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A B S T R A C T   

Traditional methods of cyanides’ (CN− ) mineralization cannot overcome the contradiction between the high 
alkalinity required for the inhibition of hydrogen cyanide evolution and the low alkalinity required for the 
efficient hydrolysis of cyanate (CNO− ) intermediates. Thus, in this study, a novel Electro-Fenton system was 
constructed, in which the free cyanides released from ferricyanide photolysis can be efficiently mineralized by 
the synergy of •OH and •O2

− . The complex bonds in ferricyanide (100 mL, 0.25 mM) were completely broken 
within 80 min under ultraviolet radiation, releasing free cyanides. Subsequently, in combination with the het-
erogeneous Electro-Fenton process, •OH and •O2

− were simultaneously generated and 92.9% of free cyanides 
were transformed into NO3

- within 120 min. No low-toxic CNO− intermediates were accumulated during the 
Electro-Fenton process. A new conversion mechanism was proposed that CN− was activated into electron- 
deficient cyanide radical (•CN) by •OH, and then the •CN intermediates reacted with •O2

− via nucleophilic 
addition to quickly form NO3

-, preventing the formation of CNO− and promoting the mineralization of cyanide. 
Furthermore, this new strategy was used to treat the actual cyanide residue eluent, achieving rapid recovery of 
irons and efficient mineralization of cyanides. In conclusion, this study proposes a new approach for the 
mineralization treatment of cyanide-containing wastewater.   

1. Introduction 

Cyanides (CN− ) are widely used in numerous industrial processes 
such as mining, electroplating, coking, etc., due to their characteristic 
properties for complexing metals such as Au, Ag, Cu, or Fe (Dash et al., 
2009a; Kuyucak and Aguado, 2013). As a result, cyanides are often 
present as complexations with metals in the corresponding wastewaters 
(Castilla-Acevedo et al., 2020). Although the toxicity of cyanocomplexes 
is relatively lower than that of free cyanides, these cyanocomplexes can 
be dissociated under specific severe conditions (such as strong acid, UV 
radiation, or high temperature), releasing highly toxic hydrogen cyanide 
(HCN) and causing potential damage to the ecosystem (Johnson, 2015). 
It is therefore vital to treat cyanides and cyanocomplexes contaminated 
effluents before their discharge into the environment. 

Different treatment technologies such as alkaline chlorination, 
adsorption, biodegradation, and advanced oxidation processes (AOPs) 
have been investigated to remove cyanides and cyanocomplexes Akcil, 
2003; Dash et al., 2009b; Novak et al., 2013). In general, these tech-
nologies have some common drawbacks such as poor treatment effi-
ciency, high cost, and production of low-toxic intermediates (cyanate, 
CNO− ), which require further treatment to achieve deep mineralization 
of cyanides and cyanocomplexes. Previous studies have proposed 
traditional pathways for the cyanides and cyanocomplexes mineraliza-
tion (as shown in Eqs. (1)–((3)) and have indicated that hydrolysis of 
CNO− intermediate is the rate-limiting step for the entire process (Teo 
and Tan, 1987). However, to prevent the volatilization of highly toxic 
HCN gas (pKa = 9.21), the reaction system must be maintained in a 
strongly alkaline medium during the process of cyanides and 
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cyanocomplexes removal. On the other hand, the generated CNO− is a 
weak acid salt and cannot be hydrolyzed to form NH4

+/NH3 under 
strongly basic conditions, which makes the mineralization of cyanides 
and cyanocomplexes very difficult. Based on this case, Koo et al. (2021) 
proposed a photoelectrochemical system to generate hypochlorites 
(OCl− ) and convert CN− to N2 under weakly alkaline conditions (pH =
9.6). The generated CNO− was slowly hydrolyzed under a predefined 
alkalescence and then reacted with OCl− to generate N2. Furthermore, 
Xiao et al. (2019) explored a photoelectrochemical system incorporating 
Cl− in the electrolyte (PEC-Cl) and with WO3 as the photoanode to treat 
Cu-cyanide complexes at pH 8. The chlorine radicals (ClO• and/or Cl•) 
were dedicated to the mineralization of Cu-cyanide complexes. Never-
theless, these methods are inefficient and are accompanied by signifi-
cant risks, which could result in the formation of HCN under weakly 
alkaline conditions. Therefore, there is an urgent need to develop a 
novel strategy to effectively achieve cyanides and cyanocomplexes 
mineralization without the risk of HCN evolution.  

