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Abstract  

Magnesium ferrite is a visible light absorber, and when combined with multiwall carbon 

nanotubes (MWCNTs), it can lead to low electron-hole recombination rates, thus improving 

its photocatalytic activity. In this work, a novel MgFe2O4/CNTs nanocomposite catalyst has 

been synthesized via anchoring MgFe2O4 nanoparticles onto MWCNTs surface by a sol-gel 

and microwave-assisted route. The prepared catalyst was characterized by X-ray diffraction, 

Fourier-transform infrared spectroscopy, scanning and transmission electron microscopy, 

energy-dispersive x-ray analysis and vibrating scanning magnetometry. MgFe2O4 

nanoparticles showed a cubic inverse spinel ferrite structure, while MgFe2O4/CNTs 

nanohybrids showed combinations of both structures. Morphology studies including 

Brunauer-Emmett-Teller (BET) analysis confirmed a 40 m2g-1 specific surface area with 

narrow mesoporous size distribution for the MgFe2O4/CNTs nanocomposite. The 

photocatalytic performance of the new catalyst was assessed by photodegradation of 

methylene blue (MB). The experimental results demonstrated that MgFe2O4/CNTs exhibited 

strong photocatalytic activity, catalysing the photooxidation of about 98% of MB in 25 

minutes under sunlight.   
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1. Introduction

Nowadays, water pollution caused by synthetic dyes has become one of the challenges that

the world faces as an outstanding environmental problem, posing serious threats to living

organisms [1-3]. Several techniques such as adsorption by activated carbon, ultrafiltration
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membranes, piezocatalysis and photocatalytic degradation have been extensively employed to 

eliminate water pollution [4-8]. However, besides their ineffectiveness in raw water 

treatment, these purification technologies have encountered multiple economic restrictions 

like the need for complicated instruments, high capital requirements, high energy 

consumption, and operational costs [9,10]. Nonetheless, photocatalysis has found much 

interest among water purification agencies due to its powerful, environmentally-friendly 

action [11].  

Photocatalytic degradation is based on semiconductors that can be excited to an energy level 

higher than their band gap, inducing the formation of energy-rich electron-hole pairs, which 

can be involved in redox reactions resulting in the decomposition of synthetic dyes [12-14]. 

The efficiency of such processes is strongly related to the transport of the photogenerated 

carriers (electrons and holes) which in turn depends on the materials’ morphology, particle 

size, size distribution, their dose, pollutant concentration and pH [15,16]. Among a variety of 

photocatalysts, semiconductors with spinel structures such as the ferrites family ZnFe2O4, 

MgFe2O4, and CoFe2O4 etc. have received enormous interest in the field of water splitting 

and removing contaminants because of their low cost, unusual band structures and the 

environmental benignity of their constituent elements [17-20].  

Natural ferrites have magnetic properties and high electrical resistivity, which makes them 

compatible with many types of modern electronic devices [21,22]. The spinel ferrite 

structures have the general chemical formula MFe2O4, where M is Mn2+, Co2+, Ba2+, Zn2+, 

Cd2+, Ni2+, Mg2+, Cu2+, etc. The structure of a spinel is determined by the bonding and 

arrangement of the oxygen ions (O2-) within the lattice. The unit cell of a spinel lattice 

contains eight formula units [AB2O4] in which the large oxygen anions (32 from O-2) form a 

close-packed face-centered cubic FCC structure. The few metal cations occupy interstitial 

sites: tetrahedral (8) or (A) and octahedral (16) or (B) sites, so the resulting local symmetries 

of these sites are different [23-25]. Among the diverse range of spinel ferrites, magnesium 

ferrite MgFe2O4 abbreviated MFO is a bi-oxide with inverse spinel structure and is a soft 

magnetic n-type semiconductor. MFO semiconductor is a promising UV-visible absorber due 

to its narrow band gap and its magnetic nature which helps its separation from aqueous 

systems [26-29]. Furthermore, MFO has good photostability in alkaline or acidic solutions, 

rendering it a good candidate for environmental remediation by utilizing active surface 

species (H+, ∙OH and ∙O2−), especially in photocatalytic degradation processes. Nonetheless, 

the fast recombination of charge-carriers in pure MgFe2O4 results in reduced photocatalytic 

efficiency under visible light [29,31]. To diminish this problem, MFO photocatalysts have 
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often been used as nanocomposites with other compounds for photodegradation of different 

water pollutants [32]. Such materials are Mg1-xZnxFe2O4 nanocomposite for degradation of 

MB [16] and MgFe2O4/TiO2 for degradation of Rhodamine B [33], MgFe2O4-GO 

nanocomposite for degradation of MB under visible light irradiation [34]. Concomitantly, 

multi-walled carbon nanotubes (CNTs) were combined with various compounds to improve 

photocatalytic activity [35,36]. 

Carbon nanotubes (CNTs) have received great attention in the area of supported 

heterogeneous catalysis owing to their remarkable features such as large specific surface area, 

good chemical stability and excellent conductivity [37-39]. Based on these properties, 

combining CNTs and magnetic materials to form a binary composite catalyst helps encourage 

charge carrier separation and photocatalytic activity. Despite the many studies and 

applications based on CNTs composites, to the best of our knowledge there is no detailed 

study of the structural, magnetic and surface area properties of MgFe2O4/CNTs 

nanocomposites to date. For that reason, we were motivated to work on MFO/CNTs 

MgFe2O4/CNT nanocomposites as photocatalysts to be used in water purification technology. 

