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a b s t r a c t
The present study evaluates the degradation ability of FeNi3/SiO2/TiO2 magnetic nanocomposite as 
a catalyst for degrading humic acid molecules in a photocatalytic process using simulated solar 
light-induced by light-emitting diode (LED) illumination. The morphology and structural properties 
of the used catalyst and the physiochemical factors influencing humic acid degradation (solution 
pH, catalyst dose, humic acid concentration, and reaction time) were examined in detail. In addi-
tion, the kinetics reaction type and mechanism of humic acid degradation were studied. Results 
showed that the suggested treatment method was efficient during the degradation of humic acid 
molecules, with non-toxic chemicals generated at the end of degradation, namely carbon dioxide 
and water. In addition, a degradation efficiency of 89% was achieved under optimal conditions. 
Compared with other similar methods, this study demonstrated that the interaction between 
FeNi3/SiO2/TiO2 and LED solar light effectively degraded humic acid in an eco-friendly manner. 
The degradation reaction kinetics can be mathematically represented by a pseudo-first-order for-
mula. The used catalyst can be recycled in the suggested treatment system six times with negli-
gible losses in its degradation capacity. This study is necessary to understand how photocatalytic 
treatments using FeNi3/SiO2/TiO2 magnetic nanocomposite particles can be applied for advanced 
wastewater purification of humic acid.
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1. Introduction

At present, surface water contamination with organic 
pollutants is a significant problem globally. Organic com-
pounds, such as humic acid, can cause significant harm to 
human health and aquatic life as these compounds tend to 
degrade into dangerous chemicals or produce disinfection 

by-products in aquatic environments. Human activities 
and natural factors can cause such compounds to enter the 
water resources [1,2]. Natural organic materials (NOMs) 
include materials derived from the decomposition activ-
ities of microorganisms, plants, and animals in the natural 
environment. As they can produce dangerous compounds, 
especially when they react with added chlorine, the presence 
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of NOMs in drinking water treatment plants can cause direct 
harm and requires immediate solutions. Humic acids are 
NOM with hydrophobic properties [3,4]. The structure of 
humic materials consists of aromatic rings with carboxyl  
(–COOH) and hydroxyl (OH–) functional groups. Humic 
acids have a higher potential for forming trihalomethane, 
which has hazardous characteristics and can change the 
odor, taste, and color of water when it is at a certain con-
centration [5]. In addition, trihalomethane can also attach to 
other pollutants in water, making it difficult to remove them 
[6]. Moreover, humic acids are also a carrier of disinfection 
by-products, as chlorine in water can combine with humic 
acid compounds, producing various products classified as 
carcinogenic [7]. Therefore, finding an efficient treatment 
method to remove humic acids from water is a scientific 
research priority in the drinking-water purification field.

Advanced oxidation has been strongly recommended 
as it is suitable for treating water/wastewater containing 
NOMs [2,8–10]. Photocatalytic processes are advanced 
oxidation methods that use light energy (such as UV and 
solar light) and metal oxides as a photocatalyst for the 
degradation of pollutants [11–13]. This method has been 
demonstrated as a low-energy, high-efficiency, and low-cost 
treatment, explaining its broad application [14,15]. Most 
importantly, this treatment is an environmentally-friendly 
technique as it can degrade toxic pollutants into ordinary 
by-products such as water, carbon dioxide, and minerals. 
Among photocatalyst materials, titanium dioxide (TiO2) 
nanoparticles are considered to be the best, as they are 
generally non-volatile during exposure to light, relatively 
inexpensive, and have a high surface area and stable mor-
phological properties. Moreover, these nanoparticles have 
high chemical stability and reactivity in a wide range of 
solution pH values [9,16,17].

Optical TiO2 decomposition with solar radiation is a 
suitable process for organic pollutant degradation in waste-
water. However, problems related to the separation and 
recycling of TiO2 particles from the treated aqueous solutions 
prevents the wide application of this substance in treatment 
processes. One way to overcome this problem is to combine 
TiO2 with magnetic particles such as Fe3O4. However, FeNi3 
magnetic nanoparticles used in photodegradation processes 
can be damaged by light exposure and can react with the 
generated by-products. Therefore, the addition of material 
between TiO2 and Fe3O4 to protect FeNi3 is important. SiO2 
particles, which can be easily prepared and are compati-
ble with many materials, are promising candidates [18,19]. 
The formed magnetic nanocomposite particles (MNCPs) 
from a combination of TiO2, SiO2, and Fe3O4 (FeNi3/SiO2/TiO2) 
are the focus of this study.

