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A B S T R A C T

In a novel approach, 1,1′-bis(2,3-diazabuta-l,3‑dien)ferrocenophane (Fc-azine) synthesized by self-condensation 
of 1,1′-Ferrocenedicarboxaldehyde hydrazone (FcDH) with the aid of Zn(OAc)2⋅2H2O or acetic acid at 120 ◦C 
under high pressure. Fc-azine as an insoluble compound was fully characterized by Fourier transform infrared 
spectroscopy (FT-IR), diffuse reflectance spectroscopy (DRS), thermogravimetric analysis (TGA), Brunauer- 
Emmett-Teller analyses (BET), powder x-ray diffraction (XRD) and single crystal x-ray diffraction. The narrow 
band gap (Eg 1.93 eV) and the presence of ferrocene and azine functional groups encouraged us to use Fc-azine 
as an advanced oxidation process (AOP) catalyst. Interestingly, the addition of Fc-azine (1 g L-1) to aqueous 
solutions of 50 ppm of Congo red (CR) and 10 ppm of methyl orange (MO) led to the fast degradation of CR (over 
80 % in 5 min) and the slow degradation of MO (98 % in 48 h) in the dark, without additional energy sources or 
chemical reagents. It was found that Fc-azine can degrade CR in six cycles with high efficiency (over 80 %). CR 
degradation by Fc-azine can be performed in acid and basic environments (pH 3–9), and effective MO 
degradation happens in slightly acidic and natural environments (pH 5–7). Possible adsorption, reactive oxygen 
species production (⋅OH, O2⋅− ), and the mechanism of CR and MO degradation were also studied.   

1. Introduction

With industrialization and population growth during the last cen
turies, water pollution, like soil and air pollution, has become a 
tremendous environmental problem [1–4]. Among all chemical pollut
ants, dyes with over 10,000 known types, 700,000 tons/year of pro
duction, and 280,000 tons/year of discharge to surface water are among 
the major wastewater problems [5]. Azo dyes comprise more than 60 % 
of all dyes productions widely used in textile industries [6]. Azo dyes are 
mainly non-biodegradable, decompose to toxic and carcinogenic 
byproducts, and affect water transparency and aquatic photosynthesis 
even in small amounts (1 ppm) [7,8]. Azo dyes could be physically 
removed by adsorption, coagulation-flocculation, ion exchange, and 
membrane filtration without degradation [9,10]. Unfortunately, these 
methods need downstream treatment and suffer from low efficiency, 
high cost, and poor adsorbent recovery [11,12]. 

Chemical and biological degradations are other approaches for dye 
treatment of wastewater. The biological degradation has low efficiency 

[13,14] and can lead to the production of toxic aromatic amines [15]. 
Advanced oxidation process (AOP) is an effective chemical degradation 
method for chemical effluents and dyes. AOPs process consists of pro
ducing highly reactive oxygen species (⋅OH, O2⋅ and 1O2), which can 
mineralize organic effluent to non-toxic or less toxic products such as 
CO2, H2O, and salts [16,17]. Thus, an optimal AOP could resolve defects 
of adsorption and biological methods for azo-dyes removal. Fenton re
action, ozonization, and photocatalytic reactions are the most known 
AOPs. Ozonization and Fenton reactions mainly need additional chem
ical reagents (O3 and H2O2) and special conditions (acidic medium for 
Fenton reaction), which make them expensive and challenging to 
perform [4]. Photocatalytic properties of TiO2 were discovered for the 
first time by Fujishimna and Honda in 1972 [18]. Due to the low 
quantum yield and wide band gap (3.2 eV) of TiO2, many researchers 
have studied the modification of TiO2 for better photocatalytic activity 
[19–21]. 

Many other photocatalysts based on semiconductors, such as metal 
oxides, metal-organic frameworks, and metal complexes, have been 
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conducted using a BELSORP mini II lab analyzer. The XRD analysis was 
performed using the Philips PW 1730 instrument at an angle between 10 
and 80◦. EDX analysis was performed by the TESCAN Vega model 3 
microscope with an accelerating voltage of incident electrons equal to 
30 keV using a silicon drift detector (Oxford Instruments). Zeta-potential 
measurement was assessed by an electro-kinetic analyzer, which 
measured the surface charges of Fc-azine. The surface morphology was 
observed using a field-emission scanning electron microscope (FE-SEM, 
MIRA III TESCAN) equipped with an energy-dispersive X-ray analysis 
(EDS) system. 

