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Abstract 
 
The heterogeneous Fenton-like reaction is one of the most promising and effective treatment methods for the degradation of organic 
pollutants. In the present study, a detailed investigation on synthesis, characterization, and catalytic activity studies for oxidative 
degradation of methyl orange (MO) solution by iron oxide-immobilized montmorillonite KSF (Fe-MKSF) and pristine iron oxide 
catalysts were performed. The catalysts were synthesized via an impregnation-hydrothermal method using an autoclave reactor. 
Interestingly, the Fe-MKSF showed the highest catalytic removal of MO (85%) compared to the pristine iron oxides (30%) and MKSF 
(52%). This finding is well supported by the significant increase in surface area of the Fe-MKSF compared to the pristine catalysts 
(105.8 m2/g [Fe-MKSF] vs 52.2 m2/g [iron oxide] and 74.2 m2/g [MKSF]). The increased in surface area is favorable in having high 

accessibility of reactants towards the catalysts’ active sites which enable to diminish limitations in mass transfer during the reaction. 
These traits proved to be essential for the improved catalytic activity of the Fe-MKSF catalyst.  
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1. Introduction 

Water pollution is currently one of the major global issues being 
addressed by the scientists worldwide. A significant part of global 
water pollution is from dye contaminated wastewater, originating 
from dye and textile, pharmaceutical and other industries. Dye 
contaminated wastewater contains a wide variety of recalcitrant 
organic pollutants [1], which when directly discharged into water 
bodies, may lead to detrimental effects in both environment and 
human health due to its toxicity, non-biodegradability and 

environmental aesthetic impacts [2,3]. It is estimated that more 
than 700 000 tonnes of dyes are currently being discharged per 
year, with more than 50% of total discharge attributed to azo dyes 
[4]. The effluents in dye contaminated wastewater usually contain 
a high concentration of dyes, nutrients, inorganic salts and 
hydroxide ions (high pH) [5].  
The negative environmental consequences of unmitigated effluent 
discharge have led to the development of alternative wastewater 

treatment methods which are efficient, practical and cost effective. 
Advanced oxidation processes (AOPs) have emerged as a robust 
and promising method for treating dye contaminated wastewater. 
AOPs were proven to be effective in degrading various 
recalcitrant organic pollutants such as aromatic compounds [6, 7], 
volatile organic compounds [8], as well as inorganic compounds 
such as sulphides and nitriles [9]. In general, AOPs generate 
reactive oxygen species (ROS) such as hydroxyl (•OH) radicals 

and hydroperoxyl (•OOH) radicals that non-selectively degrade 
the organic pollutants during catalysis.  
Among the various AOPs, catalysis using Fenton or Fenton-like 
reactions seem to be the dominant technology reported in 
scientific literature. This is likely due to the sufficiency of mild 
reaction conditions to degrade pollutants; mild reaction conditions 
utilize lower amounts of energy compared to other AOPs in 
generating the ROS during catalysis. However, homogeneous 

Fenton/Fenton-like processes possess some disadvantages 
compared to rival technologies such as the production of a large 
quantity of iron sludge which required for secondary treatment, 
high maintenance costs, efficient performance within a narrow pH 
range and infeasible catalyst recovery [10]. To avoid these pitfalls, 
heterogeneous catalysts are used to facilitate Fenton/Fenton-like 
reactions in place of homogeneous catalysts.  
Heterogeneous Fenton-like catalysts have emerged as a promising 

alternative to homogeneous Fenton catalysts due to their limited 
drawbacks as well as their high product recovery and long-life 
span. Various types of iron-containing catalysts have been 
reported in scientific literature. Such catalysts include bulk 
containing iron such as hematite (α-Fe2O3) [11,12], maghemite  
(γ-Fe2O3) [13], and magnetite (Fe3O4) [14,15]. In recently 
published work, these iron species were immobilized into different 
types of catalyst supports. The use of a catalyst support enables 

the deposition and retention of well dispersion of iron species 
throughout the support structure which increases the catalyst 
surface area. Currently, numerous types of materials such as clay 
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[16,17], zeolite [18–20], silica [21,22], graphene oxide [23,24] and 
other carbon-based materials [25–27] have been used as a catalyst 
support for heterogeneous Fenton-like catalysts. Amongst these 
materials, the use of clay catalyst support (i.e. ball clay, 
montmorillonite K10 and kaolin) has many benefits: [28,29] it is 
highly abundant, inexpensive, environmentally benign, has a high 
specific surface area, high chemical and mechanical stability that 
has unique surfaces and structural properties [30, 31].  

