical Properties 

The optical property of materials was 
evaluated by using UV-DRS spectrophotometry, 
and the spectrum are presented in Figure 9. It is 
seen that the band gap values of NFT-1, NFT-2, 
and TUD-1 are 2.73, 3.11 and 3.19 eV, 
respectively, for degrade MB and RhB. After TUD-
1 was embedded into NFT-1 and NFT-2, the 
overall band gap of the material decreased. NFT-
1 is identified as the superior material due to its 
smaller band gap, which enhances its 
photocatalytic activity and increases the 
degradation of organic compounds. The band gap 
values of the prepared materials in this study are 
higher compared to NiFe₂O₄/SiO₂ reported in the 
previous work with the value of 1.67 eV[32]. The 
band gap energy is influenced by various factors, 
including particle size, the presence of additional 
metal ions, and the environmental conditions 
affecting the atomic structure within the 
composite [33]. 

 
3.7. Adsorption Studies 

Adsorption is part of the surface mechanism 
involved in the photocatalysis mechanism, so it is 
important to be evaluated. The adsorption 
kinetics and capacity towards the dyes recognizes 
whether the photon-activated species contribute 
significantly to the degradation mechanism or not.  
In order to evaluate the existing role of materials 
for adsorption mechanism in decreasing dyes 

concentration, experiments on adsorption of MB 
and RhB were performed.  

Figure 10a demonstrates the UV-Visible 
spectral changes of MB and RhB at the initial and 
treated condition over adsorption using NFT-1 
sample. The spectral changes imply the reduced 
absorbance of treated solution along the increased 
time of treatment that are corresponding to the 
reduced concentration. In addition, there is no 
such spectral shifting which generally confirm the 
change of molecular structure. Based on the 
absorbance data at maximum wavelength, the 
kinetics of MB and RhB adsorption are provided 
at Figure 10c and Figure 10d, respectively. It is 
seen that all the samples decrease the dyes 
concentration, and the reducing concentration is 
enhanced along the increased adsorption time. 
The resumed calculations from both plots are 
represented in Figure 10e which represents that 
generally the adsorption capabilities of the 
samples towards both dyes are insignificantly 
different. It is observed that the adsorption 
capacities towards MB are higher than that of 
RhB for all samples.  it is seen that the capabilities 
of the NFT samples to adsorb MB are higher than 
the capacity towards RhB, meanwhile these are 
not remarkable different for TUD-1 sample. The 
more effective MB adsorption is referred to the 
smaller molecular structure of MB so it has fewer 
carbon bonds compared to RhB [34]. In addition, 
the positively-charged the MB structure attracts 
to be bounded to the negative charges of NFT 

Figure 9. UV-DRS spectra of a. NFT-1, b. NFT-2 and c. TUD-1. 
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Dye Adsorbent First-order kinetics 
(Kinetics equation) 

R2 Second-order kinetics 
(Kinetics equation) 

R2 

MB 
TUD-1 ln (qe-qt) = - 0.055 t + 1.045 0.939 t/qt   = 0.191 t + 12.955 0.919 
NFT-1 ln (qe-qt) = - 0.063 t + 1.242 0.976 t/qt   = 0.332 t + 7.916 0.954 
NFT-2 ln (qe-qt) = - 0.020 t + 0.855 0.978 t/qt   = 0.299 t + 12.602 0.946 

RhB 

TUD-1 ln (qe-qt) = - 19.644 t + 24.521 0.897 t/qt   = 0.317 t + 12.877 0.961 

NFT-1 ln (qe-qt) = - 0.041 t + 0.873 0.960 t/qt   = 0.369 t + 8.524 0.952 
NFT-2 ln (qe-qt) = - 0.061 t + 1.252 0.860 t/qt   = 0.296 t + 8.524 0.915 

samples surface as expressed by the zeta potential 
of the samples. This is also confirmed by the order 
of adsorption capacity of NFT-1 > NFT-2 > TUD-1 
which is linear to the most negative charged NFT-
1 followed by NFT-2 and TUD-1, respectively. 