Single crystal X-ray diffraction data of Fc-azine were collected on a 
STOE StadiVari diffractometer with monochromated Ga Kα (1.34143 Å) 
radiation at 180 K. Using Olex2 [38], the structures were solved with the 
ShelXT [39] structure solution program using Intrinsic Phasing and 
refined with the ShelXL [40] refinement package using Least Squares 
minimization. Refinement was performed with anisotropic temperature 
factors for all non-hydrogen atoms; hydrogen atoms were calculated on 
idealized positions. Crystallographic data and refinement details are 
summarized in Table 1. 

2.2. Synthesis of 1,1′-Ferrocenedicarboxaldehydehydrazone (FcDH) 

Under an argon atmosphere, 1,1′-Ferrocenedicarboxaldehyde (1.65 
mmol, 0.4 g) dissolved in methanol (10 mL) and was added dropwise to 
a solution of hydrazinemonohydrate (12.34 mmol, 0.6 mL) in methanol 
(5 mL). The reaction mixture was stirred for 16 h, and volatiles were 
removed under a high vacuum. FcDH was obtained as an orange powder 
(0.41 g, 90 % yield), characterized, and used in the next reactions 
without further purification. The highly reactive FcDH should be kept in 
an argon atmosphere at -20 ◦C to avoid room-temperature 
decomposition. 

FT-IR (cm 1): 1628, (C=N), 3370 and 1587 (N-H). 1HNMR (500 
MHz, DMSO‑d6) δ = 4.19 (s, 4H, C4H5), 4.37 (s, 4H, C5H4), 6.18(s, 4H, 
NH2), 7.31 (s, 2H, CH=N). 

2.3. Synthesis of 1,1′-bis(2,3-diazabuta-l,3-dien)ferrocenophane (Fc- 
azine) 

The solution of zinc acetatedihydrate (0.73 mmol, 0.16 g) in 

Table 1 
Crystal data and structure refinement for Fc-azine.  

Emp. formula C24H20Fe2N4 

Formula mass 476.14 
Crystal system monoclinic 
Space group P21/c 
Temperature [K] 180 
a [Å] 9.4034(2) 
b [Å] 10.3653(2) 
c [Å] 10.5165(3) 
α [◦] 90 
β [◦] 113.867(2) 
γ [◦] 90 
Volume [Å3] 937.38(4) 
Z 2 
Dcalc [g cm 3] 1.687 
μ [mm-1] 8.449 
F(000) 488.0 
Crystal size [mm] 0.16 × 0.03 × 0.02 
Radiation GaKα (λ = 1.34143) 
2θ range for data collection/◦ 8.946 to 124.96 
Reflections collected 14050 
Independent reflections 2261 [Rint = 0.0350, Rsigma = 0.0191] 
Data/restraints/parameters 2261/0/136 
Goodness-of-fit on F2 1.059 
Final R indexes [I ≥ 2σ (I)] R1 = 0.0287, wR2 = 0.0780 
Final R indexes [all data] R1 = 0.0332, wR2 = 0.0798a 

Largest diff. peak/hole /e Å 3 1.10/-0.46 

[a] w 1/[σ2(Fo2) + (0.0533.P)2 + (0.2661.P)]; P [max(Fo2, 0) + 2.Fc2]/3.

reported [22–26]. Despite the simple operation of photocatalysts, 
sometimes they also need some other chemical reagents such as H2O2. 
Furthermore, photocatalysts are only activated by sunlight or other light 
emission sources. Some exciting research has been published based on 
day-night photocatalysts, a composite of a semiconductor photocatalyst 
and an electron storage compound. In these types of photocatalysts, light 
emission provides photocatalyst activity and photo-charge; then, dark 
discharge can continue the AOP process in the absence of an emission 
source. Despite the advantages of day-night catalysts, their preparation, 
electron storage capacity, and discharge rate for maintaining AOP need 
more investigation [12]. 

Defects and conflicts of photocatalysts create a necessity for AOP 
catalysts that can run at ambient conditions without external energy 
(light, heat, or ultrasonication) or chemical reagents for wastewater 
treatment. Several of these types of catalysts based on modified perov-
skite, metal chalcogenide, metal oxide, and nanocomposites have been 
reported [3]. Most dark AOP catalysts have species with a small band 
gap (Eg < 2.5 eV), which can provide highly reactive radicals at ambient 
conditions. For instance, Chen et al. reported calcium strontium copper 
perovskites (CaxSr1-xCuO3-δ) for fast degradation of Orange II (10–100 
ppm) up to 80 % within 10 min [5]. Besegatto et al. prepared the 
Ca-Ni-Fe-based perovskite-like structures (CaNixFe(1-x)O3-δ) with high 
reactivity for degradation of Reactive Red 141 and Acid orange II (20 
ppm) with over 50 % dye removal in 10 min [17]. An orthorhombic tin 
monosulphide nanocatalyst was reported by Jayaraman et al. with high 
activity (up to 99 %) for degradation of Methylene blue (MB), Congo red 
(CR), and Eriochrome black T (40 ppm) [27]. A number of nano-
composites also have been used for azo dye degradation in the dark. For 
instance, Prasanna and coworkers reported ZnO2/polypyrrole nano-
particles for degradation of MB (5 ppm) and Rhodamine B (10 ppm) in 
10 min [9]. Very recently, Molahosseini and coworkers reported that 
Fe3O4/MWCNT/SiO2 magnetic nanocomposite could ultra-fast degrade 
MB in 30 s [11]. Modified TiO2/polypyrrole, Cu2O nanocomposite [28], 
and MgFe2O4 [29] are other successful examples of AOP catalysts in the 
dark for azo dye removal. 