Our novel catalyst supported CNTs were synthesized by microwave-assisted route and 

characterized by XRD, FTIR spectroscopy. Surface investigations were performed by 

scanning electron microscopy (SEM) in conjunction with energy dispersive X-ray analysis 

(EDX), transmission electron microscopy (TEM), and N2 adsorption-desorption isotherms. 

The photocatalytic activity of our MgFe2O4/CNTs nanocomposite was evaluated through the 

photodegradation reaction of methylene blue (MB) in aqueous solution. The results showed 

that the MgFe2O4/CNT catalyst exhibited a high level of activity for the photodegradation 

under sunlight.         

2. Experimental   

2.1. Materials  

All chemicals used for the catalyst preparation were of analytical grade with 99% purity and 

were used as-received without further purification. Deionized water was used for the 

synthesis of MgFe2O4/CNT nanocomposites was Milli-Q water (resistivity greater than 18.2 

MΩ.cm). Magnesium nitrate Mg(NO3)2.6H2O and iron (III) nitrate Fe(NO3)3.9H2O were 

purchased from S.d. Fine-Chem Limited Mumbai. Poly(vinylpyrrolidone) K30 (PVP) (MW= 

40000) was purchased from DIREVO Industrial Biotechnology Germany. Multi-walled 

carbon nanotubes (MWCNTs) (purity >95%, diameter 10–20 nm) were purchased from 

Chengdu Organic Chemical Co. Ltd China.         
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2.2. Synthesis of MgFe2O4 nanoparticles   

Nanocrystalline magnesium ferrite (MgFe2O4) was synthesized via the auto combustion 

technique, following a procedure published elsewhere [27]. The molar ratio of combustion 

fuel to metal ions (F:M) was 1:2, while the molar ratio of Mg:Fe was 1:2. In a typical 

synthesis, an amount of nitrate precursors i.e. Mg(NO3)2.6H2O and Fe(NO3)3.9H2O were 

dissolved in the minimum amount of deionized water. Dissolved nitrates were then mixed for 

a while, followed by adding combustion fuel (PVP) to initiate the exothermic reaction. The 

pH value of the solution mixture was adjusted to 8 with ammonia solution to ensure 

homogenization of the added PVP with the nitrates mixture. The reaction mixture was mixed 

using magnetic stirring for an additional 10 min at room temperature and heated gently to 

about 90°C with constant stirring until a gel was obtained. The formed sol-gel product was 

transferred to a vacuum oven and kept at 150C to obtain a dry gel. A loose and very fine 

magnesium ferrite powder was produced after the dried gel had spontaneously combusted in 

air. The final burnt powder was thermally annealed at 950°C in ambient atmosphere to obtain 

well-crystallized MgFe2O4 nanoparticles.   

2.3. Synthesis of MgFe2O4/CNTs nanocomposite catalyst 

Initially, the pristine MWCNTs were pretreated by mixing with an acid so that increases their 

hydrophilicity by creating oxygenated functional groups on the nanotube surface. Following a 

certain methodology [27], 0.4 g of MWCNTs were dispersed in a solution consisting of 

60 mL HNO3 (~65% wt.) and 10 mL H2SO4 (~98% wt.). The mixture was transferred into a 

fully-equipped reactor vessel and refluxed at 120°C for 10 h. The acid-treated MWCNTs 

were filtered and washed several times with deionized water until the pH value reached 7. 

The treated nanotubes were dried overnight at 100°C in an oven and ground to powder. For 

the synthesis of the MgFe2O4/CNTs nanocomposite, 0.3 g of treated CNTs was introduced 

into 50 mL of deionized water and completely dispersed by sonication for 30 min using a 

bath sonicator device, Branson 2510. 0.5 g of the presynthesized MgFe2O4 powder was 

dispersed in 50 mL of deionized water and sonicated for 30 min. Then the two solutions were 

mixed and 10 mL of hydrazine hydrate was added to the mixed solutions, followed by 

sonication for 1.5 h at 35°C. The resulting mixture was transferred into a microwave oven 

(Emerson MW8119SB) for 10 min. The solid product was separated and washed repeatedly 

with absolute ethanol and deionized water to remove impurities, and the MgFe2O4/CNTs 

nanocomposite was obtained after drying at room temperature under vacuum. A schematic 
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representation of the steps involved during the synthesis of MgFe2O4/CNTs nanocomposites 

is given in Fig.1.  

Fig. 1. Schematic diagram of the synthesis of MgFe2O4/CNTs nanocomposites using the 

microwave-assisted route and its application for MB photodegradation. 

 

2.4. Materials characterization 

The crystalline structures of the synthesized materials were characterized by XRD using a 

Rigaku Miniflex with Cu Kα wavelength radiation (λ= 1.5406Å). The mean dimension 

(DXRD) of crystalline coherent domains (i.e., “crystallite size”) was calculated using the 

Scherrer equation [40]: 

 

where K is a constant related to the crystallite shape (K = 0.9), θ is the Bragg angle and β is 

the contribution of the crystallite size to the full width at half maximum (FWHM) of the 

diffraction peak correspondent in radians.   

