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Abstract 

NiFe2O4 nanoparticles had been successfully synthesized by solution combustion method using urea fuel (organic 

precursor). The synthesized NiFe2O4 were characterized by X-ray diffraction (XRD), Scanning electron microscopy-

Electron Dispersive X-ray Spectroscopy (SEM-EDs), Transmission Electron Microscopy (TEM), Fourier Transform 

Infra-Red (FTIR), Vibrating Sample Magnetometer (VSM), UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis 

DRS), and Point of Zero Charge (pHpzc). NiFe2O4 nanoparticles irradiated with visible light were employed to de-

grade Congo red dye with the following variable: solution pH (3–8), H2O2 concentration (0.5–3 mM), and Congo red 

concentration (100–600 mg/L). XRD analysis results showed that the NiFe2O4 nanoparticles had a cubic spinel 

structure. The particle sizes are in the range of 10–40 nm. The magnetic properties of NiFe2O4 nanoparticles de-

termined using VSM showed a magnetization saturation value of 47.32 emu/g. UV-Vis DRS analysis indicated 

that NiFe2O4 nanoparticles had an optical band gap of 1.97 eV. The success of synthesis was also proven by the 

EDS analysis results, which showed that the synthesized NiFe2O4 nanoparticles composed of Ni, Fe, and O ele-

ments. The removal efficiency of Congo red dye was 96.80% at the following optimum conditions: solution pH of 

5.0, H2O2 concentration of 2 mM, Congo red dye concentration of 100 mg/L, and contact time of 60 min. The study 

of the photodegradation kinetics follows a pseudo-first order reaction with a rate constant value of 0.0853 min−1.  
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1. Introduction 

The utilization of synthetic dyes in industries 

such as textiles, plastics, rubber, cosmetics, and 

papers generates liquid waste that contains 

dyes. This waste is harmful to humans, ani-
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mals, aquatic plants and can be carcinogenic 

[1,2]. Approximately one million tons of dye-

stuffs have been synthesized and traded world-

wide [3,4]. One of the dyes often used in indus-

try is Congo red. Congo red is an anionic dye 

that has azo and sulfonate groups. Congo red 

dyes have been widely used in the textile, tan-

nery, dying, paper, rubber, and plastic indus-

tries [1]. 

https://creativecommons.org/licenses/by-sa/4.0
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Conventional physical, biological, and chem-

ical waste treatment methods are costly, ineffi-

cient, and produce secondary pollutants [5]. 

This problem can be overcome through ad-

vanced oxidation processes (AOPs). Photo Fen-

ton reaction is a method of AOPs that often 

used because it produces oxidative species such 

as hydroxyl radicals (•OH). This method is 

based on utilizing semiconducting materials, 

oxidants, and light sources to degrade the dye. 

Spinel ferrite nanomaterials have attracted 

attention due to their applications in various 

fields, such as magnetic refrigeration, remarka-

ble electrical, magnetic resonance imaging, ca-

talysis, and magnetic adsorbents [6–8]. Ferrite 

compounds have the general formula, MFe2O4, 

where iron(III) oxide (Fe2O3) is the main com-

ponent, and M is a divalent metal ion, such as: 

Ni, Cu, Fe, Zn, Co, and Mg [9]. Photocatalytic 

degradation is one of the noted usages of ferrite 

compounds to degrade pollutants in water or 

wastewater. Photocatalytic degradation using 

ferrite compounds effectively reduces pollutant 

toxicity because the pollutants are degraded in-

to smaller and harmless molecules such as H2O 

and CO2 [7]. The ferrite compound is a catalyst 

that has a stable structure, excellent magnetic 

properties, and low bandgap energy [10,11]. 

The separation of ferrite compounds from solu-

tions can be completed without filtration by uti-

lizing external magnets, making them efficient 

and promising in industrial applications [12]. 

The mechanism of photocatalyst degrada-

tion generally involves the formation of hydrox-

yl radicals and the formation of superoxide    

anions from oxygen. When a photocatalyst com-

pound absorbs light with a specific wavelength, 

the photocatalyst obtains energy. This energy 

is used for the excitation of electrons from the 

valence band (VB) to the conduction band (CB). 