It has been reported that ferrocene can enhance the activity of AOP 
photocatalysts by facilitating radical production through the oxidation 
of Fe(II) to Fe (III), modifying the band gap of the catalyst and electron- 
donating properties [30–35]. In addition, a reported π-conjugated phe-
nylazine polymer has shown effective photocatalytic degradation of the 
organic compounds [36]. Therefore, Fc-azine, as a ferrocenophane 
containing azine and ferrocenyl groups with high thermal stability 
(decompose at ~300 ◦C), insolubility and narrow band gap, was studied 
as an AOP catalyst for azo dye degradation. Fc-azine has shown high and 
moderate activity for CR (50 ppm) and MO (10 ppm) degradation, 
respectively, in the dark without using chemical reagents or external 
energy. Based on our literature review, Fc-azine is the first metallocene 
utilized to degrade azo dyes in the dark. 

2. Experimental

2.1. Materials and instrumentation

1,1′-Ferrocenedicarboxaldehyde was synthesized based on the re-
ported literature [37]. Other reagents were purchased from commercial 
resources and used without further purification, except for n-butyl-
lithium, which was prepared freshly in the lab. All solvents were purified 
by standard procedures. 

The 1HNMR spectra were acquired using a Varian INOVA-500 MHz 
spectrometer. Chemical shifts (δ) were reported in parts per million 
(ppm) using TMS as an internal standard and DMSO‑d6 as deuterated 
solvents. FT-IR spectra were obtained on a Perkin-Elmer 400 Spec-
trometer. DRS and UV–Vis spectra were recorded using a PerkinElmer 
Lambda 35 Spectrophotometer. GCMS– data was obtained by Varian 
320-MS GC/MS. TGA diagram measured by NETZSCH Perseus TG 209 
F1. The measurement of the BET (Brunauer-Emmett-Teller) plot was



methanol (5 mL) was added to a 15 mL methanolic solution of FcDH 
(0.73 mmol, 0.2 g). The reaction mixture was stirred for 3 min, trans
ferred into a hydrothermal autoclave reactor, and kept at 120 ◦C for 14 
h. The resulting dark-red crystals of Fc-azine were washed several times
with methanol and dried at room temperature (0.14 g, 81 % yield). Fc- 
azine is insoluble in common organic solvents and was characterized by
DRS, BET, FT-IR, TGA, XRD analyses, and single crystal x-ray diffraction.
FT-IR (cm 1): 1627 (C=N), decomposed at 300 ◦C.

2.4. Catalytic degradation procedure 

To a 100 mL solution of CR with an initial concentration of 50 ppm, 
0.1 g of Fc-azine was added. The reaction mixture was stirred (500 rpm) 
in a dark box at room temperature and pH= 7. The degradation process 
was monitored by tanking out 1 mL samples in desired time intervals. To 
evaluate catalyst reusability, 5 mL of solution was taken out every 2 h 
and replaced by 5 mL of 1000 ppm of CR solution. Every sample was 
centrifuged, and CR concentration was obtained from Eq. (1) using the 
UV–Vis spectrum at λ = 498 nm. A similar method was performed for 
MO degradation with an initial concentration of 10 ppm. 

Dye degradation efficiency (%) =
C0 C

C0
× 100 (1) 

C0 is the initial dye concentration, and C is the concentration 
calculated from the UV-Vi spectra of each sample. 

Scheme 1. Synthesis of FcDH and Fc-azine.  

Fig. 1. FT-IR spectra of different reactions of FcDH at 120 ◦C in methanol.  

Fig. 2. (a) optical microscope image of Fc-azine crystals, (b) molecular structure of Fc-azine (thermal ellipsoids are depicted at the 50 % probability level), (c) unite 
cell and eclipsed conformation of Cp rings of Fc-azine, and (d) distances between atoms containing possible π-π interaction. 