Khodadadi et al. [20], discussed humic acid degradation 
in detail using FeNi3/SiO2/TiO2 MNCPs as a photocatalyst 
under ultraviolet (UV) radiation. However, the photocat-
alytic treatment process of humic acid wastewater using 
FeNi3/SiO2/TiO2 MNCPs under solar light has not been 
extensively studied. Solar light is much safer than UV light, 
as it can be easily used without adverse effects on human 
health. Furthermore, treatments using solar light are more 
economical than those using UV radiation. In addition, 
using light-emitting diode (LED) bulbs with low energy 
consumption to simulate solar light can further reduce 

energy consumption in water treatment systems, prevent-
ing environmental pollution related to energy consump-
tion [21,22]. Therefore, this study investigates the practical 
performance of a solar light photocatalytic process for the 
degradation of humic acid molecules in aqueous solutions. 
The removal efficiency of this pollutant was determined at 
various pH, initial humic acid concentrations, irradiation 
times, concentrations of H2O2, and concentrations of FeNi3/
SiO2/TiO2 MNCPs. This is important to determine the condi-
tions with the maximum removal efficiency. Furthermore, an 
experiment was conducted to find the optimal degradation 
performance conditions using simulated solar light (using 
LED bulbs) and natural sunlight. Compared to the study 
by Khodadadi et al. [20], essential discussions regarding 
the characterization of FeNi3/SiO2/TiO2 MNCPs is provided 
here.

2. Materials and methods

2.1. Chemicals

Analytical-grade humic acid stock solution (1,000 mg/L), 
ethanol, hydrazinium hydroxide (N2H4·H2O) with a purity 
of 80%, 2-isopropanol, nickel chloride (NiCl2·6H2O), iron 
chloride (FeCl2·4H2O), tetrabutyl orthotitanate (TBOT) 
(Ti(OCH2CH2CH2CH3)4), and tetraethyl orthosilicate (TEOS) 
(SiC8H20O4) were purchased from Sigma-Aldrich Co. (USA). 
In addition, the pH values of the working solutions were 
controlled by 0.1 N NaOH and HCl (Merck, Germany).

2.2. Synthesis of FeNi3/SiO2/TiO2 MNCPs

FeNi3/SiO2/TiO2 MNCPs was synthesized using copreci-
pitation and sol–gel methods based on the methodology 
documented in detail in the literature [20,23,24]. In addition, 
Fig. S1 is a schematic diagram of the experimental meth-
odology adopted in this study for the synthesis of FeNi3/
SiO2/TiO2 MNCPs.

2.3. Characterization analyses

The microscopic specifications of the synthesized MNCPs  
were analyzed using transmission electron microscope 
(TEM) and field emission scanning electron microscopy 
(FESEM, SIGMA VP-500, ZEISS, Germany) images. In 
addition, the magnetic strength of the synthesized MNCPs 
was tested using a vibrating sample magnetometer (VSM, 
VSM 7400-S, Lake Shore Cryotronics Co., USA). Brunauer–
Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) 
analyses were performed to determine the pore size spec-
ifications and surface area of the catalyst using a high- 
precision BELSORP-MINI II analyzer (Microtrac Corp., 
Germany). To detect the functional groups of the used 
catalyst, the Fourier-transform infrared (FTIR) spectra of 
the prepared FeNi3/SiO2/TiO2 MNCPs were recorded in a 
wavenumber range from 400 to 4,000 cm–1 (AVATAR spec-
troscope, USA). X-ray diffraction analysis was used to 
identify the crystal structure of the FeNi3/SiO2/TiO2 mag-
netic nanoparticles. In addition, pHpzc was determined 
according to the methodology presented in the [16,25]  
papers.
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2.4. Photocatalytic experiments and calculations

The photocatalytic degradation process was performed 
using a STAR LED bulb (Afrough Company) as a solar 
light source with a wavelength of 450–500 nm, a 7 W power 
source, and average radiation intensity of 20 cm with 
intervals of 4,500 Lux. In addition, the humic acid degrada-
tion reaction was performed using a 250 mL quartz reactor 
filled with 150 mL humic acid solution placed on a shaker. 
The LED bulb, as a solar light emitter, was placed above 
the center of the reactor.