The adsorption capacity values are 
comparable and proportional to was reported by 
previous works on MB adsorption by NiFe2O4 that 
showed the adsorption capacity within the range 
of 1.50-6.15 mg/g for MB concentration ranging at 
20-40 mg/L [35]. The adsorption capacities of 
TUD-1 towards MB and RhB are within range of 
capacities of the silica samples reported by 
previous works [36,37]. Based on the adsorption 
data, pseudo-first order and pseudo-second order 
adsorption kinetics equations with Equations (2) 
and (3) were simulated to predict the adsorption 
kinetics:   
 

ln(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = ln 𝑞𝑞𝑒𝑒 − 𝑘𝑘1𝑡𝑡    (2) 
𝑡𝑡
𝑞𝑞𝑡𝑡

= 1
𝑘𝑘𝑘𝑘2𝑒𝑒

− 𝑡𝑡
𝑞𝑞𝑒𝑒

     (3) 
 
with qe and qt are the amount of dye adsorbed 
(mg.g-1), at equilibrium and at a time t, 
respectively, and k is the rate constant of 
adsorption kinetics. The calculated parameters 
are provided in Table 2. From the determination 
parameters (R2) it can be concluded that the 
adsorption kinetics of both dyes using all samples 
fit to both kinetics equations, confirming that the 
concentration of dyes determines the adsorption 
rate. In more detail, pseudo-first order kinetic 
demonstrates the higher suitability for MB 
adsorption, meanwhile pseudo-second order 
kinetic equation is more appropriate for RhB 
adsorption. Figure 11a-d exhibit the kinetics plots 
of MB and RhB adsorption. 
 
3.8. Photocatalytic Activity Examination 

Photocatalytic activity of materials was 
evaluated on MB and RhB degradation under UV 
light irradiation. The chosen UV light as photon 
source in the photocatalytic mechanism refers to 
the band gap energy of the samples that 
appropriated to the wavelength ranging at 398-
420 nm which positioned at the near UV region. 

Figure 10. (a-b). UV-visible spectral change by 
adsorption treatment of MB and RhB, 
respectively (c-d) Kinetics of MB and RhB 

      
Table 2. Kinetics parameter and equation of adsorption. 

Figure 11. (a-b) Pseudo-first order and Pseudo-
second order plots of the MB adsorption, (c-d) 
Pseudo-first order and Pseudo-second order plots 
of the adsorption of RhB. 
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The UV-Visible spectral change of the initial and 
photocatalytic-treated MB and RhB solutions 
using NFT-1 are depicted in Figure 12a and 12b. 
The spectra demonstrate the reduced absorbance 
of the MB and RhB initial solutions at 663.5 nm 
and 546 nm along with longer time of 
photocatalytic treatment, respectively. Beside 
this, the shifting of the maximum wavelengths is 
also identified, suggesting of the solution under 
the treatments.  

The kinetics plots obtained from the 
photocatalytic treatments using all samples are 
presented at Figure 12c and 12d, and the resumed 
RE is provided in Figure 12e. For comparison, the 
photocatalytic treatments using the prepared 
NiFe2O4 were also performed. In addition, the 
significance of photocatalytic mechanisms is 
confirmed by the kinetics of photolysis treatments 
towards RhB and MB provided in Figure 12f. The 
kinetics plot from photolysis treatments showed 
that photon exposure without any catalyst could 
not significantly reduce both dyes due to 
insufficient energy neither to activate radicals 
from water splitting nor to cleavage the bonding 
in dyes molecules. The data is same with was 
reported on RhB photolysis reported by previous 
work [38].   

NFT samples exhibit the faster removal of 
both MB and RhB compared to TUD and NiFe2O4 
with following order: NFT-1>NFT-2> TUD-1> 
NiFe2O3. In more detail, the capability of NFT 
samples for removing RhB is higher compared to 
MB, which is controversially referred to as 
adsorption capability. In addition, the dyes 
removal over TUD-1 is in similar values to the 
removal obtained using adsorption method. The 
higher photocatalytic activity of NFT-1 rather 
than NFT-2 is associated with the lower band gap 
energy of NFT-1 which tends to accelerate the 
mechanism via faster electron transition for 
producing hydroxyl radicals for oxidation. In 
addition, the higher specific surface area, pore 
volume and pore radius of NFT-1 supports the 
adsorption step as part of the surface mechanism 
in photocatalysis. Meanwhile, the removal over 
TUD-1 is governed only by the adsorption as there 
is no additional removal value, representing the 
absence of photoactive material in the solid. The 
compared photoactivity of NFT samples and 
NiFe2O4 implies a remarkable enhanced 
photocatalytic activity the TUD-1-supported 
NiFe2O4. In detail, the in-situ procedure is 
significantly influencing the mechanism, and 
technically simpler compared to the synthesis of 
NFT-2.  