The lattice constant a is calculated from the following relation [41]: 

   

where d the interplanar distance for the plane hkl. The X-ray density (Dx) was calculated 

using the following formula [42]:  

    

The crystalline phase was identified using the International Centre for Diffraction Data 

(ICDD) database. N2 adsorption-desorption measurements were carried out to measure the 

specific surface areas of the samples, according to the Brunauer-Emmett-Teller (BET) 
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method, and pore volumes with the Barret-Joyner-Halenda (BJH) model. The surface 

morphology of the obtained nanocomposites was inspected by field emission scanning 

electron microscopy (FE-SEM) (Model: ZEISS Sigma 300) and transmission electron 

microscopy (TEM). Observations were carried out using a JEOL, JEM-2100F system at an 

operating voltage of 200 kV. For the TEM measurements, a small amount of sample was 

dispersed in ethanol using an ultrasonic bath for 10 min. A drop of the sonicated sample 

solution was released on the top surface of a carbon film supported copper grid then allowed 

to dry in the air before analysis. Sample composition was confirmed by energy dispersive X-

ray spectroscopy (EDX) (ZEISS Sigma 300). The Fourier-transform infrared spectra (FTIR) 

of magnesium ferrite powders (as pellets in KBr) were recorded with an IR Shimadzu 8400 

spectrophotometer over the range of (400-4000) cm-1. The optical properties were analyzed 

using Diffuse Reflectance Spectroscopy (Uv-vis-DRS) JASCO-V650 with an integrating 

sphere (ILV-724) (λ= 300-800 nm). The magnetization measurements were performed using 

a vibrating scanning magnetometer (VSM) (Cryogenic Limited PPMS) under an applied field 

of ±1 T at room temperature. The electron spin resonance (ESR) spectroscopy experiments 

were carried out on a Bruker ER200-SRC, spectrometer; samples were produced via mixing 

0.05 g of the as-prepared MgFe2O4/CNTs in a 25mM 5,5′-dimethyl-1-pyrroline-N-oxide 

(DMPO) solution.Measurements were carried out on a 50 mL aqueous dispersion for DMPO-

•OH and a 50 mL alcohol dispersion for DMPO-•O2
− under simulated solar light irradiation. 

2.5. Photocatalytic activity test   

The photocatalytic activity of our MgFe2O4/CNTs nanocomposite catalyst was measured by 

utilizing the photodegradation reaction of methylene blue under solar irradiation. For each 

run, 0.03 g of photocatalyst was dispersed in 50 mL of a 10 mg L−1 methylene blue aqueous 

solution. Before the photocatalytic test, the mixture (i.e. photocatalyst and MB) was stirred in 

the dark for 30 min to achieve adsorption equilibrium between MB, photocatalyst and water. 

Then, the photodegradation reaction proceeded by irradiating the solution for 25 min under 

visible light. 5 mL of suspension was withdrawn after every 5 min from the solution during 

the photocatalytic process. All the experiments were done under direct sunlight (100,000±100 

lux) during fixed periods of sunlight and in the natural environment without stirring. The 

collected samples were immediately filtered and then centrifuged to separate the 

nanocomposite from the dye solution. The samples were analyzed using a Uv-vis 

spectrophotometer at λmax = 664nm to obtain the concentration of methylene blue after the 

elapsed time interval (Ct). Dye degradation with time was evaluated using the following 

equation:   
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where C0 is the initial concentration of the dye and Ct the concentration at a given reaction 

time.   

 

3. Results and Discussion 

3.1. XRD and FTIR measurements 

(Fig. 2-left) shows the XRD patterns of MgFe2O4/CNTs and pristine MgFe2O4 nanoparticles 

after calcination at 900C for 3 h. As can be seen, the MgFe2O4 nanoparticles exhibited 

characteristic diffraction peaks of (111), (220), (311), (222), (400), (331), (422), (511), (440), 

(531), (620), and (533) crystal planes at 2θ values of 18.3°, 30.1°, 35.5°, 37.1°, 43.1°,49.5°, 

53.4°, 57.0°, 62.6°, 64.0°, 70.9°, and 74.0°, respectively. These data can be indexed as a face-

centered cubic phase (space group Fd3m) of spinel magnesium ferrite (ICSD card no. 01-

071-1232) with no peaks related to Mg and Fe oxides. A strong and sharp diffraction peak 

(002) located at 26.6° in the XRD patterns of MgFe2O4/CNTs nanocomposite belonged to the 

CNTs [43]. Moreover, a significant reduction in the diffraction peak intensities of the 

MgFe2O4 nanoparticles after anchoring onto MWCNTs was observed. The average crystallite 

size (DXRD) for MgFe2O4 nanoparticles and MgFe2O4/CNTs nanocomposite was 39.0 and 

43.2, respectively. Furthermore, the XRD pattern showed that the unit cell parameter of the 

MgFe2O4 nanoparticles (a= 8.381 nm) was smaller than MgFe2O4 with CNTs (a= 8.387 nm). 

Experimental and calculated data obtained from XRD patterns of the studied materials are 

summarized in Table 1. 

  

Table 1. Summary of various physical parameters of MgFe2O4 nanoparticles and 

MgFe2O4/CNTs nanocomposite. 