3. Results and discussion

By adding 1,1′-Ferrocenedicarboxaldehyde to an excess amount of
hyrazinemonohydrate in methanol, FcDH was synthesized by a simple 
method in a high yield (93 %) for the first time [41]. As shown in Scheme 
1, the reaction of FcDH with Zn(OAc)2⋅2H2O at 120 ◦C under high 
pressure led to the synthesis of uniformly dark-red crystals of Fc-azine. 
FT-IR spectrum of Fc-azine has shown a stretching band for the C=N 
group at 1628 cm 1 (Fig. 1, red curve), while the amine stretching band 
of FcDH at 3370 cm 1 (Fig. 1, black curve) completely disappeared. 
Raman spectrum of Fc-azine revealed characteristic bands for N–N 
stretching vibration at 997 cm 1 and symmetrical stretching band of 
C=N at 1569 cm 1[36]. The TGA diagram revealed high thermal sta
bility for Fc-azine and pseudo-one-step weight loss at 310–400 ◦C for 
oxidation of Cp rings and azine groups. The amount of final residual 
(40.8 % of initial mass ratio) is higher than the calculated amount for 
Fe2O3 (33.5 %) or Fe3O4 (32.3 %) as residue. According to the results of 
the EDS analysis, the higher amount of the residual is due to the presence 
of Zn-based derivatives on the surface of Fc-azine. In order to investigate 
the role of Zn(OAc)2⋅2H2O, reactions were performed with catalytic 
amounts (1% mol) and in the absence of Zn(OAc)2⋅2H2O. FT-IR spec
trum of both reaction products (in the absence and using zincacetate in 
catalytic amount) demonstrated a sharp band for the C=N group at 1627 
cm 1 and a suppressed band for the partly remaining amine functional 
group at 3418 cm 1 (Fig. 1, violet and green curve). However, Fc-azine 
is the main product at high temperatures; an equivalent amount of Zn 
(OAc)2⋅2H2O seems necessary to complete the reaction. The reaction of 
FcDH with the equivalent amount of acetic acid in the same condition 
also led to the same product as the reaction with the equivalent amount 
Zn(OAc)2⋅2H2O (Fig. 1, blue curve). Comparing the FT-IR spectra of the 
Fc-azine prepared using different amounts of Zn(OAC)2⋅2H2O (in the 
absence, mole ratio and also catalytic amount) revealed that Zn 
(OAc)2⋅2H2O could facilitate Fc-azine production by liberating acetic 
acid or dehydrogenation of the hydrazone group and, consequently, 
nitrogen molecule production [42–45]. 

3.1. Crystal structure of Fc-azine 

Dark-red single crystals of Fc-azine were obtained directly from the 
reaction (Fig. 2a) mixture and used for crystal structure determination 
(Fig. 2b). Fc-azine crystallizes in the monoclinic space group P21/c space 
group with two centrosymmetric molecules per unit cell. Tables 1 and 2 
give crystal data and selected bond lengths and angles, respectively. The 
molecular structure of Fc-azine confirms the eclipsed conformation of 
Cp rings, which is common in ferrocene derivatives (Fig. 2c) [46–50]. 
The torsion angle of C6-N1-N2-C7 bonds (170.15) reveals a nearly 
planar structure for the azine bridge. Calculated dihedral angles (5.73 
and 5.51◦) confirm the nearly coplanar structure of the C6-N1-N2-C7 
plane and Cp rings. The bond length of Fe-C (2.056 Å on average) is 
in the range reported for ferrocene derivatives. Bond lengths of C1-C6 
(1.454 Å), C7-C8 (1.452 Å), C7-N2 (1.280 Å), C6-N1(1.282 Å), and 
N1-N2 (1.411 Å) are in agreement with reported C-C single bond, C=N 
double bond and N-N single bond of azine functional groups. The length 
of the C=N bond of Fc-azine is close to the reported Csp2=N bond length 
(1.279 Å). Bond length for C1-C6, C7-C8, and N1-N2 are significantly 
shorter than the reported Csp2–Csp2 (1.485 Å) and N-N (1.47 Å) single 

bonds, which could be due to possible conjugation of the Fc-zine 
molecule [51]. It has been found that the Fc-azine molecules contain 
off-center parallel intermolecular π-π interaction between C1-C2 (3.25 
Å) and C3-C6 (3.36 Å), which were not observed for the other half of the 
molecule (C7-C12). It is also noteworthy that the experimental powder 
XRD pattern for Fc-azine is in good agreement with the simulated 
pattern on the base of the crystal structure obtained by single crystal 
diffraction (Fig. 3). 

