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A B S T R A C T   

The purpose of this study is to convert bauxite mining tailing waste into magnetic nanocomposite as catalyst in 
catalytic wet peroxidation of tetracycline. The preparation of material was performed via hydrothermal method 
of immobilized iron oxide precursor of Fe2+ and Fe3+ in alkaline condition, followed by calcination. The obtained 
nanocomposite was characterized using X-ray diffraction, scanning electron microscopy-energy dispersive X-ray 
spectroscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, and vibration sample 
magnetometer. The results from XRD, XPS and TEM analyses showed that the composite composed as the 
dispersed γ-Fe2O3 in combination with Fe3O4 nanoparticles. The catalytic activity studies of the nanocomposite 
showed the capability of material to remove tetracycline with supportive adsorption capability. The oxidation of 
tetracycline was recorded to follow pseudo-first kinetics with removal efficiency of 89.7 % for 20 ppm of 
tetracycline. Insignificant change of removal efficiency at varied tetracycline concentration ranging at 2–40 ppm 
indicated its potential to be active in wide range of concentration. In addition, the nanocomposite showed 
stability as studied by XRD analysis along with the easy in separation as the magnetic properties with magnetism 
of 9.8 emu/g.   

1. Introduction 

Management and processing of mining waste are very important for 
the sustainability of the mining industry itself. One of mining industries 
is bauxite mining, which produces huge soil residue as mining tailing 
waste [32]. In Indonesia, bauxite mining tailings waste (BTW) is quite 
large because Indonesia is one of the world’s producers of bauxite with a 
production capacity of more than 300,000 tons per year. The concept of 
recycling mine waste is one strategy to minimize the environmental 
impact of tailings waste [4]. Several BTW from several mining industries 
have kaolinitic materials characteristics, and can be explored into 
functional materials [16,24]. Modifications of tailings waste material 
into functional materials to support environmental applications are 

mostly related to adsorption, photocatalysis and catalysis as well as 
geopolymerization to form brick composites or building paving mate-
rials [3,12,26,28]. Conversion of mining tailing waste as the catalyst for 
sustainable environment is one of the interesting topics. With the 
aluminum and clay-mineral contents in the BTW, the solid modification 
into catalyst with a functional property can be a potential strategy to 
support mining industry itself. Magnetic nanocomposites (MNC) are 
reported as good candidates for the development of high capacity ad-
sorbents, catalyst, and photocatalysts [1,18,21]. With saturation 
magnetization, magnetic iron oxide-based nanocomposites provide a 
cost-effective approach in adsorption and photocatalysts by their ease of 
recovery and reuse [19,33]. Improvements in material performance 
related to selectivity or affinity for the specific contaminants can be 
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accomplished by surface modification and in combination with solid 
support features [31]. The high adsorption capacity of the BTW is 
matched by the high surface area emanating from the clay structure, and 
the net negative charge on the structure, which attracts and retains 
cations such as heavy metals and cationic molecules. Moreover, the 
increasing attention to the use of MNC, especially magnetic iron oxide 
nanocomposites can be seen from the popularity based on the recent 
publications [20,31]. 

On the other hand, wastewater pharmaceutical industry is still a 
serious problem that is faced with regards to toxicity and the need for 
high-security treatment. The characteristics of pharmaceutical industry 
waste, such as high levels of organic pollutants, persistent and stable 
compounds and life-threatening toxicity, require technology that en-
sures the quality of processed products that are safe for the environment. 
In its development, the Advanced Oxidation Process (AOPs) with mag-
netic nanocomposite catalysts provides its own advantages. Based on 
these backgrounds, converting BTW to be MNC is a novel innovation as 
an alternative for handling mining waste, and in same time, it contrib-
utes for strengthening the applicability of the waste to be functional 
material for other environmental problem, particularly in AOPs. this 
research synthesized MNC from BTW, studied the physicochemical 
characteristics, and the examination on its use as catalyst for TC under 
AOPs. Physicochemical character of the material was carried out using 
instrumental analyzes such as scanning electron microscopy-energy 
dispersive X-ray (SEM-EDS), X-ray photoelectron spectroscopy (XPS), 
X-ray diffraction (XRD), transmission electron microscopy (TEM) and 
vibration sample magnetometer. The catalytic activity performance of 
MNC was based on the AOPs kinetics parameters. 

