
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



 

Page 1 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



1 
 

Photocatalytic degradation of methylene blue with hematite nanoparticles 

synthesized by thermal decomposition of fluoroquinolones oxalato-iron(III) 

complexes 

Ahmed M. Mansour* 
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Abstract 

[Fe(C2O4)(FQ)(H2O)2] complexes (H-FQ = ciprofloxacin (1), lomefloxacin (2) and norfloxacin 

(3)) were synthesized and characterized using a variety of analytical and spectral techniques such as 

elemental analysis, infrared spectroscopy, thermogravimetric analysis, ultraviolet-visible spectroscopy, 

magnetic and conductance measurements. The experimental studies were complemented by quantum 

chemical calculations in terms of geometry optimization, natural bond orbital analysis and molecular 

electrostatic potential maps. Electronic structures were discussed by TD-DFT. Hematite (α-Fe2O3) 

nanoparticles, as a promising material for different catalytic applications, were prepared in air via the 

controlled thermal decomposition of 1-3. Powder X-ray diffraction was used to identify the polymorph 

of iron oxide. The morphology of nano-hematite was investigated by a field emission scanning electron 

microscope coupled to energy-dispersive X-ray spectroscopy for surface analysis. The catalytic degrad-

-ation of methylene-blue (MB), as industrial pollutant, exposed to UV radiation in presence of nano-  

α-Fe2O3 as a catalyst and hydrogen peroxide as the oxidant was studied at room temperature in water. 
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Introduction 

So far, the oxalato ligand has appeared as a fertile key for design complexes of intriguing 

structural research applications [1]. Normally, the oxalato can act as a chelating or bridging ligand [2,3] 

. The [MIII(C2O4)3]
3- complexes of Al and transition metal ions have been extensively studied [4-16]. In 

1939 [5], Blair and Jones synthesized potassium tris(oxalato)ferrate(III) trihydrate (KOF) from FeC2O4. 

Recently, a modified synthesis method has been introduced by Hussain et al. [6] through the reaction of 

a mixture of K2C2O4·H2O and H2C2O4·2H2O with Fe(OH)3. Crystal structures of anhydrous [6] and 

hydrated forms [7] of KOF showed the existence of an infinite anionic distorted octahedral 

[Fe(C2O4)3]
3- units and the three K+ ions are coordinated by water or oxalato ligands. The importance 

of KOF is ascribed to being a chemical actinometer. This complex undergoes a color change when it is 

heated [8] or if the aqueous solution is exposed to UV radiation [9] suggesting the reduction of Fe3+ 

and formation of ion-radical intermediate, C2O4
-. [10,11]. The photo-chemical significance of KOF has 

been extended to the field of polymer chemistry e.g. the photo-polymerization of acrylamide [12] and 

methyl methacrylate [13] in the aqueous acid solution of KOF has been achieved. Another application 

of KOF has been gained from the preparation of nano-Fe2O3 via the solid state thermolysis process 

[14]. Different polymorphs nanoparticles were obtained at the different temperatures [8, 15, 16] .  

Fluoroquinolones (FQ's) represent a group of synthetic antibiotics distinguished by a good 

bioavailability, safety profile, long half-life (with once-daily dosing) and a broad antibacterial spectrum 

against gram(-) bacteria [17, 18]. Ciprofloxacin (H-Cf) (Scheme 1) is a second-generation quinolone 

drug used for the treatment of urinary zone infections, bone and joint infections, infectious diarrhea, 

typhoid fever and acute sinusitis [19]. Norfloxacin (H-Nf) is the first FQ drug introduced to the market. 

Its antibacterial activity of H-Nf involves multi-antibiotic resistant, gram(-) rods and beta-lactamase 

producing organisms. Lomefloxacin (H-Lf) is a third-generation quinolone used in cure of respiratory 

and urinary tracts, gynecological, ophthalmological and soft tissue infections. It has the advantage of 

being effective against some anaerobic bacteria [20].  