Before starting the radiation process of the humic acid 
solutions, the solutions were stirred in the dark for 10 min 
to reach the adsorption–desorption equilibrium. The net 
concentration of humic acid was determined by excluding 
the ratio of adsorbed concentration after reaction in the 
darkness. The remaining humic acid in the solution was 
considered as the initial concentration in the photocata-
lytic reactions. This step is important to avoid interference 
in the removal values from the two different processes of 
adsorption onto the catalyst surface and photodegrada-
tion reactions [18,24]. The efficiency of the used catalyst 
was tested at various pH (3, 5, 7, 9, and 11), FeNi3/SiO2/
TiO2 MNCP dosages (0.005–0.100 g/L), concentrations of 
humic acid (2, 5, 10, and 15 mg/L), and irradiation times 
(up to 200 min). During the photocatalytic reactions, 3 mL 
of liquid solution was collected at a predetermined time, 
and the residual humic acid concentration was measured 
using a UV-visible (UV-Vis) spectrophotometer (T80+ 
UV-Vis spectrophotometer, PG Instrument Ltd) at a spec-
tral peak of 254 nm [26–28]. The initial and residual con-
centrations of humic acid were determined by comparing 
the calibration curves of the spectrophotometer absor-
bency measurements plotted according to the humic acid 
concentrations in the aqueous solution. The degradation 
efficiency (%R) was calculated as follows:

Removal efficiency %( ) =
−

×
C C
C

r0

0

100  (1)

where C0 and Cr (mg/L) are the initial (after 10 min reac-
tion under dark conditions) and residual concentrations of 
humic acid in the aqueous solution.

3. Results and discussion

3.1. Characterization analysis

To determine the magnetic strength and properties of 
the used material, VSM analyses were applied on a sam-
ple of the FeNi3/SiO2/TiO2 MNCPs, and its parent nanopar-
ticles, that is, FeNi3 and FeNi3/SiO2 (Fig. 1). The magnetic 
strength of the FeNi3/SiO2/TiO2 MNCPs, FeNi3/SiO2, and 
FeNi3 samples were determined as 17.560, 52.231, and 
70.759 emu/g, respectively. These values indicate that the 
synthesized MNCPs formed from superparamagnetic par-
ticles and could therefore be separated from the aqueous 
solution by a magnet (Fig. 1). The high magnetic force of 
the used catalysts is highly desirable as it allows their sep-
aration from the water after treatment. As such, there is no 
need to use subsequent advanced techniques. However, 
the magnetic force values of FeNi3/SiO2/TiO2 MNCPs were 
considerably lower than those of its parent nanoparticles. 
This is due to the coating of the FeNi3 magnetite nano-
particles by SiO2, followed by TiO2.

As shown in the FESEM and TEM images (Fig. 2), the 
FeNi3/SiO2/TiO2 MNCPs consist of several small parti-
cles, most of which are spherical, with diameters rang-
ing from 20.10 to 33.50 nm. Most of these nanoparticles 
were grouped as aggregates; this is due to their magnetic 
properties, making them attractive to each other. In terms 
of compressibility, the FeNi3/SiO2/TiO2 MNCPs is highly 
compressed, indicating its high density. In addition, Fig. 2 
shows that the surface of this catalyst is amorphous and 
coarse. Furthermore, a number of small pores and cavi-
ties are present on the outer surface of the FeNi3/SiO2/TiO2 
MNCPs, demonstrating a porous structure of the used 
catalyst. These morphological properties of FeNi3/SiO2/
TiO2 MNCPs are favorable for photocatalytic degradation 

Fig. 1. VSM analysis of FeNi3, FeNi3/SiO2, and FeNi3/SiO2/TiO2 MNCPs, and two photos showing the behavior of the synthesized 
MNCPs before and after applying an external magnetic field.
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processes as they provide a high surface area, and thus, a 
large number of locations necessary for the reaction and 
adherence of pollutant molecules [29]. In the 100 nm scale 
TEM image, the light-colored outer layer represents TiO2, 
as this material covered the inner FeNi3/SiO2 particles. In 
addition, the inner large dark circles are the core FeNi3 
magnetic particles, while the light gray layer between TiO2 
and FeNi3 is due to SiO2. Therefore, iron comprises the 
bulk of the FeNi3/SiO2/TiO2 MNCPs.