 

Parameters Units Pristine MgFe2O4 MgFe2O4/CNTs 
Crystallite size (DSEM) nm 35.16 50.0 
Crystallite size (DTEM) nm 35.5±5 50 
Crystallite size (DXRD) nm 39.0 43.2 
Lattice constant (a) Å 8.381 8.387 
Unit cell volume (V) Å3 588.6 589.9 
Crystallinity (%) - 77.5% 45.6% 
Specific surface area (SABET) m2.g-1 4.6261 40.051 
Total pore volume, (Vtotal) cm3.g-1 0.034992 0.3029 
Mean pore diameter nm 30.256 30.247 
Saturation magnetization, (MS) emu. g-1 24.08 17.59 
Remanence (MR) emu. g-1 8.43 4.44 
Coercive field (HC) Oe 79.38 58.13 
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Fig. 2. (left): XRD patterns of MgFe2O4 and MgFe2O4/CNTs; (right): FTIR spectrum of 

MgFe2O4/CNTs (a) and MgFe2O4 nanoparticles calcined at 900°C (b). 
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The FTIR spectra of the MgFe2O4 nanoparticle and MgFe2O4/CNTs nanocomposite in the 

range 400 to 4000 cm-1 are shown in Fig. 2-right. The FTIR spectrum of MgFe2O4 NPs 

showed two remarkable absorption bands at 563 and 432 cm−1 attributed to the ionic bonds 

(Fe-O and Mg-O) which are indicative of the formation of MgFe2O4 [44]. In the case of the 

MgFe2O4/CNTs nanocomposite, the FTIR peaks at 3371 cm−1 (O-H bond), 1695 cm−1 (C=O 

bond), 1515 cm−1 (C=C bond), 1309 cm−1 (O-H bond), 1078 cm−1 (C-O bond) were observed. 

This suggests that the surface of CNTs possesses some oxygen-containing functional groups 

which enhance physical interaction between MgFe2O4 and MWCNTs. Other evidence that 

physical interaction between MgFe2O4 and MWCNTs had taken place is that the peaks of the 

pristine MgFe2O4 NPs were shifted from 563 to 555 cm−1 and from 432 to 443 cm−1 in the 

MFO/CNTs.  

3.2. Morphology and N2 adsorption measurements 

The morphology and surface structure of the studied nanomaterials were examined by 

SEM/EDX and TEM techniques. Fig. 3 a-c depicts SEM micrographs and their respective 

energy dispersive X-ray patterns (EDX) of pristine MgFe2O4 nanoparticles and 

MgFe2O4/CNTs nanocomposite. The observations for the pristine MgFe2O4 nanoparticles 

Fig. 3a demonstrates a polyhedric and spherical morphology with some aggregations forming 

a larger particles. These aggregations, however, caused a reduction in the surface area of our 

photocatalyst. The MFO aggregations were also increased upon addition of CNTs, which 

may be attributed to the preparation methodology (Fig. 3c). However, some of MgFe2O4 

nanoparticles were partly naked with a relatively low density of CNTs. The elemental 

composition of the synthesized samples was determined by EDX analysis. The EDX 
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spectrum for the pristine MFO Fig. 3b indicates the presence of Mg, Fe and O in the sample, 

with an atomic ratio of Mg to Fe of about 1:2, whereas, for the MFO/CNTs, the EDX pattern 

Fig. 3d shows C, Mg, Fe and O peaks related to the MgFe2O4 nanoparticles in the MWCNT. 

The qualitative analysis of C, Mg, Fe and O in the MgFe2O4/CNTs nanocomposite as 

determined by EDX analysis is shown in the inset of Fig. 3d. 

Fig. 3. SEM microphotographs of (a) pristine MgFe2O4 NPs; (c) MgFe2O4/CNTs 

nanocomposite; and their EDX patterns (b) pristine MgFe2O4 NPs; (d) MgFe2O4/CNTs 

nanocomposite. 
 

                                                                                        

      

The detailed morphology and crystalline structure of the MgFe2O4 NPs and MgFe2O4/CNTs 

nanocomposite were studied by TEM; the corresponding FFT patterns as well as diameter 

histograms of these two samples are shown in Fig. 4 a-j. Fig. 4a and Fig. 4e reveal the TEM 

images and diameter histogram for MgFe2O4 nanoparticles, respectively. The latter histogram 

displays a homogenous crystallite size distribution in the range 35.5±5 nm. Figs. 4f and 4g 

are TEM images of MgFe2O4/CNTs nanocomposite, which reveal that very small MgFe2O4 

nanoparticles were anchored onto the external surface of MWCNTs. The partial coating of 

MWCNTs by MgFe2O4 nanoparticles increases access to the catalytic sites and thus leads to 

an increase in photocatalytic activity [45]. The CNTs reveal a multi-wall structure and an 

average diameter of about 12.5 nm. Moreover, CNTs with good graphitic structure will 

exhibit good electronic properties, which are crucial for MgFe2O4/CNTs photocatalytic 
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activity. In addition, the HR-TEM image was used to determine the lattice spacing of pristine 

MgFe2O4 and MgFe2O4 nanoparticles in MgFe2O4/CNTs nanocomposite (Fig. 4c and Fig. 4i). 

  

Fig. 4. TEM analysis of MgFe2O4 NPs and MgFe2O4/CNTs nanocomposite: (a) (b) (c) and 

(d) HR-TEM image shows the lattice spacing of MgFe2O4 NPs with the corresponding FFT 

pattern of MgFe2O4; (e) The particles diameter distribution of MgFe2O4 NPs; (f) and (g) TEM 

images of MgFe2O4/CNTs nanocomposite; (h) The diameter distribution of CNTs; (i) and (j) 

HR-TEM image with the corresponding FFT pattern of MgFe2O4/CNTs nanocomposite.   
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The size of MgFe2O4 nanoparticles anchored on MWCNTs surface was found to be 10 nm 

and the d-spacing was 0.483 nm for the (111) planes. The corresponding FFT patterns of both 

samples showed spotty ring patterns without any additional diffraction spots, revealing their 

crystalline spinel structure. The interplanar spacings (dhkl) from the FFT patterns illustrated in 

Figs. 4d and 4j were in good agreement with standard data (ICSD: 01-071-1232). The 

diffraction rings are attributable to the (111), (220), (311), (400), (422), (511), and (440) 

planes. This result confirmed the crystalline structure of MgFe2O4 NPs indicated by XRD.  