The formation of FQ's complexes with transition and non-transition metal ions was the question 

of a number of literature reports [21]. Several studies [22-31] concerning the interactions between H-

Cf, H-Lf and H-Nf and Fe3+ ions were reported. A simple rapid spectral method was developed for 

determination of H-Cf in its pharmaceutical formulations using Fe(NO3)3 [22]. Formation constants of 

Fe3+ complexes of H-Cf and H-Nf were determined [23]. The water-soluble Fe(Nf)2
+ (λmax = 377 nm) 

formed in the acidic medium was used for determination of Fe3+ [24]. The complexation of H-Lf with 
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Fe3+ ions in terms of stability constants and stoichiometries was studied by Riley et al. [25]. Complexes 

of the type [Fe(Nf)2(H2O)2]Cl3·6H2O [26], [Fe(Nf)3]Cl3·12H2O [27], [Fe(Cf)(nitrilotriacetate)]·3.5H2O 

[28], [Fe(Cf)3] [29] and [Fe(Lf)(H2O)4]Cl3·H2O [30] were proposed, where FQ's interact with Fe3+ via 

the carboxylate and pyridione oxygen atoms. Hydrothermal reaction of H-Cf with Fe(OH)3 in presence 

of oxalate yields [Fe(H-Cf)(C2O4)2]·H2Cf·5H2O [31].  

In the present study, synthesis, spectroscopic and thermal characterization of three mononuclear 

iron(III)-oxalato complexes containing fluoroquinolones (ciprofloxacin, lomefloxacin and norfloxacin) 

as a secondary ligand (Scheme 1) are reported both experimentally and theoretically. Due to the wide 

variety of applications for iron oxide nanoparticle polymorphs in the fields of catalysis [32], sensors 

[33], clinical diagnosis [34], and magnetic storage [35], a simple and nontoxic method for preparation 

of α-Fe2O3 nanoparticles based upon the thermal decomposition of [Fe(C2O4)(FQ)(H2O)2] complexes 

has been explored. The morphology has been characterized by different physical methods such as XRD 

, and FE-SEM. The surface analysis has been carried out by EDX. Finally, the degradation of MB by 

Fenton-like catalytic performance of α-Fe2O3 nanoparticles has been investigated with the aid of the 

ultraviolet radiation.    

Results and discussion 

Spectral and magnetic characterization 

The reaction of KOF with one equivalent of FQ's (Scheme 1) affords complexes of the type 

[Fe(C2O4)(FQ)(H2O)2] (H-FQ = H-Cf (1), H-Lf (2) and H-Nf (3)). These complexes were characterized 

by elemental analysis, TGA, IR, UV-vis., magnetic and molar conductance measurements. The active 

IR bands at 1707, 1624 cm-1 (H-Cf·HCl), 1723, 1620 cm-1 (H-Lf·HCl) and 1708, 1620 cm-1 (H-Nf) 

(Fig. S1†) are assigned to ν(COOH)carb and ν(C=O)py (carb: carboxyl, py: pyridone). In complexes, the 

vanishing of ν(COOH)carb mode might be a sign for the ionization of -COOH and consequently its 

involvement in chelation [36]. In general, the carboxylate ion gives rise to two bands: a strong 

asymmetric stretching band near 1650-1550 cm-1 and a weaker symmetrical stretching one near 1400 

cm-1 [37]. For example, complex 2 shows the νass(�−� �) and νss(�−� �) modes at 1554 and 1360 cm-1 

[38] with ∆ν ≈ 200 cm-1 characteristic of unidentate COO- group [39], while complex 3 displays only 

the asymmetric vibration at 1548 cm-1. These modes are overlapped in 1. The pyridone C=O group is 

liberated from the intra-molecular H-bond interaction via the complex formation and interacts with 

metal ion giving a band at the higher wave numbers; 1628 (1), 1630 (2) and 1627 (3) [40]. In contrast, 

the piperazine NH is not involved in chelation, since its stretching mode is located at higher wave 
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numbers [41], 3436-3442 cm-1 (1-3) compared with 3429-3436 cm-1 observed in the free ligands. The 

weak/medium intensity bands at 1714, 1668 and 1476 cm-1 (1), 1714, 1670 and 1459 cm-1 (2), 1713, 

1665 and 1477 cm-1 (3) (Fig. S2†) allocated for ν(C=O)ox, ν
ass(C=O)ox and νss(C=O)ox (ox: oxalato) are 

taken as evidence for the bidentate nature of the oxalato ligand in the mononuclear complexes [3, 42]. 