A hole is produced in the VB (h+), and an elec-

tron is produced in the CB (e+). The resulting 

hole breaks down water molecules into a hy-

droxyl radical, which reacts with organic mole-

cules to break down organic compounds [13]. 

The combination of several oxidation sys-

tems causes an increase in the degradation’s  

effectiveness [14]. One such system is H2O2. 

H2O2 is harmless to the environment because it 

is easily broken down into water and oxygen 

[7]. The degradation method using H2O2, 

known as photo-Fenton oxidation, has been 

proven to be effective in degrading the dye. 

However, this method has the drawback of los-

ing the catalyst. Several studies show that the 

combination of photocatalytic degradation and 

H2O2 provide good degradation performance, as 

shown by the degradation of methylene blue 

dyes using Fe3O4 compounds [15], degradation 

of rhodamine B dyes using CoFe2O4 [7], and 

degradation of methylene blue dyes using 

Fe3O4/AC/TiO2 [16]. 

NiFe2O4 nanoparticles can be synthesized 

using sol-gel, coprecipitation, solid-state reac-

tion, chemical reaction, hydrothermal, sol-

vothermal, and solution combustion. The solu-

tion combustion method is particularly suitable 

for synthesizing ferrite nanoparticles due to its 

simple procedure, rapidity, and low-

temperature requirement. The resulting prod-

uct has high homogeneity and purity [7,17]. 

Moreover, this method has a high success rate 

[18]. Several organic compounds, such as: gly-

cine, urea, citric acid, alanine, sucrose, dex-

trose, and EDTA, can be used as fuel [17,19]. 

Urea was chosen as the fuel in this study, be-

cause it is cheap, safe, and non-toxic [19]. 

In this study, NiFe2O4 nanoparticles were 

synthesized through the solution combustion 

method using urea as fuel. The resulting 

NiFe2O4 nanoparticles were characterized uti-

lizing XRD, SEM-EDS, TEM, FTIR, VSM, UV-

Vis DRS, and pHpzc. The NiFe2O4 nanoparti-

cles were used for photodegradation of Congo 

red dye in the presence of visible light 

irradiation. H2O2 was added to increase the 

amount of hydroxyl group that degrades the 

dye.  

 

2. Materials and Methods 

2.1 Materials 

All chemicals used, Ni(NO3)2.6H2O, 

Fe(NO3)3.9H2O, urea, NaOH, HCl, Congo red 

dye, and H2O2 30%, were obtained from Merck, 

Germany. 

 

2.2 Synthesis of NiFe2O4 Nanoparticles 

NiFe2O4 nanoparticles were synthesized 

through the solution combustion method [7,19]. 

A total of 6.0 g of urea was dissolved in 50 mL 

of distilled water. Subsequently, 4.36 g of 

Ni(NO3)2.6H2O and 12.19 g of Fe(NO3)3.9H2O 

were added. The mixture was stirred to form a 

gel then heated at 80 °C for 12 hours in the ov-

en. The solid formed was calcined at 500 °C for 

three hours at a heating rate of 5 °C/min. The 

synthesis reaction of NiFe2O4 nanoparticles is 

as follows [17]: 

 
3Ni(NO3)2.6H2O + 6Fe(NO3)3.9H2O + 20(NH2)2CO 

 → 3NiFe2O4 + 112H2O + 20CO2 + 32N2  (1) 
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2.3 Characterization of NiFe2O4 Nanoparticles 

The crystal structure of the NiFe2O4 nano-

particles was determined using X-ray diffrac-

tometer (XRD Rigaku Miniflex-600), in the 

range of 2θ = 10–90°. Crystal size was deter-

mined using the Scherrer equation [20], as fol-

lows: 

 

(2) 

 

where D is the average NiFe2O4 crystal size,  

is the X-ray wavelength (0.15418 nm), k is the 

Scherrer constant (0.9), β is the full width at 

half maximum (FWHM), and θ is the Bragg dif-

fraction angle. 