The obtained FTIR spectra are depicted in Fig. 3. Com-
parisons of the FTIR spectra of FeNi3/SiO2/TiO2 MNCPs 
detected after the synthesis and coating processes show 
that several peaks are similar, such as those detected at 
470, 670–700, 800, 913, 970, 1,000–1,100, and 1,620 cm–1. This 
indicates that the structure and the active groups of the syn-
thesized catalyst were not altered, owing to the high ther-
mal stability of the parental nanoparticles; thus, this cata-
lyst is feasible for use in photocatalytic reactions. Peaks at 
3,348 and 3,382 cm–1 are not apparent in the FTIR spectra 
of FeNi3/SiO2/TiO2 MNCPs. This may be attributed to the 
titanium dioxide layer (outer shell) coating, which may 
reduce the transmittance values in the FTIR spectra of the 
covered metals. The peaks observed at approximately 460 
to 480 cm–1 are related to the core material of FeNi3 nano-
particles, indicating the Fe–Ni bond. The peaks at 531.75, 
695.42, and 797.65 cm–1 are related to the O–Ti–O vibration 
group, indicating successful coverage of FeNi3/SiO2 by TiO2 
[20]. The two peaks at 913.61 and 1,031.52 cm–1 are due to the 
Ti–O–Si bending vibrations. The peaks observed at 1,638.99 
and 1,124.05 cm–1 correspond to the SiO2 group (Nasseh et 
al., 2020). Additionally, hydroxyl molecules appeared in the 
wavenumber range from 3,300 to 3,800 cm–1. This group is 
attributed to the O-H stretching vibration of H2O molecules, 
formed due to the dehydration process of the FeNi3/SiO2/
TiO2 MNCPs that may occur during the synthesis processes 
[23]. Notably, the 1,356.19 cm–1 peak in the FTIR spectra of 
FeNi3 is related to the C–H stretching groups and appeared 

due to traces of organic matter used in the FeNi3 synthesis 
process. For more details on these functional groups, please 
refer to [20].

BET analysis is important as the performance and 
efficiency of photocatalytic reactions for pollutant degra-
dation depend on surface characteristics such as porosity 
and specific surface area. Therefore, BET analysis was con-
ducted on a sample of FeNi3/SiO2/TiO2 MNCPs. The results 
of this analysis are presented in Fig. 4. The determined 
specific surface area, mean pore volume, and pore diame-
ter values of the FeNi3/SiO2/TiO2 MNCPs were 177.58 m2/g, 
0.3876 cm3/g, and 8.7374 nm, respectively. These characteri-
zation values are favorable in light of the tested material in 
the photocatalytic reactions. In other words, the high sur-
face area of the photocatalyst indicates that more reaction 
sites are available for the interaction between the catalyst 
particles and pollutant molecules, thus facilitating photo-
catalytic reactions [16,30]. These characterization results 
provide the first evidence for FeNi3/SiO2/TiO2 MNCPs as 
a high-performance photocatalyst in photocatalytic treat-
ment systems. The isotherm shown in Fig. 4 is a typical 
type-IV isotherm with a well-defined hysteresis loop with 
a relative pressure range of 0.3–1, which suggests the 
porous structure catalyst.