The electronic absorption spectra (Fig. S3†) of 1-3 in DMSO exhibit the intra-ligand transitions at 

335, 320 and 285 nm (1), 340, 325 and 292 nm (2), 335, 320 and 285 nm (3) [38]. An additional weak 

band at about 625 nm assigned to ���
� → 
��

�  transition in a distorted octahedral stereochemistry is 

observed in the studied complexes [29]. The effective magnetic moment values at 298 K, calculated by 

the spin-only terms, are 4.86, 6.19 and 6.14 µB for complexes 1-3 that are in agreement with those 

expected for high spin arrangement Fe(III) complexes (S = 5/2; µeff = 5.0-6.1 µB) [43].   

DFT/TD-DFT 

To obtain an insight into the geometrical and electronic structures of the investigated complexes, 

cis-[Fe(C2O4)(FQ)(H2O)2] were optimized (Fig. 1) by DFT/B3LYP method combined with 6-31G(d). It 

was found that the cis-isomer is more stable than the trans-isomer by 18.543 KJ/mol. The complexes 

were characterized as local minima through harmonic frequency analysis. The Fe3+ ion displays a 

distorted FeO6 octahedral geometry. Four oxygen atoms coming from the chelating oxalato [FeO2 = 

1.840 Å and FeO7 ≈ 1.882 Å] and bidentate FQ drug [FeO3 ≈ 1.893 Å and FeO4 ≈ 1.877 Å] are 

coordinated to the metal ion. The octahedral geometry is completed by two water molecules [FeO5 = 

2.033 Å and FeO6 = 2.026  Å] lying in a cis-position. The Fe3+-oxalato bonds are not equal, since the 

oxalato oxygen atoms are participated in two H-bonds of different strengths [O2...H54-O6 (2.403 Å, < 

95.5 º) and O7...H51-O5 (2.094 Å, < 107.3 º)]. As shown in Fig. 1, another two H-bonds affecting the 

regularity of the geometry [O4...H53-O6 (1.989 Å, < 110.0 º) and O6...H52-O5 (2.543 Å, < 95.5 º)] are 

also observed. The strongest H-bond in the complexes is O4...H53-O6, since the angle of this 

interaction is 110.0 º [37]. As shown in Table 1, the optimized bond lengths and angles around the 

iron(III) ion are unaffected by the change in the type of substituent attached to the studied FQ's drugs.  

The nature of the electronic transitions observed in the UV-Vis. spectra of the complexes has 

been studied by time-dependent DFT [44-46]. The lowest 30 singlet-to-singlet spin-allowed excitation 

states were calculated using the same functional and basis set for the optimization. The effect of solvent 

(DMSO) was performed using the default polarizable continuum model. The calculated d-d excitation 

wave lengths, energies of other excitation transitions (f > 0.002) and their assignments are taken into 
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consideration. The stimulated spectrum of complex 1 (Fig. S4†) shows three transitions at 445, 404, 

and 374 nm assigned to H(β)→L/L+1(β), H(β)→L(β) and H-4/H-5(β)→L(β) (H:HOMO; L:LUMO). 

The transitions at 445 nm have a ground state composed of Fe d character, whereas the excitation states 

are of Fe-�
� (LUMO) and Fe-������/(FQ and oxalate)-π*orbitals (LUMO+1) forming � → �
� and 

� → ������/LMCT (Fig. 2) characterized to the octahedral Fe3+ complexes. The band at 374 nm has a 

LMCT character, originating from the piperazine moiety (HOMO-4) and (FQ and oxalate )-π orbitals 

(HOMO-5) and going to Fe �
� orbital. The TD-DFT spectrum of 2 is characterized by five transitions 

at 465, 420, 375, 360 and 325 nm with oscillator strengths of 0.0003, 0.0153, 0.0848, 0.0437 and 