The morphology and element composition of 

the NiFe2O4 nanoparticles were analyzed using 

SEM-EDS (JSM 6510) and TEM JEOL JEM 

1400. The magnetic properties of the NiFe2O4 

nanoparticles were determined utilizing VSM 

(Lakeshore 74004). Optical absorption spectra 

analysis was performed employing UV-Vis DRS 

(Pharmaspec UV-1700). 

The following procedure was employed to 

determine the pHpzc of NiFe2O4 nanoparticles. 

Nine tubes containing 50 mL of 0.01 M NaCl 

solution were pH adjusted (2–10) using 0.1 M 

HCl or NaOH. The solution was added with 0.1 

g of NiFe2O4 nanoparticles. The mixture was 

stirred using a magnetic stirrer for two hours 

and then left for 24 hours. The final pH of the 

solution was measured using a pH meter. 

pHpzc was determined based on a graph plot of 

the initial pH of the solution and ΔpH. 

 

2.4 Photocatalytic Activity of NiFe2O4 Nanopar-

ticles 

The photocatalytic activity of NiFe2O4 nano-

particles was evaluated based on their ability 

to degrade Congo red. A total of 0.05 g of 

NiFe2O4 was added to 50 mL of 200 mg/L Con-

go red dye solution. The experiment was car-

ried out in a closed reactor at room tempera-

ture. Each sample was irradiated with visible 

light (10–60 min) with a fixed distance of 15 cm 

using a 60-watt Philips compact lamp. After 

the photocatalytic degradation process, 

NiFe2O4 nanoparticles were separated from the 

solution using an external magnet. The concen-

tration of the remaining Congo red dye was de-

termined using a UV-Vis spectrophotometer 

(Genesys 10S). The effect of H2O2 and the con-

centration of Congo red dye were investigated 

by varying the amount of H2O2 (0.5-3.0 mM) 

and the concentration of Congo red (100-600 

mg/L). The following formula was used to cal-

culate the effectiveness of removal. 

 

(3) 

 

where C0 dan Ct are initial and final concentra-

tions of Congo red dye (mg/L), respectively. 

 

3. Results and Discussion 

3.1 Characterization of NiFe2O4 Nanoparticles 

In this study, NiFe2O4 nanoparticles were 

synthesized using urea as fuel by solution com-

bustion method. XRD was utilized to investi-

gate the structure of NiFe2O4 nanoparticles. 

Figure 1 shows the XRD peaks of the synthe-

sized NiFe2O4 nanoparticles. The structure of 

the NiFe2O4 was cubic spinel, according to 

JCPDS NiFe2O4 (Card No. 10-0325), which was 

observed at 2θ =10–90°. Sharp peaks appeared 

at 2θ = 35.12° (311), whereas other peaks ap-

peared at 2θ = 30.35° (220), 38.06° (222), 44.06° 

(400), 53.96° (422), 57.28° (511), and 63.80° 

(440). The NiFe2O4 crystal size average was 

Figure 1. XRD pattern of the NiFe2O4 nanopar-

ticles. 

Figure 2. FTIR Spectra of the NiFe2O4 nano-

particles. 
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calculated using the Scherrer equation was 8.6 

nm. This crystal size was smaller than the 

NiFe2O4 synthesized via the sol-gel method 

(25–45 nm) [8] and the coprecipitation method 

(18 nm) [21]. 

The characterization results of NiFe2O4 na-

noparticles using FTIR at a wavenumber of 

400–4000 cm−1 is shown in Figure 2. In general, 

FTIR spectra are distinguished in two regions, 

namely wave numbers 100–1000 and 1000–

4000 cm−1 [22]. The metal oxide functional 

groups are observed at wavenumbers below 

1000 cm−1. The spinel structure was confirmed 

from two peaks at wavenumbers of 580–620 

and 420–435 cm−1 [9]. In this study, a strong 

peak was detected at 580.57 cm−1 which indi-

cated the stretching vibration of nickel and oxy-

gen bonds (Ni−O), whereas the wave number at 

433.98 cm−1 pointed to the stretching vibration 

of iron and oxygen (Fe−O) bonds. The wide 

spectrum observed at the wave number 3200–

3500 cm−1 indicates the OH group’s stretching 

vibration. This functional group originated 

from the absorbed water. 