The crystallographic data (excluding structure factors) have been 
deposited with the Cambridge Crystallographic Data Centre (CCDC) as 
supplementary publication numbers CCDC-2341399. Copies of the data 
can be obtained, free of charge, by application to CCDC, 12 Union Road, 
Cambridge, CB2 1EZ, UK (Fax: +44 1223 336033; Email: data_
request@ccdc.cam.ac.uk or via the internet: http://www.ccdc.cam.ac. 
uk/products/csd/request. 

C1-C6 1.454 C8-C7-N2 121.10 

C7-C8 1.452 C7-N2-N1 111.60 
C6-N1 1.282 C6-N2-N1 111.74 
C7-N2 1.280 C1-C6-N1-N2 177.83 
N1-N2 1.411 C8-C7-N2-N1 -179.38 
C1-C6-N1 120.28 C6-N1-N2-C7 170.52

Fig. 3. Simulated and experimental powder XRD patterns of Fc-azine.  

Fig. 4. UV–Vis Diffuse Reflectance spectrum (UV–Vis DRS) and band gap from 
Tauc plot (inset diagram) for Fcazine. 

Table 2 
selected bonds length [Å] and angles [◦] of Fc-azine.  



Fig. 5. (a) FE-SEM and (b) EDS map images of Fc-azine.  



Fig. 6. (a) UV–Vis spectra of degradation of CR (50 ppm) by Fc-azine (1 g L-1), (b) degradation rate of CR (50 ppm) in different time intervals by Fc-azine (1 g L-1), (c) 
degradation of various concentration of CR by Fc-azine (1 g L-1), (d) degradation of CR (50 ppm) with various amounts of Fc-azine, (e) UV–Vis spectra of degradation 
of MO (10 ppm) by Fc-azine (1 g L-1), (f) degradation rate of MO (10 ppm) in different time intervals by Fc-azine (1 g L-1), (g) degradation of various concentration of 
MO by Fc-azine (1 g L-1), and (h) degradation of MO (10 ppm) with various amounts of Fc-azine. 



3.2. UV–Vis Diffusive reflectance spectrum 

Optical properties and relevant bond gap of Fc-azine were obtained 
from the UV–Vis Diffusive reflectance spectrum (Fig. 4) using Tauc and 
Kubelka-Munk functions (Eqs. (2) and (3)) [29]. 

(αhν)2
= A

(
hν Eg

)
(2)  

α F(R) =
(1 R)2

2R
(3) 

Where α is the absorption coefficient, A is a constant, hν, Eg, and R 
are photon energy, the optical band gap, and reflectance, respectively. 
The Eg value for Fc-azine was 1.93 eV, in the range of reported catalysts 
used for AOP dye degradation in the dark [27,52,53]. 

3.3. Surface properties (BET measurement, zeta potential, FE-SEM and 
EDS map) 

BET measurement of N2 adsorption-desorption isotherm for Fc-azine 
was carried out at 77 K to examine porous structure. The calculated 
specific surface area, pore diameter, and pore volume were 19.12 m2 

g 1, 15.1 nm, and 0.073 cm3 g 1, respectively. Zeta potential study 
revealed that the surface of Fc-zine is negatively charged (-17.6 mV) in 
water. FE-SEM image of Fc-azine (Fig. 5a) revealed a combination of 
regular-shaped and coral-shaped parts with non-uniform size (from 10 
µm to 40 nm). EDS map (Fig. 5b) of Fc-azine confirmed the presence of 
Fe, C and N atoms of Fc-azine and Zn and O atoms as the remaining 
byproduct of Zn(OAc)2⋅2H2O on the surface of Fc-azine. 

3.4. Azo dyes degradation study 

Ferrocene as an electron donor and redox active molecule has been 
used to enhance degradation properties of AOP catalysts by optimizing 
band gap and producing active radicals through the Fenton-like reaction 
(where oxidation of Fe(II) to Fe(III) donated an electron to produce 
reactive oxygen species) [30–35]. In addition, an azine-based polymer 
with a π-conjugated system was reported to have good activity for ani
line photocatalytic degradation [36]. Thus, the narrow band gap (1.93 
eV), proper amount of specific surface area, presence of ferrocenyl 
groups, and possible conjugation through azine bridges of Fc-azine 
encouraged us to use it as an AOP catalyst. Interestingly, adding 
Fc-azine to an aqueous solution of dyes, including CR, MB, and MO, led 
to fast decoloring of CR. As shown in Fig. 6a, by the addition of Fc-azine 
to a 50 ppm solution of CR, the absorbance at 498 nm, as a characteristic 