0.0101 corresponding to H(β)→L/L+1(β), H(β)→L(β), H(β)→L+1(β), H-4/H-2(β)→L(β) and H-1(β) 

→L+1(β). The descriptions of frontier MO's and the relocation of the electron density of complexes are 

nearly the same as those described in complex 1. This is in agreement with the experimental findings, 

since the three complexes show similar electronic spectrum (Fig. S4†). The calculated spectrum of 3 

exhibits the same transitions as observed in 1. Comparison between the calculated and experimental 

spectra indicated the suitability of the applied calculation method for this size of compounds, where the 

experimental bands are deviated from the calculated ones by about 10 nm. 

Natural bond orbital analysis and molecular electrostatic potential  

Natural bond orbital (NBO) analysis [47, 48] and second order perturbation theory analysis of 

Fock Matrix provide details about the type of hybridization, nature of bonding and strength of the 

interactions between Fe3+ ion and donor sites [49]. The electronic arrangement of Fe in complexes 1-3 

is [Ar]4s0.283d6.074p0.435s0.015p0.01 with 6.780 valence electrons. The natural charge is 1.200 and the 

occupancies of Fe 3d are: ���
1.900 ��


1.608 ��

1.352 ������

0.563 �
�
0.644 (1), ���

1.925 ��

1.539 ��


1.338 

������
0.558 �
�

0.707 (2) and ���
1.919 ��


1.609 ��

1.356 ������

0.539 �
�
0.644 (3). The 3d-electronic population 

is corresponding to the oxidation state Fe(I), not Fe(III) that is in agreement with ligand to dFe electron 

transfer. The strength of interactions between Fe3+ ion and donor sites can be estimated by the second 

order perturbation theory. The larger the E2 value, the more intensive is the interaction between the 

electron donors and electron acceptors. For complex 1, the E2 values are 1.07, 0.72, 1.27, 1.33, 0.89 

and 1.32 Kcal mol-1 for LP(3)O2→RY*(3)Fe, LP(2)O3→RY*(4)Fe, LP(3)O4→RY*(2)Fe, LP(2)O5→ 

RY*(3)Fe, LP(2)O6→RY*(4)Fe and LP(3)O7→RY*(2)Fe respectively. Similar values are observed for 

the other investigated complexes as tabulated in Table S1†. 

Molecular electrostatic potential (MEP) map is a very useful descriptor in understanding the sites 

for electrophilic and nucleophilic reactions as well as H-bonding interactions [44, 46]. The MEP plots 
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(Fig. 3) of 1-3 are characterized by a positive region (blue) coming from H-atoms of FQ's and the 

coordinated water molecules. The negative charge region is mainly located on the oxalato O atoms and 

the minor contribution is coming from the carboxylate group. A zero potential area (green) is covered 

the remaining parts of the investigated complexes. 

Thermogravimetric analysis 

The thermogram of 1 exhibits four decomposition steps at 90, 233, 325 and 477 ºC. In the 1st step, 

only one coordinated water molecule is eliminated (mass loss: found, 3.73%; calcd. 3.53%). The 2nd 

stage is accompanied by a mass loss amounts to 20.74% (up to 310 ºC), which finds a parallelism with 

the calculated value (20.78%) responsible for loss of another water molecule and 2CO2. The 3rd and 4th 

steps bring the total mass loss up to 90.57%. Such mass loss is close to the calculated value (89.02%) 

expected for the formation of metallic iron as a residue. Similar, four degradation stages are observed 

in the TG curve of 2 at 143, 214, 331 and 405 ºC. The 1st step reveals loss of 1.5 H2O molecules (mass 

loss, found, 4.73%; calcd. 5.09%). The 2nd step is assigned to removal of 0.5H2O+2CO2 with a mass 

loss amounts to 18.25% (calcd. 18.30%). The 3rd and 4th stages are attributed to degradation of one Lf 

molecule giving a metallic iron as a final residue (found, 10.33%; calcd. 10.56%). The thermogram of 