3.2. Effects of various parameters

3.2.1. Solution pH

In this experiment, the performance of the photocat-
alytic treatment of humic acids was investigated under 
acidic and basic pH values of 3, 5, 7, 9, and 11; the results 
are presented in Fig. 5. The other parameters were set at 
constant values, as shown in the caption of Fig. 5. It can 
be concluded that an increase in pH values has a negative 
impact on the humic acid degradation efficiency (Fig. 5a). 
The degradation efficiency decreased significantly from 

 
Fig. 2. FESEM and TEM images of the FeNi3/SiO2/TiO2 MNCPs.
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89.53% to 22.16% as the solution pH increased from 3 to 
7. Then, it further decreased as pH increased, reaching the 
lowest value at pH 11. This high degradation efficiency 
phenomenon at low pH values can be explained by the 
following reasons. The first is the conversion of H+ to H• 
at acidic pH values, resulting in the production of radi-
cal molecules with a high degradation ability [31,32]. The 
production of these radicals enhances the degradation rate 
of organic pollutants in photodegradation reactions. The 
second reason is that, as the pHpzc characterization param-
eter of the FeNi3/SiO2/TiO2 MNCPs is approximately 7.9 
(Fig. 5b), the surface of the MNCPs is covered by positive 
charges at pH < pHpzc and vice versa. On the other hand, 
humic acid has an anionic structure, with electrostatic 
attraction at the positive sites of FeNi3/SiO2/TiO2 MNCPs 
in acidic mediums. The attraction between the humic acid 

molecules and photocatalyst particles, accelerates the 
contact between them in an aqueous solution, increasing 
the possibility of humic acid degradation [24]. The degra-
dation efficiency was low (below 20%) at pH > 7; this is 
attributable to the accumulation of negative charges (OH–) 
at such pH values. Under these circumstances, the repul-
sion force between the photocatalyst particles and humic 
acid molecules is stronger as the pH increases, leading 
to a decrease in the reaction rate. Thus, low degradation 
efficiencies are presented in Fig. 5. A similar trend of deg-
radation efficiencies was also determined in two similar 
previous studies that examined the photodegradation pro-
cess of a tetracycline antibiotic, tamoxifen drug, and humic  
acid [16,20].

3.2.2. Initial concentration

In this study, the photocatalytic process of humic acid 
degradation by FeNi3/SiO2/TiO2 MNCPs was investigated 
at the initial concentration range of 2–15 mg/L, whereas 
the other conditions were fixed at pH = 3 and FeNi3/SiO2/
TiO2 MNCP dose = 0.1 g/L. Furthermore, the irradiation in 
the photocatalytic reaction was continued for 200 min. The 
results of this experiment (Fig. 6a) indicate that when the 
concentration was increased from 2 to 5 mg/L, the degra-
dation efficiency of humic acid increased from 45.99% to 
61.70%. Thereafter, the increase in the humic acid concen-
tration up to 15 mg/L led to a 15% decrease in the maximum 
degradation efficiency. The increase in the degradation effi-
ciency at the beginning is attributable to the availability of 
optimal conditions for the degradation of this concentration 
of pollutant, especially related to the photocatalytic dosage. 
As previously shown, the amount of photocatalyst used in 
the aqueous solution has a direct effect on the degradation 
process, as it provides the most important parameter in the 
degradation reaction, the reaction sites. As the humic acid 
concentration increases with the fixed value of the photo-
catalytic dose, the degradation of this pollutant decreases 
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Fig. 3. FTIR spectra of FeNi3/SiO2/TiO2 MNCPS and its parent nanoparticles.

Fig. 4. N2 adsorption–desorption isotherm plots of Brunauer–
Emmett–Teller (BET) analysis combined with Barrett–Joyner–
Halenda (BJH) isotherm plot of FeNi3/SiO2/TiO2 MNCPs; here 
rp and Vp denote pore radius and pore volume, respectively.
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as the increasing concentration leads to an increase in the 
pollutant molecules in the solution. Thus, the adsorp-
tion of these molecules onto photocatalytic particles also 
increases. The accumulation onto the photocatalyst particles 
impedes the direct penetration of solar light to the photo-
catalytic particles, restricting the photocatalytic reaction [33].