CN− + Oxidant → CNO− (1)  

CNO− + 2H2O → NH3/NH4
+ + HCO3

− /CO3
2− (2)  

NH3/NH4
+ + Oxidant → NO3

− /N2                                                     (3) 

Generally, the conversion between CN− and CNO− was considered as 
a one-step reaction mediated by active species. In fact, CN− could be 
transformed into various unstable intermediates during the oxidation 
process and finally be converted to CNO− . For instance, Zhao et al. 
(2015) reported that the electron-deficient cyanide radical (•CN) could 
be produced in the oxidation process of cyanide by •OH or 
photo-generated holes (h+). Subsequently, •CN would be self-quenched 
and further hydrolyzed into CNO− Eqs. (4)–((6)). Based on the reported 
results, we can assume that the formation of CNO− could be avoided to 
the extent possible if the •CN intermediate was quickly expended but not 
self-quenched. Superoxide radical (•O2

− ) is a unique species with a low 
redox potential (-0.81 V vs. standard hydrogen electrode at pH 7 and 20 
℃) (Ding et al., 2014). It is a strong electron donor and could undergo 
nucleophilic addition with some electron-deficient intermediates such 
as phenoxyl radical and activated NO (NO+) (Chen et al., 2018; Ma et al., 
2020; Mitchell et al., 2013). Besides, •O2

− possesses good stability under 
alkaline conditions and its half-life ranges from microseconds to minutes 
(McDowell et al., 1983), which is well suited for cyanide removal. 
Moreover, under alkaline conditions, the presence of a large amount of 
OH- can consumingly inhibit the quenching reaction between •OH and 
•O2

− . Theoretically, in case of co-existence of •O2
− and •OH, CN− would 

preferably be deprived of an electron by •OH to form electron-deficient 
•CN due to that •OH (1.8-2.7 V vs. NHE) is a strong electron acceptor and 
more reactive than •O2

− (Luo et al., 2021). Then the generated •CN 
could react with •O2

− to generate nitrate (NO3
− ). Therefore, we hy-

pothesized that the traditional cyanide mineralization pathway would 
be overturned if specific •OH and •O2

− could be introduced simulta-
neously into the cyanide removal process.  

•OH + CN− → OH− + •CN                                                             (4)  

2•CN → (CN)2                                                                                (5)  

(CN)2 + 2OH− → CN− + CNO− + H2O                                            (6) 

Electro-Fenton (EF) system, as a promising AOPs, can accurately 
produce •OH and •O2

− simultaneously in situ by transition metal ion/ 
transition metal oxide and electro-generated H2O2 at the cathode Eqs. 
(7)–((9)). Compared with photocatalysis and other AOPs, EF system has 
the advantages of easy operation, low cost, and precise control for the 
generation of specific active species (Zhao et al., 2016; Zhang et al, 
2020). However, the conventional homogeneous/heterogeneous EF 
systems, restricted to secondary pollution, impractically narrow pH 
range, difficult recovery of catalyst, and poor stability, aren’t appro-
priate for the strongly alkaline cyanide-containing wastewater. 

Recently, the electrocatalysis coupled with AOPs technology, in which 
the variable-valence transition metal oxide was immobilized into the 
anode, has been developed by our group and testified to be an efficient 
strategy to overcome the above problems (Zou et al., 2018; Zhu et al., 
2020). More importantly, simple potential regulation in this novel sys-
tem could accurately control the type and the concentrations of active 
species. In addition, among numerous transition metal oxides, manga-
nese oxides (such as MnO2, Mn2O3, Mn3O4) are the more excellent 
heterogeneous Fenton catalyst compared with iron oxides or cobalt 
oxides due to their higher catalytic activity and higher stability over a 
wide pH range (Tian et al., 2019; He et al., 2020). Therefore, we spec-
ulate the effective mineralization of cyanides could be achieved by the 
novel EF system with manganese oxides as the anode.  

O2 + e− → •O2
− (7)  

•O2
− + e− + 2H2O → H2O2 + 2OH− (8)  

–––M(n)/M(n) + H2O2 → –––M(n+1)/M(n+1) + •OH + OH− (9) 

To test the hypothesis, this work developed a novel EF system to 
achieve highly efficient mineralization of cyanides released from the 
preprocessed photolysis of ferricyanide, the most common cyanocom-
plexes with a very large stability constant in industrial wastewater. 
Among the EF system, the manganic oxide (Mn2O3/Nickel Foam (NF), i. 
e., Mn2O3 below) anode was combined with the active carbon fiber 
(ACF) cathode, and specific •OH and •O2

− were generated simulta-
neously and cyanides were rapidly transferred into NO3

− . The mecha-
nism of cyanide conversion was studied in detail through batch 
experiments, characterization and theoretical calculations. Finally, this 
strategy was used to process the actual cyanide residue eluent (iron: 
145.8 mg/L; total cyanide: 437.3 mg/L; free cyanide: 33.4 mg/L) and 
investigated its feasibility for practical application. The present work 
develops a novel pathway for efficient mineralization of cyanides to 
form NO3

− but not CNO− and opens a new avenue to invent good 
technologies for highly efficient treatment of cyanide and cyanocom-
plexe contaminated effluents. 