2. Materials and method 

2.1. Materials 

BTW was collected from the Bauxite mining industry, Belitong, 
Indonesia. The material was prepared by drying at oven for 2 h followed 
crushing in a mortar to obtain a 100-mesh powder. Chemicals consist of 
FeSO4⋅7H2O, FeCl3⋅6H2O, NaOH, tetracycline hydrochloride (TC), and 
H2O2 were in pro analyst grade purchased from Merck-Millipore 
(Germany). 

2.2. Preparation of MNC 

MNC was prepared by mixing the BTW powder with iron oxide 
precursor, in which the iron oxide precursor was prepared by mixing 
FeSO4⋅7H2O with FeCl3⋅6H2O under the Fe3+:Fe2+ molar ratio of 2:1 in 
double distilled water. Into the mixture, 1.0 M of NaOH solution was 
added slowly, until the pH of the mixture reached 8. The mixture was 
hydrothermally treated in a Teflon-lined autoclave at 150 ◦C for over-
night. The suspension obtained from these steps was then dried in oven 
before was calcined at 400 ◦C in a muffle furnace. The schematic rep-
resentation of MNC preparation is presented in Fig. 1. 

2.3. Characterization of materials 

Physicochemical characteristics of MNC in comparison with BTW 
were studied by XRD, SEM-EDS, TEM, and VSM analyses. X-ray 
diffraction (XRD) analysis was performed on a Shimadzu XRD X6000 
instrument (Tokyo, Japan). A Ni-filtered Cu-Kα radiation (λ = 0.154060 
nm) was used to perform the analysis for recording at the range of 2-70◦. 
For surface morphology and elemental analysis studies, SEM-EDS 
(Phenom-X; Philadelphia, US) were employed, meanwhile TEM im-
ages were taken on JEOL instrument, meanwhile X-ray photoelectron 
spectroscopy (XPS) was performed on V.G. Scientific ESKALAB MKI 
microscope (Tokyo, Japan). TEM was operated at the applied voltage of 
200 kV, and a monochromatic Al Kα radiation with a photon energy of 
1486.6 ± 0.2 eV. The sample was degassed at the pressure below 10− 8Pa 
for 4 h before analysis. Magnetism of the materials was recorded on 
vibration sample magnetometer (VSM)-BHV-5 (Tokyo, Japan). 

2.4. Catalytic activity study 

The catalytic activity of MNC was evaluated in AOPs of TC using a 
batch catalytic reactor (Reflux system). Particularly, about 1 g/L of MNC 
powder was added into the mixture of TC solution and H2O2 solution 
(0.5 mM). The mixture was heated until Reflux point reached, and the 
sampling from the reaction was conducted at certain time. The TC 
concentration was determined by the spectrophotometric method using 
a U-2010 UV–visible spectrophotometer (Hitachi, Singapore). The 
removal efficiency of the reaction was calculated using the following 
Eq. (1): 

Fig. 1. Schematic representation of MNC synthesis from BTW.  
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Removal efficiency(%) =
C0 − Ct

C0
× 100 (1) 

With Co and Ct are the initial concentration and concentration at 
sampling time t of TC. 

In order to make sure that the degradation occurred during the re-
action, high performance liquid chromatography (HPLC) analysis was 
performed on Waters (Singapore). The analyses were performed using 
citric acid and methanol (1:1) as used as the mobile phase on a flow rate 
of 1.2 mL/min. 

3. Results and discussion 

3.1. Physicochemical character of materials 

Fig. 2 shows the reflection of BTW and MNC samples from XRD 
analysis. 