3 displays five decomposition steps at 102, 235, 315, 426 and 454 ºC. The 1st stage (up to 200 ºC) is 

responsible for desorption of 2H2O (mass loss, found, 7.18%; calcd. 7.22%). The 2nd thermal event is 

accompanied by a mass loss amounts to 21.54%. This value goes parallel to the calculated one 

(21.48%) that is attributed to the elimination of 2CO2+1/2 F2 molecules. The 3rd and 4th stages are 

corresponding to the pyrolysis of the rest of the organic part with overall mass loss amounts to 88.83% 

(calcd. 88.75%) leaving metallic iron as a residue. 

α-Fe2O3 nanoparticles were prepared by heating complexes 1-3 in an electric furnace (800 ºC) 

under the ambient air condition before cooling to room temperature. Their XRD patterns (Fig. S5†) 

indicated that samples 1 and 2 are composed of single rhombohedral phase characteristic of α-Fe2O3 

nanoparticles. All the diffraction peaks are in agreement with the reported JCPDS card no. 04-011-

9585. Sample 3 is mainly α-Fe2O3 phase contaminated with α-FeOOH (goethite) (JCPDS card no. 00-

034-1266). Fig. 4 shows FE-SEM images of the investigated α-Fe2O3 nanoparticles. Other FE-SEM 

images with a diameter of 2µm are given in Fig. S6†. As expected, the pristine nanoparticles of iron 

oxides bend to aggregate into large clusters because of anisotropic dipolar attraction in nanosized form 

of Fe2O3. In other words, the starting of sintering led to many grown agglomerates. The influence of the 

type of the coordinated FQ's has been reflected in size of the nanoparticles. The diameter of the 
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nanoparticles is found to be 50-120 nm (1), 28-54 nm (2) and 47-82 nm (3). Therefore, the thermal 

decomposition of lomefloxacin complex 3 gave rises to smallest iron oxide nanoparticles. EDX 

analysis of these particles indicates the presence of Fe and O composition in the pure as-grown iron 

oxide as no other peak related with any impurity has been detected (Fig.5). The sizes of the current 

nanoparticles are comparable to the results of several previous reports prepared iron oxide 

nanoparticles from the thermal decomposition conditions (13 nm-180 nm) [8, 50]. 

Photo-degradation process 

Methylene-blue (MB) is one of the generally industrial used dyes in the fields of printing, textiles, 

...etc [51]. Its industrial effluents is the major source of harmful to the living organisms through the 

decrease of the dissolved oxygen capacity of water and by blocking sunlight. Severe exposure to MB 

led to permanent burn to the eyes of organisms, nausea and vomiting [52]. Therefore, the treatment of 

effluents containing MB is one of the challenging problems in the field of environmental chemistry. 

Moreover, the choice of MB in this work, as a test pollutant, to explore the catalytic performance of the 

synthesized nanoparticles is attributed to the high solubility in water with no possibility to volatility 

and gas-phase pyrolysis. Its blue solution is characterized by unique band at 665 nm, which allows easy 

spectrophotometrically monitoring of the degradation process [53, 54]. Among the different techniques 

used to eliminate MB, the modified Fenton reaction with various types of the synthesized catalysts [55] 

was found to be effective through the creation of highly reactive free radicals HO• and safe by the 

formation of  harmless chemicals such as CO2 and H2O. The percent of degradation depends upon the 

formation rate of these radicals. Heterogeneous Fenton catalyst has an advantage of working over a 

wider pH-range compared with the traditional one, which is limited to pH < 4. However, its 

disadvantage is the slower degradation rate of organic pollutants compared to the classical method. 

Recently, the coupling of UV irradiation with Fenton-like reagent has attracted the consideration of 

some working groups interested in the improvement of the degradation rate of organic pollutants such 

as phenol [56] and methylene-blue [57]. 