3.2.3. FeNi3/SiO2/TiO2 MNCPs dose and irradiation time

The effect of increasing the photocatalyst dose on 
the degradation of humic acid was studied in the range 
0.005–0.1 g/L. This experiment was conducted under 
the following conditions: pH = 3 (the optimal value as 
found from previous experience), humic acid concentra-
tion = 5 mg/L, irradiation time = up to 200 min, and tem-
perature = 25°C. The results are shown in Fig. 6b. When 
the FeNi3/SiO2/TiO2 MNCP dose increased to 0.03 g/L, the 
removal efficiency increased. This is because the increase 
in the amount of catalyst leads to more reaction sites for the 
degradation of pollutant molecules during the photocata-
lytic treatment. Thus, the increase in reaction sites is benefi-
cial for improving the degradation rate. On the other hand, 
further increases in the dose of the FeNi3/SiO2/TiO2 MNCPs 
led to a negative effect on humic acid degradation. This 
abnormal result in the treatment system can be explained 
as an increase in the photocatalyst quantity in the aqueous 
solution led to increased turbidity. The increase in turbid-
ity obstructs the penetration of light into the solution, ulti-
mately hampering the photocatalytic reaction [34]. In other 
words, solar radiation is responsible for electron excitation 
on the TiO2 layer of FeNi3/SiO2/TiO2 MNCPs. This process 
leads to the production of free radicals that possess strong 
activity for oxidizing organic pollutants [8,11]. Therefore, 
the absorption or reflection of solar light by any impurities 
generates fewer radicals in the photocatalytic system [35].

Fig. 6a and b simultaneously show the variation in the 
degradation efficiency as a function of irradiation time up to 

200 min. The degradation efficiency of humic acid increased 
from 7.22% to 61.51% upon increasing the exposure time to 
120 min (Fig. 6a, curve of 5 mg/L). Under all conditions, an 
irradiation time of 120 min is adequate to reach the equi-
librium state of the degradation process. Further increases 
in the irradiation time above 120 min did not significantly 
alter the removal efficiency for any case. A treatment pro-
cess that comprises a short equilibrium time of 120 min is 
considered favorable for practical applications [30].

3.2.4. FeNi3/SiO2/TiO2 and different sources of irradiation

This study comparatively examined the effects of the 
source light on humic acid degradation efficiency with 
and without the FeNi3/SiO2/TiO2 MNCP photocatalyst 
material; that is, photocatalytic and photolysis processes, 
respectively. For this purpose, three additional experi-
ments for the degradation of humic acid were conducted 
under the same conditions (pH = 3, initial pollutant 
concentration = 5 mg/L, photocatalyst dose (if applica-
ble) = 0.03 g/L, and irradiation/reaction time up to 120 min) 
to accomplish the following processes: (i) photocatalytic 
process using natural sunlight, (ii) photolysis using nat-
ural sunlight, and (iii) photolysis using simulated solar 
light generated by LED bulbs. The results of these three 
experiments are plotted in the same graph with the pho-
tocatalytic data of Fig. 6a (curve of 5 mg/L), the results are 
presented in Fig. 7. Comparing the four curves in this fig-
ure illustrates that the photocatalytic process using LED-
generated solar light was the most efficient for degrading 
humic acid molecules. Thus, the degradation efficiencies 
at the equilibrium state can be ranked for the four dif-
ferent processes as photocatalytic using LED solar light 
(89.5%) > photolysis using LED solar light (30.3%) > photo-
catalytic using sunlight (20.2%) > photolysis using sunlight 
(14.2%). This finding highlights the role of photocatalyz-
ers such as FeNi3/SiO2/TiO2 MNCPs in the photocatalytic 

Fig. 5. Results of the pH effect study; (a) effect of pH on the humic acid degradation efficiency (FeNi3/SiO2/TiO2 MNCPs 
dose = 0.03 g/L, initial humic acid concentration = 5 mg/L, irradiation time = 120 min, and temperature at 25°C); (b) pHpzc analysis.
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treatment system. Moreover, the process comprises solar 
light generated by the LED, which is more efficient than 
the sunlight. This is because the solar light-induced 
by LED bulbs is stronger than natural sunlight [27,36]. 
Therefore, its ability to degrade organic pollutants in 
the photocatalytic treatment process is better. As shown 
in Fig. 7, after 45 min of reaction time, the degradation 
efficiency decreased when using natural solar light. The 
reason for this phenomenon is that during exposure to 
sunlight, the specimens evaporate after a specific time; as 
a result, the volume of the samples reduces [16,37]. As a 
result, the removal efficiency determined from photoly-
sis using LED solar light at equilibrium state was higher 
than the value given from photocatalytic using sunlight.