The BTW sample show some reflections associated with the presence 
of boehmite and bauxite as the characteristic of the rest minerals of 
bauxite mining waste [25]. After was converted into MNC, some of these 
peaks are still maintained, mainly from the bauxite mineral, and in 
addition, the supported iron oxides are identified from two phases of 
iron oxides consist of γ-Fe2O3 and Fe3O4. The presence of γ-Fe2O3 is 
recorded by the peaks attributed to (220), (012), and (311) refer to the 
standard data JCPDS no. 4–755 [18,27,29,30]. Meanwhile, Fe3O4 is 
attributed to the reflections associated with (311) and (400) refer to 
JCPDS No. 79–0417 [11,35]. By using the Scherer formula for the 
identified planes, the particle size of γ-Fe2O3 and Fe3O4 were estimated. 
The formula is as follow (eq.2): 

d = kλ/Bcosθ (2)  

where d is the mean crystalline size of LDHs, λ is the wavelength of 

radiation (1.5406◦A), θ is angle of selected reflection, and B is the in-
tensity of full width at half maximum (FWHM) of the selected reflection. 

Based on the calculation as listed in Table 1, the crystallite size of 
γ-Fe2O3 and Fe3O4 are approximately 71.3 and 61.3 nm, respectively. 

The presence of both oxides is the identification of phase change 
during the thermal process to the iron precursor of iron chloride. 
Theoretically, the magnetite was formed at the temperature range of 
200–300 ◦C, and furthermore converted into γ-Fe2O3 at the increasing 
temperature until 500 ◦C [9,23]. 

The presence of both iron oxide phases is confirmed by SEM-EDX and 
the TEM analysis that the figures presented in Figs. 3 and 4. The 
elemental analysis presented in Table 2 revealed the additional amount 
of iron in the MNC sample compared to BTW, as an indication of the 
existing oxide phase formation. 

From the SEM images, it can be seen that there is no such significant 
change of the surface morphology which the aggregates appeared on 
surface. By the content of about 30 % in the composite, such more ag-
gregates with flaky structure. It is similar with the surface feature of the 
magnetic nanocomposites produced using kaolinite materials [8,17]. 

Furthermore, the layer structures are confirmed by TEM analysis 
presented in Fig. 4b. In more detail, the identified lattice fringes from 
Fig. 4c and 4d, the lattice fringes are appeared with the interplanar 
distances of 0.26 and 0.36 nm that are ascribed to the (311) planes of 
Fe3O4 and (102) plane of γ-Fe2O3, respectively. 

The presence of two phases of iron oxides is strengthened by the XPS 
spectra presented in Fig. 5. The survey scan in Fig. 5a represented the 
atoms contained in the nanocomposite are dominantly Al, Si, and Fe. 
The Fe existence is associated with peaks at around 700–900 eV repre-
senting the peak of Fe 2p and Fe LLM spectra. The 2p spectrum of Fe 
consist of 2 peaks at 709 and 722 eV, which are attributed to Fe 2p3/2 
and Fe 2p1/2, respectively. The presence of Fe3O4 phase is assigned to 
the Fe LMM a–c peaks that are observed. Moreover, the deconvolution to 
the Fe 2p3/2 spectrum shows that the peak is composed of doublets peaks 
at 708.5 eV and 709.4 eV, associated to the Fe2+ and Fe3+ ionic states. 
From the intensity of these peaks, it is found that Fe2+: Fe3+ peak in-
tensity ratio showed of 0.541, which is matched with the theoretical 
relative composition of of Fe2+/Fe3+ = 0.5 in Fe3O4 structure [34]. This 
ratio is referred to that the structure of Fe3O4 is composed of one Fe3+ on 
a tetrahedral site, and the other Fe3+ distributed on octahedral sites. The 
higher ratio from the peak compared to the theoretical value is also 
confirmed the existence of Fe2O3 phase as presented by XRD analysis, 
which is referred to the satellite peak at 716.2 eV. 

Magnetic property of MNC was examined by VSM analysis with the 
result presented in Fig. 6. 