To evaluate the catalytic performance of the synthesized α-Fe2O3 nanoparticles, the absorption 

spectra of the illuminated samples at various time intervals were monitored. The degradation process of 

MB was initiated by addition of H2O2 solution to the MB solution and immediately turning on the 

ultraviolet irradiation. For comparison, the MB degradation experiment was also done without α-Fe2O3 

nanoparticles, but in presence of H2O2 and/or UV light (Fig. S7†). Fig. 6 shows the time-dependent 

absorption electronic spectra of MB as a function of the illumination time at 365 nm in presence of 
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H2O2/α-Fe2O3 nanoparticles (sample no. 2). Similar spectra reported for sample no. 1 are giving in Fig. 

S8†. It can see that intensity of the characteristic band of MB at 658 nm remains nearly unchanged in 

the simple systems, MB+H2O2 and MB+UV for about 200 min. In other words, control experiments 

indicated that the degradation of MB is hardly proceeded in absence of catalyst (Fig. 7). The 

degradation efficiency [R = 100×((At-A0)/A0)] of MB was determined, where A0 and At are the initial 

absorbance and that obtained after the illumination time (t). Combined of H2O2 with the UV irradiation 

increases the percent of discolorization of MB up to about 59%. The addition of α-Fe2O3 nanoparticles 

to the MB+H2O2+UV system degraded about 94% (1), 97% (2) and 98 % (3) of MB exposed to the UV 

light within about 100 min. The obtained results are comparable to the previously published data used 

α-Fe2O3 nanostructured fibers as a catalyst [58]. The photo-catalytic degradation of MB was found to 

be first order reaction [ln(Ct/C0)=kt]. Its ln(Ct/C0) plot shows a linear relationship with the illumination 

time (Fig. 8), where slope is the rate constant (k). The calculated rate constant for the photo-catalytic 

reactions was 1.26×10-2 (1), 1.89×10-2 (2) and 2.44 ×10-2 min-1 (3), while it is only about 2.00×10-4 

(MB+UV), 1.00×10-4 (MB+H2O2) and 26×10-4 min-1 (MB+UV+H2O2) for blank samples. The t1/2 value 

was found to be 55 (1), 37 (2) and 28 min (3) compared with 2.5 days (MB+UV), 5 days (MB+H2O2) 

and 4.5 hours (MB+UV+H2O2). It is worthy to mention that almost no degradation of MB was 

observed in dark, which reveals that the mechanism of the reaction is photo-degradation rather than 

adsorption. As shown in Fig. 7, the decrease in the particle size of the synthesized hematite 

nanoparticles as those coming from the thermal decomposition of complex 2, compared with 

compound 1, led to an improvement in the catalytic performance. The reactivity of iron oxide particles 

has been shown to greatly increase as their dimensions are reduced [59]. Decreasing the average 

particle size increases the specific surface area and thus increases the number of active surface sites. 

However, the presence of traces of iron oxyhydroxide in sample 3 may be the motivation for the high 

catalytic performance. The hydroxyl radical that comes from FeOOH may be the primary oxidant that 

initiate the degradation of the pollutant.   

Conclusion 

Reaction of ciprofloxacin, lomefloxacin and norfloxacin with K3[Fe(C2O4)3] afforded complexes 

of the type cis-[Fe(C2O4)(FQ)(H2O)2], which were characterized by several analytical and spectral tools 

. The experimental studies were complemented by quantum chemical calculations. Cis-isomer is found 

to be more stable than the trans-complex. Electronic spectra were assigned by the aid of TD-DFT 

calculations. Thermal decomposition of the synthesized complexes is a simple and nontoxic method for 

preparation of hematite (α-Fe2O3) nanoparticles. The purity of the hematite nanoparticles was verified 
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by EDX analysis. The prepared hematite nanoparticles exhibited good photo-catalytic activity in the 

degradation process of an industrial pollutant methylene-blue by means of Fenton-like reagent. 