The magnetic properties of NiFe2O4 nano-

particles were determined using VSM at room 

temperature. The saturation magnetization 

(Ms) of NiFe2O4 nanoparticles was calculated 

from the hysteresis curve. Figure 3 shows the 

hysteresis curve of NiFe2O4 nanoparticles. This 

curve indicates that NiFe2O4 nanoparticles are 

superparamagnetic. The magnetization satura-

tion value obtained was 47.32 emu/g. The typi-

cal magnetization saturation is related to small 

particle size [23]. Magnetic properties are in-

fluenced by crystallite size. The smaller crys-

tallite size indicates poor crystallinity. The in-

crease in crystallite size is increasing satura-

tion magnetization [24]. The magnetization 

saturation value of NiFe2O4 calculated using 

the Neel sublattice theory for the inverse cubic 

spinel of NiFe2O4 nanoparticles is 50 emu/g, 

whereas the value for bulk NiFe2O4 is 56 emu/g 

[25]. The saturation magnetization in this 

study obtained was greater than the NiFe2O4 

nanoparticles synthesized using the same 

method with glycine, sucrose, and glycerol as 

fuels, namely 20, 8, and 8 emu/g [17]. 

The optical absorption properties of NiFe2O4 

nanoparticles studied using UV-Vis DRS are 

shown in Figure 4. UV-Vis DRS was used to 

demonstrate the photo-absorption ability of the 

synthesized sample [26]. The analysis showed 

that the NiFe2O4 nanoparticles could absorb 

energy in visible light region. Strong absorp-

tion appeared at a wavelength of 423 nm. The 

direct optical band gap value of the NiFe2O4 

nanoparticles, which was calculated using the 

Kulbeka Munk equation based on the Taut plot 

[F®hν]2 versus hν was 1.97 eV, which was 

smaller than the value found in the literature 

2.19 eV [27]. The band gap of NiFe2O4 
Figure 3. Magnetic properties of NiFe2O4 nano-

particles. 

Figure 4. Spectra of (a) UV-Vis DRS and (b) band gap energies of the NiFe2O4 nanoparticles. 
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nanoparticles synthesized was greater than by 

the coprecipitation method, namely 1.64 eV 

[28] and 1.87 eV [29]. The band gap energy of 

ferrite compounds is 2.0 eV, which is effective 

for absorbing visible light [30]. 

Figure 5 shows the SEM and TEM image of 

the NiFe2O4 nanoparticles. The structure and 

shape of particles vary greatly depending on 

the synthesis method used [6]. The morphology 

of the NiFe2O4 nanoparticles indicated that the 

particles underwent agglomeration. Particles 

with a small size tend to agglomerate. The par-

ticle sizes of NiFe2O4 nanoparticles in the range 

of 10–40 nm. Based on the EDS data, the ele-

ment composition of the NiFe2O4 nanoparticles 

was 14.70% Ni, 38.20% Fe, and 47.10% O. This 

composition confirmes that the successful syn-

thesis of the NiFe2O4 nanoparticles. 

 

3.2 Photocatalytic Degradation of Congo red 

Dye 

The photocatalytic degradation of Congo red 

dye using NiFe2O4 nanoparticles was carried 

out at a solution pH of 3–8. The Congo red 

dye’s natural pH (5.6) affected the electrostatic 

interaction between NiFe2O4 nanoparticles and 

the dye. Figure 6 shows the pHpzc of NiFe2O4 

nanoparticles, which was 6.8. This result was 

almost identical to that in Mouinpour’s study 

[31], whereas NiFe2O4 nanoparticles synthe-

sized using the coprecipitation method had a 

pHpzc of 6.7. At pH conditions below pHpzc, 

NiFe2O4 nanoparticles are positively charged, 

and Congo red is an anionic dye. This electro-

static attraction will increase the effectiveness 

of the degradation. 