More detail analysis to the kinetics data was 
conducted using pseudo-first order and pseudo-
second order kinetics equations (Eqs. (4) and (5)): 
 
ln 𝑐𝑐𝑡𝑡

𝑐𝑐0
 = −𝑘𝑘1𝑡𝑡     (4) 

1
𝑐𝑐𝑡𝑡

 = 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡 + 1
𝑐𝑐0

     (5) 
 
where Ct and C0 are initial dye concentration and 
concentration at time of t, and k is kinetics 
constant. 

The kinetic plots are presented in Figure 13, 
and the calculated parameters are listed in Table 
3.  The kinetics evaluation gives results that both 
MB and RhB fit to either pseudo-first order 
kinetics or pseudo-second-order kinetics 
equations revealing that the concentration of dye 
strongly influences the reaction rate [Figure 14]. 
However, from the R2 parameters, it is 
conclusively obtained that the MB degradation 
over NFT-1 and NFT-2 is more appropriate to the 
pseudo-first-order kinetics, meanwhile RhB 
degradation over both NFT samples tends to obey 
pseudo-second order kinetics. Considering the 
adsorption kinetics data, the MB is easier to be 
adsorbed onto NFT samples rather than RhB due 
to the charge-influenced surface interaction, the 
role of MB concentration is higher than RhB 
concentration to accelerate the reaction. The 
results of RhB photodegradation kinetics are 
different to was reported on the use of NiFe2O4/g-
C3N4 which properly followed pseudo-first-order 
kinetics. However, the kinetics constants of the 

Figure 12. (a-b) UV-Vis spectra of MB and RhB 
under photocatalytic treatments using NFT-1, 
(c-d) Kinetics plot of MB and RhB removal 
under photocatalytic treatments using prepared 
materials, d. Recapitulated removal efficiency 
and capacity by photocatalytic treatments, e. 
Kinetics plot of photolytic treatments [Initial 
concentration of dye = 30 mg/L, catalyst dose = 
0.2 g/250 mL]. 
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Dye Photocatalyst First-order kinetics  
(Kinetics equation) R2 Second-order kinetics 