The VSM plot can be inferred that MNC expressed super-
paramagnetic characteristics with the saturation magnetization value 
(Ms) of approximately 9.8 emu g− 1. This low magnetism is associated 
with the presence of mixed iron oxide phases of Fe3O4 and γ-Fe2O3 
together with other metal oxides in BTW. However, although the 
magnetism is low, from the physical experiment, the catalyst can be 
easily attracted by magnetic field, suggesting the easy separation and 
collection from the reaction system by using an external magnet. 

3.2. Catalytic activity of MNC 

In order to test the activity of the MNC, catalytic wet peroxidation 
(CWPO) of TC solution with H2O2 as oxidant was examined using the 
material. Reaction was conducted at the temperature of 95 ◦C. Fig. 7a 
depicts the kinetics of TC removal by CWPO in comparison with 
adsorption process at room temperature (RT) and 95 ◦C. The kinetics 
plots were derived from the experiment on 20 mg/L of TC with catalyst 
dosage of 0.6 g/L and H2O2 of 3 %. The plots imply the significant role of 
CWPO process over the adsorption process as shown by the higher 
removal of TE at all varied time of treatment. The removal efficiency is 
78.7 % at 120 min. However, either the adsorption at room temperature 
or at 95 ◦C exhibit the TC removal at around 45–50 %, respectively after 

Fig. 2. XRD patterns of BTW and MNC.  

Table 1 
Crystallite size of γ-Fe2O3 and Fe3O4 in MNC.    

FWHM (unit) Crystallite size (nm) Mean 

γ-Fe2O3 (012)  0.123  75.5  
69.3 (220)  0.136  67.1 

(220)  0.135  65.4 
Fe3O4 (311)  0.136  67.1   

(400)  0.102  94.1 80.6       
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Fig. 3. SEM-EDS profiles of BTW and MNC.  

Fig. 4. TEM images of MNC in different magnifications.  

E. Dwi Ana Santosa et al.                                                                                                                                                                                                                     



Results in Chemistry 4 (2022) 100451

5

120 min of reaction time. This compared plots explain the presence of 
adsorption mechanism as important step of CWPO process. This 
assumption is also proven by the same removal values at 30 min of 
treatment, indicating time reachable for adsorption equilibrium step. In 
addition, the slight difference of removal at continuing time suggests 
that thermal treatment on adsorption is not significantly increased the 
kinetics of reaction. Conclusively, the CWPO process is attributed to the 
role of adsorption together with H2O2 under heating condition to 
decompose TC. 

The high removal efficiency of the CWPO process is related to the 
structure of MNC which contains two phases of Fe3O4 and γ-Fe2O3. Both 
ionic states contribute to the radicals formation in the presence of H2O2 
for TC oxidation via following mechanism:  

Fe2+ + H2O2 → Fe3+ + OH− + •OH                                                        

RH + •OH → TC • + H2O                                                                       

TC • + Fe3+ → product + Fe2+

Fe2+ + •OH → Fe3+ + OH−

Fe3+ + H2O2 → Fe2+ + H+ + HO•

Based on the mechanism, either oxidation of Fe2+ or reduction of 
Fe3+ play role for the TC degradation [22]. 

Further evaluation on TC removal was performed by calculating the 
kinetics of reaction. Kinetics study to the experimental data from CWPO 
was performed by applying pseudo-first order, pseudo-second order, and 
pseudo-second order kinetics following equations, respectively (eq.2–4): 

ln
Ct

C0
= − k1t (2)  

1
Ct

= k2t+
1

C0
(3)  

1
C2

t
= 2k3t+

1
C2

0
(4)  

where Ct and C0 are TC concentration at initial time and at time of t, k1 is 
first-order kinetics constant, k1, k2, k3 are pseudo-first, second, and 
third-order kinetics constants, respectively. The calculated parameters 
are presented in Table 3. 