The effect of pH on degradation was investi-

gated in the pH range of 3–8 with an initial 

dye concentration of 200 mg/L and a time vari-

ation of 10–60 min. Figure 6 shows that at pH 

3 to 5, the photocatalytic degradation’s effec-

Figure 5. (a) SEM image, (b) TEM image, and (c) EDS spectra of the NiFe2O4 nanoparticles. 

Figure 6. (a) pHpzc and (b) effect of pH on the degradation of Congo red dye. 
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tiveness increased and then decreased. The 

peak effectiveness of removal was achieved at a 

solution pH of 5. The decrease in the effective-

ness at higher pH condition can be explained 

due to an increase of OH− in solution causing 

Fe(OH)3 deposition [32]. The process of dye 

degradation using NiFe2O4 is as follows [8]: 

 

NiFe2O4 + hν → NiFe2O4 (e− + h+) (4) 

NiFe2O4 (e−) + O2 → NiFe2O4 + •O2
− (5) 

NiFe2O4 (h+) + OH− → NiFe2O4 + •OH (6) 

•O2
− + H2O → HO2• + OH− (7) 

•OH + Congo red → degradation product  (8) 

•O2
− + Congo red → degradation product  (9) 

HO2• + Congo red → degradation product  (10) 

 

Figure 7(a) demonstrates the effect of H2O2 

on the effectivity of Congo red removal. The ad-

dition of 0.5-3.0 mM H2O2 increased the effec-

tiveness of degradation. The effectiveness was 

relatively constant after 2.0 mM H2O2 was add-

ed. The photodegradation of methylene blue us-

ing MnFe2O4 nanoparticles showed an identical 

trend, where the addition of H2O2 increased the 

effectiveness of removal to a specific concentra-

tion. Subsequently, the effectiveness remained 

constant [12]. The most remarkable effective-

ness was observed with 2.0 mM H2O2 addition. 

The addition of H2O2 increases the amount of 

HO2• and •OH radicals, thereby increasing the 

degradation process. NiFe2O4 nanoparticles 

contain Fe3+ ions that react with H2O2 accord-

ing to the following reaction [33,34]: 

 

Fe3+ + H2O2 → Fe2+ + H+ + HO2• (11) 

Fe3+ + HO2• → Fe2+ + O2 + H+  (12) 

Fe2+ + H2O2 + H+ → Fe3+ + •OH + H2O  (13) 

 

The effectiveness of removal at the addition 

of 2.5 to 3.0 mM H2O2 was relatively constant. 

•OH radical can react in parallel with excess 

H2O2 to produce HO2• and H2O. Afterwards, 

some •OH radicals react with HO2• to produce 

H2O2 and O2. The subsequence reaction reduc-

es the effectiveness of hydroxyl radicals in de-

grade the dye [35]. The reactions that occur are 

as follows: 

 

•OH + Dye → degradation product (14) 

•OH + H2O2 → HO2• + H2O  (15) 

•OH + HO2• → H2O2 + ½O2  (16) 

 

The effect of the initial concentration of the 

Congo red dye was investigated by varying the 

dye’s concentration in the range of 100–600 

mg/L.  The experiment was carried out with 25 

mL of the Congo red solution and 0.05 g of 

NiFe2O4 nanoparticles at a pH of 5.0 for 10–60 

min. Figure 7(b) shows that the optimum pho-

tocatalytic degradation achieved at 100 mg/L 

with a contact time of 60 min, where the 

removal efficiency was 96.80%. The removal ef-

ficiency was reversely proportional to the con-

centration of the Congo red dye. This phenome-

non occurs because the active part of the cata-

lyst has been filled with dye molecules, where-

as the amount of catalyst was constant [36]. 

 

3.3 Effect of Visible Light Irradiation 

NiFe2O4 nanoparticles, with the help of visi-

ble light irradiation, instigate electrons to 

move to CB, leaving electron holes in VB [37]. 