The N2 adsorption-desorption isotherms of the porous pristine MgFe2O4 NPs and 

MgFe2O4/CNTs nanocomposite are shown in Fig. 5a-d. The studied samples exhibited type 

IV isotherm H3 hysteresis loops. The emergence of such hysteresis loops is attributed to 

irreversible desorption, which mainly indicates that the materials had mesoporous structures. 

Remarkably, the isotherm loops of MgFe2O4 NPs and MgFe2O4/CNTs nanocomposite 

displayed a narrow hysteresis loop at relatively high pressures between 0.30-0.98 and 0.64-

0.98, respectively, which is another evidence for the mesoporosity that is suitable for 

catalysis. As seen in Fig. 5a and Fig. 5c, the evaluation of nitrogen sorption data revealed that 

MgFe2O4/CNTs nanocomposite had a significantly higher BET specific surface area (SABET) 

(40.051 m2g-1) than the pristine MgFe2O4 nanoparticles (4.626 m2g-1). The high surface area 

and mesoporous structure of the MgFe2O4/CNTs may be due to two reasons: firstly, during 

the sol-gel process, the reaction of MgFe2O4 released gases which in turn formed mesoporous 

structures, and the second reason is the small diameter of MWCNTs which is around 6-20nm 

(Fig. 4h).  

The pore size distribution of pristine MgFe2O4 (Fig. 4b) shows long-range mesoporous 

domains extending from 1.2 to 95 nm, with an effective pore size of approximately 1.2 nm. 

This suggests the existence of disordered porous structures in the pristine MgFe2O4. On the 

other hand, MgFe2O4/CNTs exhibits mesoporous domains in a narrower range with effective 

pore size around 14 nm (Fig. 4d). This suggests the presence of ordered porous structures in 

the MgFe2O4/CNTs. According to the International Union of Pure and Applied Chemistry 

(IUPAC), the size of 14 nm classifies our nanocatalyst as a mesoporous catalyst. Moreover, 

this value excellently agrees with the results obtained from the hysteresis loops in Fig. 5c. 

Such well-developed pore size distributions are of great importance for photocatalytic 

applications, since they could assist the reactants to reach the catalytic surfaces more 

easily[46, 47]. The specific surface area (SABET), total pore volume and average pore size of 

all the synthesized samples, obtained from the isotherms, are transcribed in Table 1.   
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Fig. 5. N2 adsorption-desorption isotherms: (a) pristine MgFe2O4 nanoparticles; (c) 

MgFe2O4/CNTs nanocomposite; (b) BET surface area: pore size distribution plots of pristine 

MgFe2O4 nanoparticles; (d) BET surface area: pore size distribution plots of MgFe2O4/CNTs 

nanocomposite. 

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

25

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.1

0.2

0.3

0.4

0.5

P
/V

a
(P
0
-P
)

Relative pressure (P/P0)

Slope = 0.9159
Intercept = 0.024969

R2= 0.9988

Vm=1.0629 cm3(STP).g-1

C= 37.68

V
o

lu
m

e
 o

f 
N

2
 a

d
so

rb
e

d
 (

cm
3
.g

-1
S

T
P

)

Relative pressure (P/P0)

 Adsorption

 Desorption

 

-10 0 10 20 30 40 50 60 70 80 90 100

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

0.0016

D
iff

e
re

n
tia

l P
o

re
 V

o
lu

m
e

 (
cm

3
.g

-1
.n

m
)

Pore diameter (nm)

1.2 nm

 

(a) 

(b) 



13 
 

0.0 0.2 0.4 0.6 0.8 1.0

0

50

100

150

200

0.0 0.1 0.2 0.3 0.4 0.5

0.00

0.01

0.02

0.03

0.04

0.05

0.06

Slope = 0.1071
Intercept = 0.0015698 

R2= 0.9988

Vm=9.2019 cm3(STP).g-1

C= 69.226

P
/V

a
(P
0
-P
)

Relative pressure (P/P0)

V
o

lu
m

e
 o

f 
N

2
 a

d
s
o

rb
e

d
 (

c
m

3
.g

-1
S

T
P

)

Relative pressure (P/P0)

 Adsorption

 Desorption

 

0 20 40 60 80 100

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

D
if
fe

re
n
ti
a

l 
P

o
re

 V
o

lu
m

e
 (

c
m

3
.g

-1
.n

m
)

Pore diameter (nm)

14.1nm

 

3.3. Magnetic studies   

The magnetic hysteresis loops of pristine MgFe2O4 nanoparticles and MgFe2O4/CNTs 

nanocomposite are shown in Fig. 6. The magnetic parameters collected from vibrational 

sample magnetometer (VSM) at room temperature are summarized in Table 1. The magnetic 

hysteresis graph shows that the samples have soft superparamagnetic behavior. However, 

from the graph, the saturation magnetization (Ms) value for MgFe2O4 nanoparticles was 

24.08 emu/g, while it was 17.59 emu/g for MgFe2O4/CNTs nanocomposite. This decline in 

the saturation magnetization might be attributed to the diamagnetic property of MWCNTs in 

the nanocomposites [48] and/or to the presence of a magnetically dead or antiferromagnetic 

layer on the nanocomposite surface [49]. Nonetheless, MgFe2O4/CNTs still have a high 

saturation magnetization that enhances its recovery from water after being exposed to an 

external magnetic field. This magnetic feature provides a distinct advantage over 

conventional photocatalysts due to the ready recoverability and recyclability of the suspended 

(c) 

(d) 
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system [50]. On the other hand, the decrease in the coercive field (HC) value of 

MgFe2O4/CNTs nanocomposite is a sign of the formation of a soft ferrite material. 