3.3. Photocatalytic process mechanism

In this study, the possible reactions and pathways of 
humic acid degradation in the solar light photocatalytic 
reaction using FeNi3/SiO2/TiO2 MNCPs was investigated. 
First, it should be noted that the TiO2 nanoparticles show 
high photocatalytic performances for the degradation of 
various organic pollutants. During photocatalytic reactions 
using the catalyst containing TiO2 nanoparticles applied in 
this work, the catalyst particles initially have a full valence 
band (VB), an empty conduction band (CB), and absorb 
light. Accordingly, when the light energy (from the LED 
bulb in this study) is greater than or equal to the band-
gap level, it can transfer electrons from the base (i.e., VB 
level) to an excited state, ultimately elevating them to the 
CB level. This process creates an electron cavity that has a 
positive hole charge (h+) and negative electron (e–), which 
in turn oxidize O2 and H2O molecules, yielding both •O2

– 
and —OH highly active radicals [34,38]. The reaction that 

produce these free radicals as the main spices (•O2
– and 

—OH) for photocatalytic degradation are shown in the 
following equations (Khodadadi et al. [20]).

It is supposed that the interaction of generated free 
radicals with the humic acid molecules will not able to full 
mineralization of this pollutant unless through the for-
mation of intermediate compounds. In fact, the continual 
presence of •OH and O2

– radicals in the aqueous solution 
will lead to degrade and convert the organic matter to non-
toxic by-products of CO2 and H2O [Eqs. (2) and (3) [20,39]. 
Therefore, the solar light degradation process using FeNi3/
SiO2/TiO2 MNCPs is a clean and eco-friendly process for the 
treatment of humic acid-loaded wastewater. The detailed 
mechanism of the applied solar light photocatalytic treat-
ment system of humic acid using FeNi3/SiO2/TiO2 MNCPs 
is depicted in Fig. S2. However, the nature of the interme-
diate compounds generated from the treatment system 
should be taken into consideration in future studies.

•OH + humic acid → Intermediate compounds →  
 CO2 + H2O (2)

O2
– + humic acid → Intermediate compounds →  

 CO2 + H2O (3)

3.4. Kinetics study

Determining the pollutant degradation kinetics in the 
photocatalytic process is important. To accomplish this, the 
kinetic data are analyzed with pseudo-first-order kinetics 
[Eq. (2)] [20,32]. This was achieved by plotting the humic 
acid photodegradation data in Fig. 6a, namely ln(C0/Ct) as a 
function of irradiation time (t) in the range of 0 to 200 min, 
as depicted in Fig. 8.

Fig. 6. (a) Effect of the initial humic acid concentration (pH = 3, FeNi3/SiO2/TiO2 MNCPs dose = 0.03 g/L, irradiation time = 120 min, 
and temperature = 25°C), and (b) effect of the FeNi3/SiO2/TiO2 MNCPs dose (pH = 3, initial humic acid concentration = 5 mg/L, 
irradiation time = 120 min, and temperature = 25°C).
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ln
C
C

k tr

0







= − obs  (4)

where kobs (min−1) is the pseudo-first-order rate constant and 
t is the photodegradation time (min).

The kinetic parameter results are listed in Table 1. The 
kobs values were determined by the linear plot of ln(Ct/C0) 
and irradiation time (t min). Notably, t50% (=0.693/kobs) listed 
in Table 1 is an important parameter that represents the half-
life time corresponding to 50% degradation of the initial 
humic acid concentration [16]. The determined R2 values in 
the studied range of humic acid concentrations were high; 
thus, the photocatalytic reaction of the humic acid degrada-
tion using FeNi3/SiO2/TiO2 MNCPs obeys a pseudo-first-or-
der reaction. Moreover, the highest kobs value was observed 
at an initial humic acid concentration of 5 mg/L, indicating 
the highest photocatalytic degradation efficiency of humic 
acid was obtained at this concentration value. This result 
is comparable with the findings of studies on the effect of 
initial concentration [40]. However, the negligibility of the 
mass transfer should be examined in future studies [41,42].