Clay has generally been considered a stable catalyst support for 
Fenton-like reactions due to its ability to sustain catalytic activity 
over time. Furthermore, the clay material maintains its chemical 
integrity under operating conditions; minimal leaching of 
interlayer metal species to the external solution have been detected 
[32]. There seems to be a clear scientific and experimental link 
between the immobilization and retention of iron species within 
the clay support structure and the maintenance of high catalytic 

activity for heterogeneous catalysis of Fenton-like reactions. 
However, a detailed investigation of the physico-chemical and 
catalytic properties of iron species being immobilized onto and/or 
within the montmorillonite KSF clay has not been reported 
previously. Hence, the present study shows the detailed 
investigations on the physico-chemical as well as catalytic 
properties of resultant composite catalyst once the iron species 
(i.e., iron oxides) particles being immobilized onto and/or MKSF 

clay matrix. 

2. Experimental 

2.1. Synthesis of iron-immobilized montmorillonite KSF 

clay (Fe-MKSF) composite and iron oxides catalysts 

The Fe-MKSF catalyst was synthesized from a reaction solution 
consisting of iron precursor and dispersion of MKSF clay as 
described elsewhere [33]. Na2CO3 was added slowly to vigorously 
stirred 0.2M of FeCl2.4H2O solution at iron molarity to the MKSF 
clay of 20 mmol Fe/ g MKSF clay. The solution was continuously 
stirred for 3 h. Then, MKSF was added into the mixture and 
stirred for another 3 h.  The mixture was then aged at 100°C for 48 
h in a Teflon sealed autoclave reactor. The resulting precipitates 

were centrifugally recovered and washed several times with 
deionized water and dried at 60°C overnight. The dried samples 
were calcined in air atmosphere at 350°C for 20 h in a furnace at a 
ramping rate of 10°C/min. Pristine iron oxides catalyst was 
synthesized through analogous procedures except for the addition 
of MKSF clay. 

2.2. Characterization  

The nitrogen sorption analysis was carried out using 
Micromeritics ASAP 2020 to investigate the textural and 
structural properties of the Fe-MKSF, iron oxide and MKSF, 
respectively. The Brunauer-Emmett-Teller (BET) method was 
used to determine the surface area of the samples while the 
Density Functional Theory (DFT) method was used in analyzing 
the profile of the pore size distribution. Prior to the analysis, the 
samples were degassed for 24 h at 200°C with a heating rate of 

10°C/ min.  The samples were further characterized using X-ray 
diffraction (XRD) analysis (Bruker D8 Advance) for phase 
determination of crystalline samples. CuKα was used as source of 
radiation (λ=1.54Å). The diffractometer operated at 40 kV and 40 
mA. Thermogravimetric analysis (TGA) was performed on 
Thermal Advantage Q Series (TA 1000). The uncalcined samples 
were heated from 30°C to 500°C at a heating rate of 10°C/min 
using compressed air purged at flow rate of 50 mL/min. 

2.3. Catalytic performances 

The catalytic performances of the Fe-MKSF catalyst was tested in 
heterogeneous Fenton-like reaction using methyl orange (MO) as 

the model pollutant. 0.2 g/L of Fe-MKSF catalyst was added into 
35 mg/L of MO solution. The MO solution was adjusted to pH 3 
using 1 M of HCl and 1 M of NaOH prior to reaction initiation. 
The reaction was activated by hydrogen peroxide (H2O2, 12 mM) 
and stirred 300 rpm at room temperature. The aqueous samples 
were withdrawn every 15 minutes interval and filtered using      
0.2 μm syringe filters. The filtrate samples were immediately 
analyzed using UV-Vis spectrophotometer (Perkin Elmer, Lamda 

25) at the maximum absorbance peak of MO; λmax = 464 nm. 
Similar procedures were carried out using the pristine iron oxides 
and MKSF as the basis of references for the pristine catalytic 
properties.  

3. Results and Discussion 

The physico-chemical properties Fe-MKSF catalyst was 
determined through the collective findings of nitrogen sorption, 
XRD, TG-DTG analysis. The pristine MKSF and iron oxide 
catalyst were used as the basis of reference in understanding the 
changes in Fe-MKSF once the iron species were successfully 
immobilized onto and/or MKSF clay matrix. Fig. 1 displays the 
nitrogen adsorption-desorption isotherm of the MKSF clay, Fe-
MKSF and iron oxide. MKSF exhibited a type III isotherms with 

H3 hysteresis at relative pressure ranging from 0.48 to 0.99. The 
type III isotherm represents the relatively weak adsorbent-
adsorbate interactions, where the adsorbed molecules are clustered 
around the most favorable sites on the surface of nonporous 
material [34]. The H3 hysteresis loop reveals the non-rigid 
aggregates of plate-like material consisting of slit-shaped pores 
that typically associated with clay type materials [35]. This 
observation is in agreement with the reported double faced 

lamellae structures of MKSF clay as reported by Shahidi et al. [1]. 
The iron oxides also exhibited type III isotherms but a notable 
change in hysteresis was observed. The hysteresis fit to the H1 
type at the relative pressure ranging from 0.8 to 0.98, which can 
be attributed to the network of mesopores and interparticle space. 