Experimental 

Instruments  

TGA was performed in nitrogen atmosphere (20 mL min-1) in a platinum crucible with a heating 

rate of 10 ºC min-1 using a Shimadzu DTG-60H simultaneous DTG/TG apparatus. FT IR spectra were 

recorded as KBr pellets using a Jasco FTIR 460. Elemental microanalysis was performed using 

Elementer Vario EL III. Magnetic measurement was carried out on a Sherwood scientific magnetic 

balance using Gouy method [39], and Hg[Co(SCN)4] was used as a calibrant. Electronic spectra were 

scanned on a Shimdazu Lambda 4B spectrophotometer. A digital Jenway 4310 conductivity with a cell 

constant of 1.02 was used for the molar conductance study. The iron oxide nanoparticle morphologies 

were investigated by field emission scanning electron microscope (Quanta FEG 250) attached with 

energy dispersive X-ray analyses for surface analysis. Hematite nanoparticles were characterized by  

X-ray powder diffraction (PANalytical, X’Pert PRO) operated with copper target (Kα, λ = 1.54056 Å) 

operated at 40 kV and 25 mA. 

Synthesis 

One mmol of ciprofloxacin·HCl (366 mg), lomefloxacin·HCl (386 mg) and norfloxacin (319 mg) 

was added to one mmol of hot aqueous solution of K3[Fe(C2O4)3]·3H2O (25 mL, 491 mg) (supplied 

from Sigma chemical company) and heated to reflux (1-3 h), where yellow (1), orange (2) and red (3) 

complexes were precipitated, respectively. The pH of the reaction mixture was raised by addition of 

ammonia solution. Lower molar conductance values (in DMF) were reported for the studied complexes 

compared with the reported values [45] for 1:1 (65-90 Ω-1cm2mol-1) and 1:2 (130-170 Ω-1cm2mol-1) 

electrolytes in DMF, indicating their non-ionic nature. α-Fe2O3 nanoparticles were prepared by heating 

complexes 1-3 in an electric furnace under ambient air condition before cooling to room temperature.   

− Complex 1: Color: Yellow. Elemental analysis (%): Calcd. C19H21FFeN3O9: C 44.73, H 4.15, N 

8.24 , found C 44.68, H 4.31, N 9.04. FT IR (cm-1): 3436 ν(NH), 1714 ν(C=O)ox, 1668 νass(C=O)ox, 

1628 ν(C=O)py, 1476 νss(C=O)ox, 1386, 1271, 1181, 1106, 1034. UV-Vis. (DMF, 10-4, nm): 285, 

320, 335, 625. Molar Cond. (10-3 M, DMF, Ω-1cm2 mol-1): 18.14. µeff (µB, 298 K): 4.86. 

− Complex 2: Color: Orange. Elemental analysis (%): Calcd. C19H22F2FeN3O9: C 43.04, H 4.18, N 

7.92 , found C 43.45, H 4.22, N 8.39. FT IR (cm-1): 3431 ν(NH), 1714 ν(C=O)ox, 1670 νass(C=O)ox, 

1630 ν(C=O)py, 1554, νass(�−� �), 1523, 1459 νss(C=O)ox, 1402, 1360 νass(�−� �), 1323, 1273, 1164, 
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1123, 1093, 1051. UV-Vis. (DMF, 10-4, nm): 292, 325, 340, 625. Molar Cond. (10-3 M, DMF, Ω-1 

cm2 mol-1): 9.73. µeff (µB, 298 K): 6.14. 

−  Complex 3: Color: Red. Elemental analysis (%): Calcd. C18H21FFeN3O9: C 43.39, H 4.25, N 8.43 , 

found C 43.92, H 4.19, N 8.64. FT IR (cm-1): 3442 ν(NH), 1713 ν(C=O)ox, 1665 νass(C=O)ox, 1627 

ν(C=O)py, 1548, νass(�−� �), 1519, 1477, 1386, 1272, 1188, 1139, 1098, 1036. UV-Vis. (DMF, 10-4, 

nm): 285, 320, 335, 625. Molar Cond. (10-3 M, DMF, Ω-1cm2 mol-1): 10.44. µeff (µB, 298 K): 6.15. 

Quantum chemical calculations 

Ground state geometry optimization, natural bond orbital analysis and molecular electrostatic potential 

maps of complexes 1-3 were obtained at DFT/B3LYP/6-31G* level of theory using Gaussian03 [60]. 