Refer to the R2 values, it can be concluded that the CWPO reaction 
fits with pseudo-first order reaction rather than other tested kinetics 
order, which the pseudo-first order plot is presented in Fig. 7b. The 
appropriateness of the pseudo first-order model represents that the 
concentration of TC determines the reaction rate at the condition of 
catalyst dose is constant. As the proof of the occurrence of degradation 
instead of the reducing concentration by adsorption process, Fig. 7c 
shows the spectra of TC at the initial condition and treated form for an 
hour. There is not only a decreasing absorbance at the maximum 
wavelength of 359 nm, but the disappearance of the peaks at both 359 
and 280 nm that are characteristics for TC. The shifting maximum 
wavelength is the indication of the change of molecular structure as a 
proof of the degradation mechanism. This is also consistence with the 
HPLC analysis result presented in Fig. 7d. The initial TC solution shows 
the intense peak associated with TC at the retention time of 7.49 min, 
and then after treated for 120 min, the peak is absence. The small peaks 
are identified at the less retention time around 1.42–2.72 min, are 
assigned to the presence of the molecules with lower molecular weight. 

The kinetics of TC removal by adsorption process can be useful to 
predict the presence of chemical interaction among the catalyst and TC. 

Table 2 
Elemental analysis of BTW and MNC from EDS analysis.  

Element BTW MNC 

O  51.30  51.47 
Al  30.20  6.01 
Fe  12.83  39.61 
Na  2.83  5.14 
Si  1.67  2.43 
Cl  1.18  5.95  

Fig. 5. a. Survey scan of MNC b. Spectrum of Fe 2p.  

Fig. 6. VSM plot of MNC (inset: magnetic attraction experiment).  
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The data was evaluated based on Lagergren’s pseudo-first order, Ho and 
McKay’s pseudo-second order, and Weber and Morris’ intraparticle 
diffusion models with following equations (2–4). 

ln(qe − qt) = lnqe − kt (2)  

t
qt

=
1

k2q2
e
+

t
qe

(3)  

qt = kit0.5 +C (4)  

where qt (mg/g) is the amount of adsorbed metal ions at time t, qe (mg/g) 
is the adsorption capacity, k (min− 1) is the first-order rate constant, k2 
(g/mg min) is the second-order rate constant of adsorption (min− 1), and 
ki (mg.min1/2/g) and C are the kinetic constant and constant of the intra- 
particle diffusion model, respectively [14,37]. 

The calculated parameters are presented in Supplementary Infor-
mation Table 1. 

From the R2 parameters, it is conclusively obtained that at both 
varied temperatures, the adsorption fits to the intra-particle diffusion 

model rather than other kinetics order. It is also seen that by ki and C 
values, the adsorption equilibrium enhanced by thermal treatment. The 
appropriateness of this internal diffusion model implies that internal 
diffusion of TC by MNC is the slowest step, resulting in the rate- 
controlling step during the adsorption process, and the adsorption is 
instantaneously occurred. The higher adsorption–desorption equilib-
rium obtained at the increasing temperature suggest a chemisorption 

Fig. 7. a. Kinetics of TC removal over AOPs, adsorption at room temperature (RT), and at 95 ◦C, b. Pseudo-first order plot of TC removal by AOPs VSM plot of MNC; 
c. UV–vis spectra of initial TC solution and treated solution for 1 h; d. HLPC chromatogram of initial and treated solution for 120 min. 

Table 3 
Calculated parameters from kinetics studies.  

Kinetics order Kinetics equation R2 

Pseudo-first order ln
Ct

C0
= − 2.074x10− 3t + 1.01  0.989 

Pseudo-second order 1
Ct

= 9.17x10− 3t + 6.62x10− 2  0.978 

Pseudo-third order 1
C2 t

= 2.72t + 7.14  0.984  

Fig. 8. Removal efficiency as function of TC concentration in CWPO.  
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mechanism rather than physisorption. Moreover, the contribution of the 
adsorption mechanism tends to be related with the open structure 
identified by surface morphology from SEM image of the MNC. 

3.3. Effect of TC concentration, catalyst dosage, H2O2 concentration, and 
pH 

The TC removal by CWPO process at varied TC concentration was 
examined in order to see the capability of the process at large range of 
concentration. The removal as function of initial TC concentration can 
be seen in Fig. 8. 