Furthermore, the change in the coercivity values in MWCNTs is of interest in terms of 

magnetic crystalline anisotropy [51].   

 

Fig. 6. Magnetic hysteresis curves of MgFe2O4 and MgFe2O4/CNTs at room temperature. 
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3.4. UV-visible spectroscopy 

The optical properties of as-prepared MgFe2O4 NPs and MgFe2O4/CNTs nanocomposite were 

recorded using UV-vis DRS spectroscopy. The graphical results in Fig. 7 (left), reveal that 

both samples displayed a broad absorption band in the range (250-800 nm). However, the 

MgFe2O4/CNTs nanocomposite exhibited a stronger absorption band than the pristine 

MgFe2O4 NPs. The red shift in the absorption spectra of MgFe2O4/CNTs nanocomposite may 

be attributed to the interactions between MWCNTs and MgFe2O4 NPs. Because of the intense 

absorption in the visible region, the nanocomposite might have superb photocatalytic activity 

under visible-light irradiation. The optical band gap energy (Eg) of the samples was 

calculated based on Tauc’s formula [52]. 

 

where α, h, v, Eg, and A denote the absorption coefficient, Planck constant, light frequency, 

optical band gap energy and a constant, respectively. As shown in Fig. 7 (right), the tangent 

line intercepts with hν axis  were extrapolated to get Eg values of 1.99 and 1.87 eV, for 
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MgFe2O4 NPs and MgFe2O4/CNTs nanocomposite, respectively. The reduction in the band 

gap value of MgFe2O4/CNTs nanocomposite may be attributed to the successful formation of 

an active heterojunction between the MgFe2O4 NPs and MWCNTs from one side, and the 

strongly electron-conducting MWCNTs from the other. These results, however, agree with 

the results obtained from the interaction between CNTs@SiC nanocomposite [53]. In 

conclusion, the smaller band gap energy leads to a higher absorption efficiency under visible 

light, resulting in the formation of more electron-hole pairs during photolysis reactions. 

Fig. 7. (left): UV-visible diffuse reflectance spectra of MgFe2O4 and MgFe2O4/CNTs; 

(right): Determination of the optical band gap energies of MgFe2O4 and MgFe2O4/CNTs 

nanocomposite. 

- - 

3.5. Photocatalytic activity by UV-visible spectroscopy   

The catalytic efficiency of our MgFe2O4/CNTs nanocomposite catalyst was studied through 

utilizing the photodegradation reaction of methylene blue (MB) in aqueous solution under 

solar radiation. The photocatalytic efficiency of MgFe2O4 NPs was also studied for 

comparison purposes. Irradiation of MB for 25 min without catalyst was also examined and it 

was found that the MB was sunlight-stable. The UV-vis spectra (Fig. 8a) revealed that our 

synthesized MgFe2O4/CNTs nanocomposite possessed excellent photocatalytic activity under 

sunlight. Our synthesized MgFe2O4/CNTs nanocomposite catalyst exhibited superior 

absorption ability, with a photodegradation yield reaching 98% after 25 min, while that of 

pristine MgFe2O4 NPs was only 25.5% for the same irradiation time (Fig. 8b). Although 

pristine MgFe2O4 NPs has a narrow band gap (1.99 eV), it showed less capability to utilize 

sunlight effectively; this may be due to its smaller surface area (4.626 m2 g-1) or partly 

perhaps to a higher overpotential for photo-oxidation on the MgFe2O4 surface. The fast 

backward recombination between electrons in the conduction band (CB) and holes in the 

valence band (VB) in pristine MgFe2O4 NPs makes it less active as a photocatalyst compared 

with MgFe2O4 /CNTs [54]. 

 

Fig. 8. Photocatalytic performance evaluations: (a) absorption spectra of the MB (10 mg.L−1) 

solution at different photocatalytic times using MgFe2O4/CNTs photocatalyst (b) 

photocatalytic degradation of MB and (c) reaction kinetics curves of MB with the 

MgFe2O4/CNTs nanocomposite. 
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The photodegradation activity of MB in an aqueous suspension solution containing either 

pristine MgFe2O4 nanoparticles or MgFe2O4/CNTs nanocomposite catalyst under sunlight 

was found to follow the pseudo-first-order kinetic model: 

dC/dt= k C            (6) 

where k is the apparent reaction rate constant [min–1]. Integrating of equation (6) yields the 

following relation: 

lnC0/Ct= k t          (7) 

Based on equation (7), a plot of ln(C0/Ct) vs. irradiation time yields a slope of k. The 

graphical results are shown in Fig. 8c. The value of the rate constant k of MgFe2O4/CNTs 

nanocomposite was calculated to be 0.15621 min−1, which is higher than that for pristine 

MgFe2O4 NPs (k = 0.01122 min−1). It is clear that the synergistic effect between MgFe2O4 

and MWCNTs plays a vital role in enhancing the photocatalytic activity of our MFO/CNTs 

nano-catalyst. However, the high photoactivity of the MgFe2O4/CNTs nanocomposite may be 

interpreted by considering the following: the large surface area of MgFe2O4/CNTs provided 

more accessible active sites for photodegradation reaction of MB; and the efficient charge 

separation of photogenerated electron-hole pairs by much more direct pathways for electron 

transport to suppress the charge recombination [55]. Another factor which may be considered 

is the ease of MB molecular adsorption onto the photocatalyst surface via π-π conjugation 

between the MB molecule and the aromatic frames of MWCNTs [56].  