Subsequently, a reaction with water occurs, 

producing hydroxyl radicals that degrade the 

dye into intermediate compounds with shorter 

carbon chains and simpler compounds [8,12]. 

Figure 7. Effect of (a) H2O2 concentration and (b) Congo red dye concentration on photocatalytic degra-

dation. 
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H2O2 plays a role in multiplying the number of 

hydroxyl radicals, thus accelerating the degra-

dation process. The effectiveness of Congo red 

dye degradation with and without radiation 

showed a significant difference, as shown in 

Figure 8. The duration of irradiation also af-

fects the degradation effectiveness [35]. 

 

3.4 Kinetic Photocatalytic Degradation 

The photocatalytic activity of NiFe2O4 nano-

particles to the degradation of Congo red dye 

under visible light irradiation is presented in 

Figure 9. The kinetic equation is expressed as 

follows: 

 

(17) 

 

where C0 and Ct are initial concentrations and 

concentrations at any given time of the Congo 

red dye, and k is the velocity constant. The ac-

tivity of NiFe2O4 nanoparticles as a photocata-

lyst increased with increasing reaction time. 

The photocatalytic activity following a pseudo-

first-order reaction. The [ln(C0/Ct)] versus t 

curve showed a linear relationship with a cor-

relation coefficient (R2) of 0.9906 and a rate 

constant value (k) of 0.0853 min−1. The k value 

of a linear regression shows the ability of the 

catalyst to degrade the dye [36]. The half-life 

time value obtained was t1/2 = 0.693/k = 8.12 

min. Another study showed that the degrada-

tion of dye by NiFe2O4 nanoparticles followed 

pseudo-first order show in Table 1. 

Figure 8. Removal efficiency of Congo red dye 

with and without visible light irradiation (100 

mg/L of Congo red dye concentration, 0.05 g 

NiFe2O4, and 2 mM H2O2 on solution pH of 

5.0). 

Figure 9. Kinetic photocatalytic degradation of 

Congo red dye. 

Dye Experiment Irradiation source k [min−1] Ref. 

Methylene blue [MB] = 10 mg/L, catalyst dos-

age = 10 mg 

Visible 0.003 [38] 

Methylene blue [MB] = 10−5 M, catalyst dosage 

= 0.01 g 

Visible 0.002 [39] 

Irrgalite violet [IV] = 200 mg/L, [Oxalic acid] 

= 2 mM, pH = 3, catalyst dos-

age = 0.15 g 

Sunlight -0.00223 [32] 

Malachite green [MG] = 10-5 M,  catalyst dosage 

= 1 g, pH =5.8–5.9 

Visible light 0.00343 [40] 

Methylene blue [MB] = 10−5 M, catalyst dosage 

= 0.01 g 

Visible light 0.002   

Methylene blue [MB] = 30 mg/L, catalyst dos-

age = 20 mg 

Microwave electrodeless 

discharge lamp 

0.08137 [41] 

Congo red [CR] = 100 mg/L, pH = 5, 

[H2O2] = 2 mM 

Visible light 0.0853 Present 

study 

Table 1. The pseudo-first order kinetics degradation of several dyes by NiFe2O4 nanoparticles. 

0ln
t

C
kt

C

 
= 
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4. Conclusions 

In this study, NiFe2O4 nanoparticles were 

successfully synthesized through the solution 

combustion method using urea as fuel. The 

NiFe2O4 nanoparticles had a particle size in the 

range 10–40 nm and showing a saturation 

magnetization value of 47.32 emu/g. The combi-

nation of NiFe2O4 nanoparticles, H2O2, and vis-

ible light irradiation was adequate for the pho-

tocatalytic degradation of Congo red dyes. The 

optimum condition for photocatalytic degrada-

tion was accomplished using the following vari-

ables: solution pH of 5, H2O2 concentration of 2 

mM, 100 mg/L Congo red dye concentration, 

and contact time of 60 min.  The removal effec-

tiveness of Congo red dye achieved was 96.80%. 

Therefore, NiFe2O4 nanoparticles had excellent 

catalytic activity. 
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