 
Fig. 1: Nitrogen adsorption-desorption isotherms of MKSF, Fe-MKSF  

and iron oxide catalyst 

 
Similar isotherm (type III) with a slight shift in H3 hysteresis at 
the relative pressure from 0.45 to 0.99 was observed for Fe-MKSF 
catalyst. Interestingly, the Fe-MKSF catalyst displayed a 
significant increment for the total quantity of the volume adsorbed 

which found to be approximately 6 time higher (285 cm3/g STP 

at relative pressure of 0.99) than the pristine MKSF clay          

(51 cm3/g STP). In addition, the slight shift to the lower relative 

pressure with vicissitudes in the volume adsorbed of hysteresis 
loop signified the mesoporous structure of Fe-MKSF catalyst 
which possessed a certain degree of variances during the 

adsorption and desorption processes. Such changes indicated 
plausible intercalation of iron oxide in between the interlamellar 
spaces of MKSF clay during the synthesis process. Relatively, 
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similar observations were also reported in the previous works [36-
38] once the active catalysts being successfully immobilized onto 
different types of the catalyst support.  
The structural properties of the catalyst can be further understood 
by pore size distribution as shown in Fig. 2. The pore size 
distributions of pristine MKSF were centred at 10, 15 and 65 nm. 
Once the iron oxides being immobilized within the MKSF 
structure, clear enlargement of pore size distribution was visible.  

Interestingly, the pore size distribution of Fe-MKSF catalyst 
shown pore size ranging from 8 nm to 50 nm with some presence 
of macropores ranging from 50-70 nm that can be associated with 
the beneficial intercalation of iron oxides particles between the 
interlamellar spaces of MKSF clay. 

 
Fig. 2: Pore size distribution of a) MKSF, b) Fe-MKSF and  

c) iron oxide catalyst. 

Fig. 3 shows the surface area and pore volume for the MKSF, Fe-
MKSF and iron oxides. A significant increment in surface area 
was observed by order of magnitude from 52.2 m2/g (iron oxide) 
to 105.8 m2/g (Fe-MKSF) once the iron oxide particles being 

immobilized within the structure of MKSF clay. In fact, the pore 
volume of Fe-MKSF catalyst was found to increase by 26% and 
388% than the pristine iron oxides and MKSF clay, respectively. 
Such vicissitudes in surface area and pore volume are favorable in 
having the high accessibility of reactants towards the active sites 

(Fe2+/Fe3+), which are able to diminish limitations in mass 

transfer during the reaction as reported elsewhere [14]. 

 
Fig. 3: BET surface area and pore volume of MKSF, Fe-MKSF and  
iron oxide catalyst 

The XRD patterns of pristine MKSF, Fe-MKSF and iron oxides 
catalyst are displayed in Fig. 4. The iron oxides catalyst exhibited 
with the crystal structure of hematite (α-Fe2O3), indexed to PDF-

01-087-1165 with diffraction peaks at 2θ = 25.12°, 33.08° and 
35.63°.These diffraction peaks were assigned by (012), (104), and 
(110) crystal planes, respectively. The main peak of hematite with 
the highest intensity was clearly observed for iron oxide at 2θ 
value of 25.12°. Similar diffraction peak at 2θ value of 
approximately 25.12° was also visible in Fe-MKSF, but at the 
lower peak intensity.  The presence of MKSF clay as catalyst 
support did not affect the phase transformation of iron oxides 

phase which was found to be remained in the rhombohedral 
hematite phase. Uniquely, this finding was contradict with the 
previous work of Katikaneani et al. [39], whom reported that the 
iron oxide experienced the phase transformation from hematite to 
maghemite phase in the presence of organic support i.e. 
polyethyelene glycol. These interesting findings warrant the 
unique characteristic of MKSF that implied with inert influence 
toward the transformation of iron oxides phase during the 