(Kinetics equation) R2 

MB NFT-1 ln 𝐶𝐶 =  −1.87𝑥𝑥10−2𝑡𝑡 + 1.66 0.958 1
𝐶𝐶

= 5.17x10−3 𝑡𝑡 +  0.326 0.917 

NFT-2 ln 𝐶𝐶 =  −2.99𝑥𝑥10−3𝑡𝑡 + 0.09 0.742 1
𝐶𝐶

= 2.43x10−3 𝑡𝑡 +  0.924 0.739 

TUD-1 ln 𝐶𝐶 =  −3.22𝑥𝑥10−4𝑡𝑡 − 0.16 0.968 1
𝐶𝐶

= 2.19x10−4 𝑡𝑡 +  5.89x10−3 0.978 

NiFe2O4 ln 𝐶𝐶 =  −1.96𝑥𝑥10−3𝑡𝑡 + 2.83 0.967 1
𝐶𝐶

= 1.08x10−5 𝑡𝑡 +  5.93x10−3 0.563 

RhB NFT-1 ln 𝐶𝐶 =  −3.07𝑥𝑥10−2𝑡𝑡 + 2.68 0.891 1
𝐶𝐶

= 9.24x10−3 𝑡𝑡 −  0.047 0.983 

NFT-2 ln 𝐶𝐶 =  −9.14𝑥𝑥10−3𝑡𝑡 + 2.55 0.949 1
𝐶𝐶

= 1.00x10−3 𝑡𝑡 −  5.51𝑥𝑥10−2 0.976 

TUD-1 ln 𝐶𝐶 =  −6.75𝑥𝑥10−4𝑡𝑡 + 2.84 0.508 1
𝐶𝐶

= 2.18x10−5 𝑡𝑡 −  1.06𝑥𝑥10−2 0.965 

NiFe2O4 ln 𝐶𝐶 =  −2.28𝑥𝑥10−4𝑡𝑡 + 2.99 0.955 1
𝐶𝐶

= 1.18x10−5 𝑡𝑡 −  1.06𝑥𝑥10−2 0.584 

process were within the range of 0.009 min⁻1 -
0.045 min⁻1 depending on the content of NiFe2O4 
in the nanocomposite, and this suitable for the 
obtained results from this work [39, 40]. In 
addition, the kinetics of MB photodegradation is 
comparable to similar works using NiFe2O4/g-
C3N4 and ZnO/NiFe2O4[41, 42]. Beside the band 
gap energy, the effectiveness of the degradation 
depends on several factors such as initial 
concentration of dyes, zeta potential, pore 
structure, pH of solution and catalyst dosage.  

 
3.8. Reusability 

Reusability of catalyst is important features 
for application. Experiments were conducted over 
5 cycles to degrade the MB, presented in Figure 
14a. The used catalyst was separated using a 
magnet, followed by drying at 60 °C before reuse. 
Furthermore, the photocatalytic process was then 
repeated under the same treatment and 
conditions. Based on the results, it is evident that 
in cycle 1, NFT-1, NFT-2, TUD-1 catalysts 
produced a lower DE compared to the other cycles. 
This was due to differences in the UV light source 
(photon) and the UV-Vis spectrophotometer used. 
In second use until 5th cycle, each sample showed 
no significant change of both DE values. DE 
obtained after 5 cycles for NFT-1, NFT-2, TUD-1 
and NiFe2O4 was 99, 80 and 30%, respectively. 
This means that the activities of both catalysts are 
remains stable, which the reduced activity no 
more than 5%. 

The tests of photocatalysis mechanism were 
conducted to determine the effect of +IPR, +EDTA 
and + BQ.  These addtions were used to predict 
the role of OH radical (●OH), hole (h+) and 
superoxide radical (O2●-) scavenger, respectively. 
From Figure 14b-c it can be seen the addition of 
scavengers reduced both RE and k of 

photocatalytic degradation of MB on NFT-1. The 
data suggests that all species consist of ●OH, h+ 
and O2●- play role in influencing oxidation 
mechanism. In more detail, the reductions of the 
parameters over IPR addition are the most 
significant compared to the addition of BQ and 
EDTA.It could be implied that ●OH has greater 
influence than O2●-  and h+. The reaction rate 
will be inhibited, so prevent it from reacted with 
O2 or H2O to produce OOH.  

By resuming all the data, it is found that one-
pot synthesis of material, which mean the less 
energy and time-efficient procedure produced the 
more effective and efficient photocatalyst material 
for dye degradation. This aligns with the energy 
efficient principle as part of 12 principles of green 
chemistry. The recyclability of the material and 

Table 3. Kinetics parameter and equation. 

Figure 13. (a-b) Pseudo-first order kinetics plot 
of MB and RhB photocatalytic degradation, 
respectively, (c-d) Pseudo-second- order kinetics 
plot of MB and RhB photocatalytic degradation, 
respectively. 
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its easily separable after use are the benefits in 
practicability, bring to the cost-effective 
technology. The results are potentially developed 
as a technology for reducing waste and 
maintaining aquatic environment, that fit to 
Sustainable Development Goal (SDG) 9 (Industry, 
Innovation, and Infrastructure) and SDG 13 
(Climate Action) by reducing the environmental 
footprint of chemical processes.  

 
4. Conclusion 

R Study on the effect of synthesis route of 
TUD-1 coated NiFe2O4 demonstrated that the 
synthesis procedure significantly influences the 
physicochemical character and photocatalytic 
activity of the materials. One-pot synthesized 
material (NFT-1) represents a mesoporous 
structured material with higher specific surface 
area of 228.75 m2/g compared to two-steps 
synthesized material (NFT-2) with the value of 
218.07 m2/g. NFT-1 exhibit band gap energy of 
2.73 eV to support catalytic activity of MB and 
RhB. The parameters are contributing factors for 
the higher adsorption capability of NFT-1 which 
directly contribute to the higher photocatalytic 
activity. The removal of MB and RhB by 
photocatalytic treatment over NFT-1 were 95.67% 
and 95.08%, respectively.  The prepared materials 
showed easy recyclability and good stability until 
5th cycles.  
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