absorbance for CR dye, decreased dramatically in 5 min. More than 86 % 
of CR was degraded in the first 5 min of the reaction, and degradation 
efficiency reached up to 96 % after 120 min in the dark (Fig. 6b). In the 
dark, different concentrations of CR from 10 to 100 ppm (Fig. 6c) were 
degraded by different amounts of Fc-Azine from 0.5 to 2 g L-1 (Fig. 6d). 
The optimum reaction condition was the degradation of a 50 ppm so
lution of CR with 1 g L-1 of Fc-azine [54,55]. No significant changes were 
observed for CR degradation efficiency in the presence of light (200-watt 
tungsten lamp). Very fast degradation of CR was not only confirmed by 
decreasing absorbance at 498 nm but also all absorbance at UV area 
(200–400 nm) corresponding to π-π* excitation of aromatic species were 
decreased [56]. Decolorization of MO solution (10 ppm) happened 
several hours after the reaction started, revealing the slow degradation 
of MO by Fc-azine. The characteristic absorbance of MO at 464 nm 
constantly decreased at a prolonged rate, and 98 % of MO degradation 
was obtained after 48 h (Fig. 6e and f). Degradation of MO in various 
concentrations from 5 to 50 ppm (Fig. 6g) was performed using different 
amounts of Fc-Azine from 0.5 to 2 g L-1 (Fig. 6h) in the dark. As a result, 
degradation of 10 ppm of MO solution by 1 g L-1 of Fc-azine was ob
tained as an optimum condition. Similar to CR degradation, absorbance 
at 270 nm for benzene rings of MO decreased alongside the absorbance 
at 464 nm, confirming the MO molecule’s degradation. The addition of 
Fc-azine to the solution of MB dye did not lead to significant changes in 
its UV–Vis spectrum. The activity of Fc-azine for MO and CR as anionic 
dyes and inactivity for the degradation of MB as a cationic dye contrast 
with its negative surface charge, which could be associated with the dye 
degradation mechanism. 

3.4.1. Effect of pH 
Degradation of CR and MO by Fc-azine was performed in different 

acidic and basic environments, using HCl and NaOH as pH modifiers. 
FC-azine was able to degrade CR in the pH range of 5.0–9.0 without 
significant change in efficiency (Fig. 7a). The degradation rate decreased 
at pH values lower than 5.0 and decreased by almost 10 and 40 % at pH 
values 3 and 1, respectively. The probable protonation surface of Fc- 
azine or amine groups of CR and, consequently, disturbance of their 
interaction could be the reason for suppressing the activity of Fc-azine in 
the acidic environment [57]. In the basic environment, the degradation 
reaction was more affected due to the negative charge of the surface area 
of Fc-azine and its repulsion with CR as an anionic dye [58,59]. A similar 
result was observed for the degradation of MO in acidic and basic media 
(Fig. 7b). However, Fc-azine was completely deactivated for the 
degradation of MO in a basic environment. This result could be due to 
the weak interaction of MO with Fc-azine, which is interrupted entirely 

Fig. 7. Degradation of (a) CR (50 ppm) and (b) MO in different pH values by Fc-azine (1 g L-1) in comparison blank experiments (blue bars).  



by increasing the negative charge of the surface of Fc-azine in basic pH 
values. In addition, it has been reported that ferrocene-based photo
catalysts are more active in acidic media, the same as the Fenton reac
tion [32,60]. 

3.4.2. Mechanism of degradation 
The possible degradation mechanism of CR and MO by Fc-azine was 

investigated by the addition of Ethylenediaminetetraacetic acid (EDTA), 
1,4-benzoquinone (Bq) and isopropanol (Ip) at a concentration of 20 
mM to the reaction mixtures as hole, superoxide anion (O2⋅ ) and hy
droxyl radical (⋅OH) scavengers, respectively [5,61,62]. As demon
strated in Fig. 8a, the addition of scavengers suppressed CR degradation 
significantly. While the main part of CR was degraded during the first 5 
min of the reaction, in the presence of EDTA, Bq and Ip, the degradation 
rate decreased to 81, 65 and 46 % after 2 h, respectively (Fig 8a). It has 
been reported that EDTA can disrupt the Fenton reaction by increasing 
the rate of radical quenching and can also lead to the stabilization of Fe 
(III) [63,64]. A similar effect of scavengers with a higher influence of Bq
on the degradation of MO by Fc-azine was observed, confirming ROS

production (⋅OH and O2⋅ ) and the AOP process (Fig. 8b). According to 
these results, both ⋅OH and O2⋅ species liberate during the reaction and 
play a crucial role in the degradation mechanism. It seems the adsorp
tion of CR and MO dyes on the surface of Fc-azine led to the oxidation of 
Fe(II) to Fe(III), causing the release of electrons, which were captured by 
dissolved oxygen to produce superoxide anions. Also, the reduction of Fe 
(III) to Fe(II) by one-electron oxidation of CR and MO as anionic dyes
possibly facilitated electron production by the ferrocenyl group [27,
65–68]. Produced O2⋅ as a reactive oxygen species can degrade dyes
directly, or its further reactions lead to the production of ⋅OH, known as
the most reactive free radical molecules. Eqs. (4)–(10)