As generally the reaction tends to be slower at the increasing reactant 
concentration [15], the chart in Fig. 8 represents that the removal effi-
ciency of TC tends to increases at the range of 2–40 ppm. This means that 
catalyst and the catalytic process capable to conduct the oxidation re-
action at the range of the concentration without limitation within the 
range of concentration. 

Effect of catalyst dosage, H2O2 concentration, and pH on removal 
efficiency is presented by chart in Fig. 9. As can be seen from the varied 
H2O2 concentration that at the range of 0.36 – 1.08 %, the higher H2O2 
dosage positively correlated with the removal efficiency. This is asso-
ciated with the role of radical formation which depends on the presence 
of H2O2 in the solution. With the same pattern, the increased catalyst 
affects to enhance the removal efficiency, but it reached optimum 
amount at 1.2 g/L. The increased removal is correlated with the 
increased number of catalytic sites provided by the higher amount of 
catalyst [10]. In the similar range of catalyst dosage, the same effect was 
also reported in TC removal by Fe3O4 NPs and persulfate [13]. As in the 
CWPO the radicals are generated by the interaction of Fe2+ and Fe3+ and 

H2O2, the increased amount of catalyst mass higher than 1.2 g/L could 
not produce more •OH proportionally at the same amount of H2O2. 

Moreover, the effect of pH on TC removal presented in Fig. 9c rep-
resents that pH = 7 is the optimum condition either by adsorption 
mechanism or CWPO. The removal over adsorption and CWPO is inef-
fective at basic condition due to the possible iron precipitation such as 
the formation of ferric hydroxy complexes which related with Fe2+ and 
Fe3+ at pH above 7 [13,22]. By adsorption mechanism, the TC removal 
at pH = 7 is higher than at pH = 4 which suggests the role of zeta po-
tential of the catalyst that reach zero-point charge at pH = 6.8. The 
neutral condition optimizes the interaction of TC and the surface as the 
first step in the oxidation mechanism. As in the CWPO ionic state of Fe2+

and Fe3+ play important role for initiate the production of •OH, the 
acidic environment is more favorable [22]. By these variations, it is 
conclusively obtained that all parameters are the prominent variables. 
Within the range of tested variables, the higher H2O2 and catalyst dosage 
simultaneously increase the removal efficiency. The notably condition 
of pH is that the acidic environment is more appropriate to the TC 
degradation mechanism. It can be seen that the optimum removal effi-
ciency can reach 89.7 % for 20 mg/L of TC under the condition of pH =
7, H2O2 of 5 % and catalyst dosage of 1.2 g/L. 

This performance is better compared to CWPO over other catalysts 
such as Co3O4 and Fe3O4 nanosphere, but still less than other catalysts 
and in other process such as photocatalyst. The comparison with pre-
vious work on TC removal is listed in Table 4. 

In summary from the comparison in Table 4, the activity of MNC 
catalyst in this research is less compared to other nanocomposite such as 
Silica supported Co3O4, TiO2/Fe3O4/dead biomass, Fe3O4/g-C3N4, and 
Fe3O4/α-FeOOH nanocomposites that showed more than 95 % removal 

Fig. 9. Removal efficiency as function of (a) H2O2 concentration (b) Catalyst dosage (c) pH {TC: 20 mg/L, time of reaction: 60 min}.  
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at the same time using the photocatalytic system. However, the MNC 
exhibited higher activity compared to Fe3O4 nanoparticles under CWPO 
[13] and TiO-rGO-AC under photocatalysis procedure [36]. The activity 
is slightly less than the use of ZnFe2O4/sepiolite as clay-based compos-
ite, but it can be noted that H2O2 in this work is in less concentration 
(0.5 mM) meanwhile the referred work utilized 1.0 mM. The reaction 
condition suggests that higher removal efficiency is achievable at the 
optimized condition such as temperature of reaction, H2O2 concentra-
tion, and catalyst dose. The important thing to be noted as the beneficial 
aspect obtained from this work is related with the use of BTW as raw 
material and support with simpler method in preparation. 