synthesis process at the specified operating temperature.  
The thermogravimetric analysis was carried out using uncalcined 
samples. Fig. 5 presents the thermogravimetric-differential 
thermogravimetric (TG-DTG) curves of the MKSF, Fe-MKSF and 
iron oxides respectively. MKSF showed a single mass loss pattern 
only at temperature range of 50°C -150°C. The percentage of mass 
loss at this temperature range was approximately 13.3%. This 
mass loss may be ascribed to the nature-rich metallic cations in 

montmorillonite and the high acidity value that resulted from the 
presence of Bronsted and Lewis acids sites [40]. There was no 
other thermal decomposition activity for MKSF because the 
metallic cation in montmorillonite was very stable and was not 
affected by the temperature change.  
Iron oxide and Fe-MKSF catalysts showed two visible mass loss 
patterns in the TG-DTG thermograms. The first pattern was 
observed within the range from 50°C to 120°C and the second 
pattern was at the range from 200°C to 270°C. The initial mass 

loss at a temperature range from 50°C to 120°C was assigned to 
the removal of physisorbed water in the catalyst due to the 
elimination of interlayer water molecules bound to the resultant 
catalyst. The later thermal decomposition within 200°C-270°C 
was attributed to the phase change or transformation process of 
iron oxides from the magnetite into the hematite phase. Such 
observation was in line with the findings of Farbod et al. [41] and 
Bhavani et al. [42], whom reported that the iron oxide is 

thermodynamically transformed to hematite phase at temperature 
above 300°C.  A shift of a distinct peak of DTG curve during the 
phase transformation was observed between the iron oxide 

(250°C) and Fe-MKSF (265°C). 
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Fig. 4: XRD patterns for MKSF, Fe-MKSF and iron oxide catalyst 
 
The profiling of oxidative degradation of MO using the Fe-MKSF, 
iron oxide and MKSF catalysts are shown in Fig. 6. The iron 
oxide showed favourable discoloration for the first 30 minutes of 
reaction prior to the complete deactivation afterwards. 
Interestingly, the catalytic deactivation of iron oxide was 
circumvented once the iron were being immobilized within the 
MKSF matrix. The Fe-MKSF catalyst exhibited stable catalytic 

activity throughout the reaction which able to remove up to 85% 
of MO. Such exceptional performance of Fe-MKSF was plausible 
due to synergistic interaction of MKSF and the iron oxide during 
catalysis. These results were in agreement with previous 
researchers that observed the similar interaction between the iron 
oxide and kaolin clay [43]. The presence of MKSF clay as catalyst 
support in Fe-MKSF plays vital role in modulating the physico-
chemical properties, which directly corresponded to the resultant 

catalytic activity of Fe-MKSF. Such enhancement in catalytic 
activity can be well supported by the unique characteristics of 
MKSF clay that was known to be metal-(especially iron)-rich 
materials [44] which able to concurrently decompose oxidant 
(H2O2) in producing more reactive radicals during the 
heterogeneous Fenton-like catalysis. 

 
(a) 

 
(b)  

 

(c) 

Fig. 5: TG-DTG thermograms for (a) MKSF, (b) Fe-MKSF and (c) iron 

oxide 

 

 
Fig. 6: MO discoloration by heterogeneous Fenton-like reaction  

(Condition: pH 3, 0.2 g/L catalyst, 35 mg/L, and 12 mM H2O2) 

4. Conclusion 

In-depth understanding on the physico-chemical properties 
towards modulating the catalytic activity for the resultant Fe-
MKSF were obtained through the collective findings of nitrogen 
sorption, XRD and TGA analysis. Interestingly, the presence of 
MKSF plays a crucial role in modulating the physico-chemical 
and catalytic properties of Fe-MKSF catalyst. Based on the 

findings, the Fe-MKSF showed a significant increment in surface 
area (105.8 m2/g) and pore volume (0.45 cm3/g) once the iron 
oxide particles being immobilized onto and/ or within the structure 
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of MKSF clay. Such changes in both features are favourable in 
providing high accessibility of reactants towards the active sites 

(Fe2+/Fe3+) of the resultant catalyst, which are able to diminish 

limitations in mass transfer during heterogeneous Fenton-like 
catalysis. Interestingly, the presence of MKSF clay as catalyst 
support did not affect the phase transformation of iron oxides 
phase which was found to be remained in the rhombohedral 
hematite phase that in tandem with the TGA findings. In 
conclusions, these traits proved to be essential for the 

enhancement of Fe-MKSF’s catalytic activity (85% MO removal) 
due to the plausible synergistic interactions between the MKSF 
and iron oxide during the heterogeneous Fenton-like catalysis.  
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