3.5. Regeneration and recycling study

The reusability of a catalyst is an important factor 
related to the cost of the treatment system. Therefore, the 
recyclability of the FeNi3/SiO2/TiO2 MNCPs was tested for 
six consecutive photocatalytic degradation cycles under 
optimal conditions. At the end of each photocatalytic cycle, 
the FeNi3/SiO2/TiO2 MNCP sample was withdrawn from 
the aqueous solution using a magnet, rinsed with ethanol 
and deionized water to remove the adsorbed humic acid 
molecules, dried in a vacuum oven at 80°C for 3 h, and 
then reused in the next photocatalytic degradation cycle. 
Fig. 9 shows that the FeNi3/SiO2/TiO2 MNCPs used for the 
photocatalytic degradation of humic acid can be success-
fully recycled for six consecutive photocatalytic cycles. 
In this context, it was found that there was only a 3.9% 
reduction in the humic acid removal efficiency from the 
1st to 6th cycles. This removal efficiency reduction may be 
due to a loss of photocatalytic ability due to separation, 
filtration, and washing processes. In addition, the reduc-
tion in FeNi3/SiO2/TiO2 MNCPs per recycling cycle was 
negligible. From this experiment, it can be concluded that 
the FeNi3/SiO2/TiO2 MNCPs have high reusability in the 
photocatalytic process of humic acid degradation.

4. Conclusion

FeNi3/SiO2/TiO2 MNCPs were prepared and used 
as a photocatalytic agent to eliminate humic acid from 
contaminated solutions under solar light irradiation. 
Characterization analysis revealed that the FeNi3/SiO2/
TiO2 MNCPs possess unique practical properties and a 
high potential for application as an efficient photocatalyst. 
However, the optical properties of the synthesized nano-
composite catalyst should be tested in future studies. The 
solar light-photocatalytic process of the FeNi3/SiO2/TiO2 
MNCPs showed an excitation of the TiO2 (shell layer) band 
level from the base to the CB level, leading to the genera-
tion of highly reactive •O2

– and –OH radicals. The generation 
of these radicals led to the oxidation of humic acid mole-
cules into non-toxic chemicals, carbon dioxide and water. 
The highest degradation efficiency (82.3%) was achieved at 
a pH of 3, the humic acid concentration of 5 mg/L, FeNi3/
SiO2/TiO2 MNCPs dose of 0.03 g/L, and solar light irradia-
tion time of 120 min. The photocatalytic process within the 
tested range of humic acid concentrations followed pseudo- 
first-order reaction kinetics. As a result, the photocatalytic 
process using FeNi3/SiO2/TiO2 MNCPs under solar light 
irradiation is a safe, eco-friendly, and efficient technology 
for humic acid degradation. In addition, the suggested 

Fig. 7. Comparison of the humic acid degradation efficiencies 
from the application of photocatalysis and photolysis processes.

Fig. 8. Linear plot for ln(C/C0) vs. t to determine the reaction 
kinetics.

Table 1
Kinetic analysis for photocatalytic humic acid degradation

C0 kobs (min–1) R2 t50% (min)

2 2.2 × 10–3 0.9405 315
5 4.1 × 10–3 0.9593 169.02
10 3.2 × 10–3 0.9493 216.6
15 2.9 × 10–3 0.9409 238.96
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treatment technology is believed to have potential applica-
tions in the tertiary units of wastewater treatment plants.
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Supplementary information

 
 

coprecipitation method sol-gel method

0.5 g FeNi3 + 2 mL NH3 

80 mL ethanol + 1 mL TEOS               

+ 20 mL distilled water     

Shake for 24 h 

FeNi3 as a core 
particle 

FeNi3/SiO2 
(core/shell)  

FeNi3/SiO2/TiO2 
MNCPs 

0.2 g FeNi3/SiO2 + 50 mL distilled water 

2 mL TBOT + 10 mL 1-propanol 

Temperature 80 °C  

Fig. S1. Experimental methodology was used to synthesize FeNi3/SiO2/TiO2 MNCPs, where TEOS and TBOT are tetraethyl orthosilicate 
and tetrabutyl orthotitanate, respectively.
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LED solar light + Photocatalytic reaction  of  

FeNi3/SiO2/TiO2  → h+ + e– 

H2O + h+→•OH + H+ 

O2 + e-→ •O2
–  

O2
•- + H+ → •OH 

�OH+ Humic acid →  H2O + CO2   

•O2
-+ Humic acid →  H2O + CO2   

 

Fig. S2. Mechanism and chemical reactions of the photocatalytic degradation of humic acid
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