3.4. Catalyst stability 

The examination on the catalyst stability is one of the most important 

study the applicability in the industrial scale. The stability of catalyst 
can be evaluated by the maintained structure of catalyst which was 
determined by using XRD analysis. The reflections are presented in 
Fig. 10 suggest the inappreciable change of the reflections after use 
catalyst. This phenomenon suggests that the properties of catalyst are 
unchanged without losing activity. Moreover, refer to magnetic property 
of material is the beneficial feature to minimize the operational cost in 
the real water treatment system. 

4. Conclusion 

In this study, the magnetic nanocomposite has been successfully 
synthesized from bauxite mining tailing waste. The nanocomposite 
showed the composition of immobilized γ-Fe2O3 and Fe3O4 with the 
crystallite size of approximately 71.3 and 61.3 nm, respectively. The 
nanocomposite was found to be active as catalyst in that the TC removal 
over advanced oxidation process using H2O2 as oxidant, at Reflux tem-
perature. The removal efficiency obtained for 20 ppm of TC was 89.7 % 
under the catalyst dosage of 1.2 g/L and H2O2 of 1.0 mM for 120 min 
time. The results exhibited potential to be developed in mining tailing 
waste functionalization to support pharmaceutical wastewater 
treatment. 
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Table 4 
Comparison on removal efficiency in this work and other previous works.  

Catalyst Remark Removal 
efficiency 
(%) 

Reference 

Fe3O4 Nanopartiles was applied in a 
CWPO using persulfate (PS). 
The degradation efficiency of 
68.5 % was achieved on TC 
0.10 mM, PS: 1.0 mM, with 
catalyst dose of 1 g/L for 60 
min 

68 [28] 

ZnFe2O4/sepiolite Removal of 78 % was achieved 
for 20 ppm of TC for 120 min 
under UV light illumination 
and H2O2 of 1 mM. 

78 [29] 

TiO2/Fe3O4/dead 
biomass 

Removal efficiency of 98.1 % 
was achieved by photocatalysis 
using photocatalyst composed 
by 2:2:1 (TiO2/Fe3O4/dead 
biomass), catalyst dose of 10 g/ 
L, pH 6.0, TC conc. of 10 mg/L 

98.1 [6] 

TiO-rGO-AC Removal efficiency of 70 % 
was achieved by photocatalysis 
usig UV light, catalyst conc. 
0.8 g/L, TC conc. 40 mg/L, 
reaction for 3 h. 

70 [29] 

Fe3O4/α-FeOOH 
Nanocomposites 

Nanocomposite was applied in 
a photo-oxidation process to 
TC 10 mg/L with catalyst dose 
of 0.5 g/L under UV light 
illumination. Reaction time of 
90 min. 

98 [7] 

Fe3O4/g-C3N4 The removal efficiency of 7 % 
Fe3O4/g-C3N4 at pH = 3, H2O2 

= 5 mM, and catalyst dosage of 
1.0 g/L can reach 99.8 % 

99.8 [5] 

Silica supported 
Co3O4 

Removal of 93.4 % was 
achieved by ozonation using 
catalyst for 30 mg/L TC on 1 g/ 
L catalyst 

93.4 [27] 

Fe3O4/activated 
carbon fiber 

TC removal was conducted by 
adsorption process for 10 ppm 
of TC. 

85 [27] 

CeO2 nanoparticles TC removal was performed by 
ultrasound (US)-assisted 
oxidation. The removal 
efficiency of TC was 92.6 % in 
the optimum oxidation 
conditions TC concentration of 
15 mg/L, peroxomonosulfate 
of 50 mM, catalyst of 0.6 g/L, 
US power of 70 W and pH = 6. 

92.6 [2] 

Magnetic 
nanocomposite 
from BTW 

TC removal was performed by 
CWPO with H2O2 of 0.5 mM as 
oxidat. The removal efficiency 
of TC was 73.6 % for 20 ppm of 
TC and 78.2 % for 40 mg/L. 

73.6 % for 
20 mg/L 
78.2 % for 
40 mg/L 

This work  

Fig. 10. XRD pattern of fresh and used catalyst.  
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