To examine the main active species responsible for MB photodegradation reaction and to 

understand the reaction mechanism thoroughly, the ESR-DMPO technique was used to 

confirm the reactive oxygen species (ROS) produced by MgFe2O4/CNTs nanocomposite 

during the photocatalytic process. The results were interpreted by a similar scenario to that 

proposed for the CaFe2O4/g-C3N4/CNT system [57]. As shown in Fig. 9a and b, 

MgFe2O4/CNTs nanocomposite showed no ESR signal corresponding to DMPO-•O2
− and 

DMPO-•OH radicals in the dark. Upon irradiation with solar energy for progressive time 

intervals, our photocatalyst i.e. MgFe2O4/CNTs clearly indicated ESR signals related to 

DMPO-•O2
− and DMPO-•OH which are associated with •O2

− and •OH radicals. These reactive 

species i.e. •O2
− and •OH in their turn initiate the photodegradation reaction of MB in the 

catalytic system. Moreover, the evident increase in the ESR signals intensity with increasing 

irradiation time supports the existence of the photoexcited charge carriers (electron-hole 

pairs) separation which decreases the probability of recombination. Furthermore, the higher 

intensities of the characteristic ESR peaks of DMPO-•O2
− confirm that the superior catalytic 

performance of MgFe2O4/CNTs nanocomposite as photocatalyst is attributable mainly to 
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superoxide radicals (O•−). Although the ESR signals for the DMPO-•OH radicals were weaker 

than those of the DMPO-•O2
−, this would not prevent the •OH radicals (or their H2O2 by-

product) from destroying organic pollutants in wastewater, due to their relatively high 

oxidation capacity.       

Depending on the above mentioned results, a reasonable mechanism is proposed to clarify the 

photocatalytic activity of the MgFe2O4/CNTs nanocomposite. To explain the efficient 

electron-hole separation in the MgFe2O4/CNTs nanocomposite, it is important to find the 

conduction band (CB) and valence band (VB) edge positions of the MgFe2O4. The potentials 

of the VB and CB were calculated using the following empirical formulas [58]: 

 

 

where EVB and ECB stand for VB and CB potentials, respectively, Ee is the energy of free 

electrons vs. hydrogen scale (4.5 eV), and X is the electronegativity of the semiconductor 

compound, which is calculated using the following formula: 

 

where a, b, and c are the number of atoms in the semiconductor compounds. According to the 

above formulas, the (CB) and (VB) potentials of MgFe2O4 were calculated to be 0.175 and 

2.165 eV/NHE, respectively. According to the above results and band gap structures of 

MgFe2O4, the suggested mechanism by which MgFe2O4/CNTs nanocomposite acts on MB 

photodegradation under sunlight irradiation is presented in Fig. 9c. Under sunlight irradiation, 

the electrons (e-) are excited from the VB to CB of MgFe2O4 leaving a hole (h+) in the VB 

and generating an electron-hole pairs. Although MgFe2O4 has a band gap of 1.99eV, 

electrons on the CB of MgFe2O4 were unable to reduce O2 to form •O2
− radicals because the 

CB edge position of MgFe2O4 was more positive than the potential of O2/
•O2

− (−0.33 eV vs. 

NHE) [59]. On the other hand, the holes of MgFe2O4 can oxidize OH− to give •OH because 

the VB potential of OH− is higher than the redox potential of OH−/•OH (1.89 eV vs. NHE) 

[60]. Upon anchoring MgFe2O4 nanoparticles on the MWCNTs, electron transfer from the 

CB of the photo-excited MgFe2O4 to the MWCNTs, allows the formation of interfacial 

barriers between the MgFe2O4 and MWCNTs. These, in turn, provide efficient separation of 

the photoexcited charge carriers, resulting in the suppression of the recombination of 

photoexcited electron-hole pairs. The excited electrons can be shuttled freely along the 
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conducting network of MWCNTs and subsequently transfer to the surface to react with 

oxygen-releasing superoxide (•O2
−) which acts as an MB oxidizer [61]. Simultaneously, the 

generated holes in (VB) of MgFe2O4 incorporated with MWCNTs produce hydroxyl radicals 

(•OH) via the reaction of hole charge (h+) with OH− which acts as MB oxidizer as well. 

Hence, the photocatalytic performance of MgFe2O4/CNTs nanocomposite was enhanced 

dramatically. The detailed reaction steps of the mechanism are described below, similarly to a 

scheme reported in the literature [62].   

MgFe2O4                     MgFe2O4(  + )                                                         (11) 

MgFe2O4(e
-) + MWCNTs                    MgFe2O4 + MWCNTs(e-)                        (12) 

MWCNTs(e-) + O2                   MWCNTs + O2
•−                                                  (13) 

  

O2
•− + H2O                 HO2

• + −OH                                                                        (14) 

HO2
• + H2O                 HO• + H2O2                                                                       (15) 

H2O2                   2HO•                                                                                           (16) 

MgFe2O4(h
+) + −OH                    MgFe2O4(h

+) + HO•                                          (17) 

MB + HO• or O2
•−                   H2O + CO2 + SO4

2- + other small molecules        (18) 

 

Fig. 9. ESR spectra of MgFe2O4/CNTs nanocomposite (a) in methanol dispersion (for 

DMPO-•O2
−) (b) and in aqueous dispersion (for DMPO-•OH) under simulated solar 

irradiation. (c) Schematic diagram of proposed mechanism for enhanced degradation of MB 

by MgFe2O4/CNTs heterojunction photocatalyst under sunlight irradiation. 