Dye (CR or MO) + Fc-azine⟶Fc-azine⋅+(Dyeads) + e− (4)  

Fc-azine⋅+(Dyeads)⟶Dye⋅++Fc-azine (5)  

e− + O2⟶O⋅−
2 (6)  

O⋅−
2 + H+⟶2HO⋅

2 (7) 

Fig. 8. Effect of Bq, EDTA and Ip as scavengers on the degradation rate of (a) CR (50 ppm) and (b) MO (10 ppm) by Fc-azine (1 g L-1), and (c) schematic mechanism 
of CR and MO degradation by Fc-azine. 



2HO⋅
2⟶O2 + H2O2 (8)  

H2O2 + e− ⟶OH− + OH⋅ (9)  

OH⋅/O⋅−
2 + Dye⋅+/Dye⟶CO2 + H2O+ byproduct (10)  

demonstrate reaction steps according to the proposed surface electron- 
transfer (SET) mechanism for the degradation of CR and MO by Fc- 
azine [3]. The schematic proposed mechanism of CR and MO degrada
tion by Fc-Azine is illustrated in Fig. 8c. Based on the proposed mech
anism, it seems that one-electron oxidation of CR or MO, as an anionic 
dye, plays a crucial role in the reaction mechanism. It is also in agree
ment with the negatively charged surface of Fc-azine and its inactivity 
for MB degradation as a cationic dye. It is worth mentioning that CR and 
MO are both anionic dyes, and the surface of Fc-azine is negatively 
charged. This is while the adsorption of dyes in the proposed mechanism 
plays an essential role in the degradation of CR and MO (Eqs. (4) and 
(5)). Thus, MO and CR could be adsorbed by π-π interaction of aromatics 
rings. The higher activity of Fc-azine for the degradation of CR is 
possibly due to the better interaction of CR with Fc-azine through the 
hydrogen bond between the amine groups of CR and the azine groups of 

Fc-azine [57,69–71]. 

3.4.3. Adsorption, stability and reuse investigation 
In order to confirm that the removal of azo dyes is not only by surface 

adsorption, the FT-IR spectrum of Fc-azine was obtained after the 
degradation of CR and MO. As shown in Fig. 9a, no significant changes 
were observed in the FT-IR spectrum of Fc-azine before and after CR and 
MO removal. Furthermore, the reaction mixtures were centrifuged after 
the degradation, and Fc-azine was separated from the solution and dried 
at room temperature. By adding distilled water to recycled Fc-azine (10 
mL per 0.01 g of Fc-azine), the suspension was sonicated for 1 h and 
centrifuged. Then, the concentration of CR and MO was determined by 
UV–Vis spectra of the aqueous phases. Only 8.8 % of the initial amount 
of CR was found to be adsorbed on the Fc-azine surface, and the 
adsorption of MO was negligible. Reusability and stability of Fc-azine 
were evaluated in six cycles of degradation of CR (Fig. 9b) and MO 
(Fig. 9c), confirming high stability and activity of Fc-azine for CR 
degradation even after six cycles (over 80 % after six cycles), which is 
one of the major conflicts of dark AOP catalysts. Fc-azine activity for 
degradation of MO was suppressed dramatically after three cycles. It 
seems a long time (48 h) degradation of MO led to the gradual 

Fig. 9. (a) FT-IR spectra of Fc-azine (1 g L-1) after MO (10 ppm) and CR (50 ppm) degradation, (b) reusability of the Fc-azine for CR degradation, (c) reusability of the 
Fc-azine for MO degradation, and (d) XRD patterns of Fc-azine after degradation of CR and MO. 



decomposition of Fc-azine. In order to investigate the stability of Fc- 
azine, the XRD pattern of Fc-azine was obtained after six cycles of CR 
and MO degradation (Fig. 9d). The XRD pattern of Fc-azine after 
degradation of MO revealed significant change due to the possible 
decomposition of FC-azine. Minor changes were observed in the XRD 
pattern of Fc-azine after CR degradation [72]. It is worth mentioning 
that over 80 % of Fc-azine has recovered after six cycles of CR degra
dation, and adsorption of CR was equal to 36 % of one cycle of reaction. 
Based on these results, Fc-azine is among the highly efficient and stable 
reported dark-ambient AOP catalysts for azo dye degradation (Table 3). 
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 
was used to determine the ion leaching of Fe and Zn during dye 
degradation. The measured concentrations of Fe and Zn ions of the re
action solution (after centrifugation) were 0.2 and 1.25 ppm, 
respectively. 