The complexes were characterized as local minima through harmonic frequency analysis. Electronic 

transitions were calculated by TD-DFT [44-46]. The effect of solvent (DMSO) was performed using 

the default polarizable continuum model [61]. 

Catalytic activity 

The photo-catalytic degradation of MB was investigated by taking 10 mL of the dye solution (14 

mg L-1, pH = 5) with 0.1 mL hydrogen peroxide (35% v/v) in presence of 10 mg of nano-α-Fe2O3. The 

suspension was stirred to ensure that all the active sites of catalysts are in contact with the dye solution. 

Then the sample was illuminated with a UV hand lamp (365 nm) positioned perpendicular at a distance 

of 2 cm. The irradiation was interrupted in regular intervals to take electronic spectra on the UV-visible 

spectrophotometer until no more changes in the characteristic band of MB was observed.   
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Scheme 1: a) Structures of the investigated fluoroquinolones (FQ's) and b) Synthesis of 

[Fe(C2O4)(FQ)(H2O)2] complexes.   
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Fig. 1:Local minimum structures of complexes a) 1, b) 2 and c) 3 obtained at DFT/B3LYP/6-31G(d) 

level of theory. 
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Fig. 2:Theoretical electronic absorption transitions of complex 1 in DMSO. 
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Fig. 3: Molecular electrostatic potential map for complexes a) 1, b) 2 and c) 3. The electron density 

isosurface is 0.004 a.u. Different values of the electrostatic potential are represented by different colors: 

red represents the regions of the most electro negative potential, blue represents regions of most 

positive electrostatic potential and green represents regions of zero potential. Potential increases in the 

following order: red < orange < yellow < green < blue. 
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a) 

 

b) 

 

c) 

Fig. 4: FE-SEM images of α-Fe2O3 nanoparticles obtained from thermal decomposition of a) 1, b) 2 

and c) 3. 
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a) 

 

b) 

 

c) 

Fig. 5: EDX analysis of α-Fe2O3 nanoparticles obtained from thermal decomposition of a) 1, b) 2 and 

c) 3. 

 

 

Page 20 of 23RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Fig. 6: Time-dependent UV-vis. absorption spectra for the photocatalytic degradation of MB with      

α-Fe2O3 (2) [10 mL dye (14 mg L
-1

), 0.1 mL H2O2 (35%), 10 mg α-Fe2O3, λ = 365 nm]. 

 

 

 

0

0.5

1

1.5

2

2.5

530 550 570 590 610 630 650 670 690 710

Wavelength (nm)

A
b
so
rb
a
n
ce

MB

30 min

60 min

90 min

120 min

150 min

180 min

200 min

Page 21 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Time (min.)

0 50 100 150 200 250 300 350

(C
t/
C

0
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2 UV

H2O2

UV + H2O2

UV + H2O2 + Fe 1

UV + H2O2  + Fe 2

UV + H2O2  + Fe 3

 

Fig. 7: Ultraviolet light photo-degradation of MB under different conditions.  
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Fig. 8: Linear plots of ln(Ct/C0) vs. time for the decolorization of MB under different conditions.  
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Table 1: Selected bond lengths (Å) and angles (º) for complexes 1-3 calculated by DFT/B3LYP/ 
6-31G(d) method 

Bond lengths (Å) Angles (º) 
 1 2 3  1 2 3 

FeO2 1.840 1.840 1.840 O2FeO3 93.6 93.4 93.6 
FeO3 1.893 1.895 1.893 O2FeO4 97.1 97.1 97.1 
FeO4 1.877 1.876 1.877 O2FeO5 165.9 166.1 165.9 
FeO5 2.033 2.033 2.033 O2FeO6 87.5 87.7 87.5 
FeO6 2.026 2.024 2.026 O2FeO7 85.8 85.8 85.8 
FeO7 1.882 1.881 1.882 O3FeO4 96.1 96.1 96.1 

    O3FeO6 175.7 175.8 175.7 
    O4FeO7 174.5 174.5 174.5 
    O4FeO6 79.6 79.7 79.6 
    O6FeO7 95.9 95.8 95.9 
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