__ 

 

 

3.6 Optimizing Photocatalytic performance  

To optimize the photocatalytic degradation efficiency of our nanocatalyst, parameters such as 

catalyst dose, pH at which photodegradation of MB occurred and MB concentration were 

investigated. Different pH values (pH=2–12) were used to determine the optimum value for 

(a) (b) 

(c) 
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degradation efficiency. The influence of pH on the degradation efficiency of MB dye over 

MgFe2O4/CNTs can be seen in Fig. 10a. The graphical data shows that under acidic 

conditions (pH=24), our nanocatalyst exhibited poor photocatalytic efficiency, while under 

mild alkaline conditions i.e. (pH=68), MB dye degradation efficiency increased 

significantly. These results can be explained as follows: it is well-known that many 

photocatalysts have amphoteric characteristics, including most metal oxides [63].  The 

formation of metal hydroxyl groups (M-OH) is attributed to the adsorption of H2O molecules 

and dissociation of OH− groups at surface metal positions. The equilibrium of amphoteric 

metal hydroxides under acidic and alkaline conditions can be illustrated as follows:   

M-OH + H+                      M-OH-H+                  M-H2O
+         (19) 

M-OH + OH−                   M-O− + H2O                                    (20) 

Therefore, in the acidic medium, the protonation of the photocatalyst forms a positively 

charged surface, which makes the photocatalyst behave as a strong Lewis acid versus a strong 

Lewis base which is an anionic dye. So, the positively charged surfaces of the catalyst tended 

to oppose the adsorption of cationic adsorbate species (cationic dyes). On the other hand, 

cationic dyes prefer to adsorb onto the negatively-charged surfaces in alkaline media, due to 

the high electrostatic attraction there. This explanation is in agreement with literature 

accounts published elsewhere [64,65]. Our results were consistent with the above 

explanation, since the charge of the MFO/CNTs catalyst surface was negative in the alkaline 

media, thus enhancing the adsorption capacity of the MB dye. 

 

Fig. 10. Effect of (a) solution pH on MB degradation (T=25C, dye concentration= 10 mgL-1, 

catalyst dose: 0.03 g, and 25 min contact time), (b) catalyst dose (g/L) (T=25C, dye 

concentration= 10 mgL-1, pH= 6, and 25 min contact time), and (c) MB concentration (mg/L)  

(T=25C catalyst dose: 0.03 g, pH= 6, and 25 min contact time). 
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The effect of using different doses of MgFe2O4/CNTs nanocatalyst on photodegradation of 

MB is illustrated in Fig. 10b. It is apparent that 0.03 g/L MgFe2O4/CNTs nanocatalyst is the 

(a) 

(b) 

(c) 
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optimum concentration for photocatalytic degradation of about 98% of MB after 25 min. 

Higher catalyst dosage increases the absorbed photons by the catalyst surface, hence 

increasing the generated electron-hole concentration and the number of adsorbed radicals. 

Nonetheless, a dosage of 0.035 g/L was found to slightly increase agglomeration of 

photocatalyst particles and hence reduce the penetration of photons into the active sites that 

the electron diffraction reveals [66]. Moreover, in order to investigate the effect of MB 

concentration on the photocatalytic performance, other MB concentrations i.e. 5, 10 and 15 

ppm were used with an optimal MgFe2O4/CNTs nanocatalyst dosage of 0.03 g/L at pH=6 and 

25 min irradiation time. The result in Fig. 10c shows that on increasing MB dye 

concentration from 5 to 15 ppm, a decline in degradation efficiency from 98.4 to 70.3 % can 

be observed. Higher MB concentration, however, can cause light scattering and fewer 

photons reach the particle surface. Hence, fewer electron-hole pairs are formed, i.e. low 

photodegradation efficiency.     

Conclusion   

MgFe2O4/CNTs nanocomposite photocatalyst has been successfully synthesized by PVA sol-

gel microwave-assisted route. The CNTs appear to act as an efficient charge transfer medium 

to prevent the recombination of charges. The good photochemical properties and magnetic 

recyclability of MgFe2O4/CNTs make it a promising photocatalyst for efficient conversion of 

solar to chemical energy. The oxygen-containing functional groups (O-H, C=O, and C-O) on 

the surface of CNTs enhance the physical interaction between MgFe2O4 and MWCNTs. The 

partial coating of MWCNTs by MgFe2O4 nanoparticles increases access to the catalytic sites 

and thus leads to an increase in photocatalytic activity. The adsorption-desorption isotherms 

exhibited type IV isotherm H3 hysteresis loops, which mainly indicate that the materials have 

mesoporous structure. The preparation methodology of our nanocatalyst enabled 

mesoporosity and high BET specific surface area (SABET) (40.051 m2g-1). The soft 

superparamagnetic behavior of MgFe2O4/CNTs enhances its recovery from water after being 

exposed to an external magnetic field. Under optimal conditions, our synthesized 

MgFe2O4/CNTs nanocomposite catalyst exhibited superior adsorption and catalytic ability, 

with a photodegradation yield reaching 98% after 25 min.    
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