3.4.4. Investigation of byproducts 
In order to determine the possible byproducts of CR degradation, the 

reaction solution was extracted by n-hexane and diethyl ether and 
analyzed using the GC–MS technique. Two peaks at a retention time of 
26.77 and 38.04 min with very weak intensity corresponding to frag
ments with M/Z = 386.2 and 400.2, respectively, were observed. It 
seems M/Z = 386. 07 is correspond to 3-([1,1′-biphenyl] 4-ylium-4′- 
yldiazenyl)naphthalene-1-sulfonate (calculated MW= 386.4 g mol 1) 
and M/Z = 400.2 Correspond to 3-((4′‑hydroxy-[1,1′-biphenyl] 4-yl) 
diazenyl) 4-nitrobenzenesulfonic acid (calculated MW = 399.05 g 
mol 1). The appearance of a trace amount of these byproducts confirms 
not only the degradation of CR but also that the mineralization of CR 
proceeds at a high ratio. 

4. Conclusion

Fc-azine was obtained from self-condensation of FcDH with using of
Zn(OAc)2⋅2H2O or acetic acid at 120 ◦C and high pressure. Fc-azine, as a 
dark-ambient AOP catalyst, has shown high activity and stability (six 
efficient degradation cycles) for the rapid degradation of CR (80 % in 5 
min) in slightly basic to acidic environments (pH= 5–9). Furthermore, 
Fc-azine can degrade MO in prolonged reaction time (98 % in 48 h) in 
natural or slightly acidic media (pH= 5–7). The effect of different 
scavengers on the degradation rate of MO and CR revealed the essential 
role of ⋅OH and O2⋅ in the degradation mechanism, confirming the AOP 
process. This result revealed high activity of Fc-azine compared to 
similar reported AOP catalysts in dark-ambient conditions. Based on our 
literature review, Fc-azine is the first ferrocene-based compound used 
for dye degradation in the dark without adding chemical reagents or 
external energy sources. These results could be a breakthrough in the 
design and synthesis of similar compounds for wastewater treatment. 
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AOP Catalyst Pollutant Band gap 
(eV) 

Reaction Condition & Efficiency Recyclability and 
last cycle efficiency 

Ref 

Cu2O/(Ag0@Ag-NPs)0.15 Acid orange 7 1.33 Dye concentration: 200 ppm 
Catalyst loading: 1 g L-1 

Efficiency: 94.4% in 2 h 
Additional source: Δ (30◦C)  

4th cycle efficiency: ~70%  [28] 

Ca0.5Sr0.5Ni0.5Cu0.5O3-δ Orange (II) - Dye concentration: 20 ppm 
Catalyst loading: 1 g L-1 

Efficiency: 90% in 2 h 
Additional source: none 

15th cycle efficiency: ~70% [62] 

Ca0.75Sr0.25CuO3-δ Orange (II) - Dye concentration: 50 ppm 
Catalyst loading: 1 g L-1 

Efficiency: 95% in 1 h 
Additional source: none 

9th cycle efficiency :~75% [5] 

CuAlLDH/MgO2-50 Methyl orange - Dye concentration: 10 ppm 
Catalyst loading: 0.4 g L-1 

Efficiency: 97% in 1 h 
Additional source: none 

4th cycle efficiency: ~92.7% [4] 

Fe3O4/MWCNT/SiO2 Methylene blue - Dye concentration: 10 ppm 
Catalyst loading: 2 g L-1 

Efficiency: 100% in 30 min 
Additional source: none

3rd cycle efficiency: 44%  [11] 

Mn(II) complexes Rhodamine 6G 
& 
Congo red 

1.8 Dye concentration: 10 ppm 
Catalyst loading: 2 g L-1 

Efficiency: 99% in 40 min 
Additional source: none 

6th cycle efficiency: 97% [52] 

SnS Congo red 
& 
Eriochrome black T 
& 
Methylene blue 

2.07 Dye concentration: 40 ppm 
Catalyst loading: 1 g L-1 

Efficiency: ~ 99 % in 60 min 
Additional source: none 

4th cycle efficiency: 37% [27] 

Fc-azine Congo red 
& 
Methyl orange 

1.93 Dye concentration: 
50 ppm (CR) & 10 ppm (MO) 
Catalyst loading: 1 g L-1 

Efficiency: 96 % in 2 h (CR) & 98% in 48 h (MO) 
Additional source: none 

6th cycle efficiency: 80% This work  

Table 3 
Efficiency of some dark-ambient AOP catalysts for the degradation of azo dyes.  
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