2. Materials and methods 

2.1. Experimental procedures 

Photolysis pretreatment: firstly, the photolysis operation to break the 
complex bonds between iron and cyanide was undertaken in a quartz 
beaker (150 mL), which contained 100 mL of K3Fe(CN)6 at a preset 
concentration of 0.25 mM. The pH value was adjusted to 12.0 by NaOH 
to prevent the formation of HCN gas. A 300 W Xe lamp (Beijing, Perfect 
light Inc, China) was used as the source of ultraviolet radiation. The UV 
light was irradiated from the top of the beaker, and the distance between 
the light source and the beaker was 5 cm. After a period of photolysis, 
the solution was filtered to separate the iron precipitate and free 
cyanide. 

Electro-Fenton reaction: then, about 90 mL of free cyanide solution 
was transferred to an undivided cylindrical glass electrolytic cell 
(Schematic diagram was provided in Fig. S1 in SI). A Mn2O3 anode and 
an ACF cathode were fixed at a gap of 3 cm in the reactor and connected 
to a potentiostat (CHI 660E electrochemical workstation (Shanghai, 
Chenhua, China)). The detailed processes for the preparation of the 
Mn2O3 anode and ACF cathode are available in Text S2. Ag/AgCl was 
used as the reference electrode. Before the EF reaction, 0.1 M Na2SO4 
was added to the free cyanide solution to regulate the conductivity. The 
electrodes were inserted into the solution and held for 1 h under mag-
netic stirring to establish maximum cyanide adsorption. The immersed 
area of the electrode was 4.5 cm2. During the reaction process, samples 
were taken with syringes at designated time intervals and immediately 
filtered through 0.45 μm polytetrafluoroethylene (PTFE) membranes. 
All experiments were conducted three times. 
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2.2. Analysis methods 

Isonicotinic acid-barbituric acid colorimetry was used for the 
determination of total cyanide via a UV-vis spectrophotometer (U-3900, 
Hitachi Ltd, Japan) at the wavelength of 600 nm after distillation 
(APHA, AWWA, WEF, 2012). The detailed test method is shown in Text 
S3 in the SI. Free cyanide concentration was determined by the above 
method without distillation. Cyanate (CNO− ), nitrate (NO3

− ) and nitrite 
(NO2

− ) concentrations were measured using an ion chromatography 
system (Dionex-120, Dionex Inc, USA). Ammonia (NH3/NH4

+) con-
centration was analyzed by the Nessler’s reagent method. The total ni-
trogen (TN) concentration was measured by spectrophotometry after its 
oxidation with potassium persulfate. The dissolved iron concentration 
was measured using a ConteAA 700 flame atomic absorption spectro-
photometer (Analytik Jena, Germany). The concentration of hydrogen 
peroxide (H2O2) was measured by the traditional titration method of 
cerium sulfate Ce(SO4)2 using a UV-vis spectrophotometer at the 
wavelength of 316 nm (Lu et al., 2018). Benzoic acid (BA) and nitro-
tetrazolium blue chloride (NBT) were used as probes to quantify the 
generation of •OH and •O2

− in the EF system (He et al., 2020; Joo et al., 
2005). The intermediates of N-tert-butyl-α-phenylnitrone (PBN) were 
detected by liquid chromatography mass spectrometry (LC-MS, Agilent. 
6120, America) equipped with a C18 column and an electrospray ioni-
zation source. The spray voltage was 3000 V and the gasification tem-
perature was 350 ◦C. The mobile phase was acetonitrile-water (70:30, 
v/v) and the flow rate was 0.4 mL/min. For EPR measurement, 100 μL of 
the sample was collected from the EF system and immediately mixed 
with DMPO or BMPO. ESR spectra were obtained on a Bruker A300 
spectrometer (Germany). The energy consumption (EC, kWh/m3) was 
calculated through Eq. (10). 

EC =
U × I × t × 1000

log(C0/Ct) × V
(10)  

where U is the applied voltage (V), I the average current (A), t the time 
(h), V the solution volume (L), log(C0/Ct) the logarithm of the initial and 
instant concentrations of the cyanide. 

3. Results and discussion 

3.1. Photolysis of ferricyanides 

Ferricyanides are pertinacious with strong stability constant, second 
to only to hexacyanocobaltate in all metal-cyanide complexes, and 
cannot be effectively removed by conventional methods 

Castilla-Acevedo et al., 2020). As shown in Fig. S3, the non-photolyzed 
ferricyanide existed tenaciously in the proposed EF system. However, it 
is reported that ferricyanides are very photosensitive and the complex 
bonds in ferricyanide could be broken under UV irradiation, releasing 
free cyanide ligand (Grieken et al., 2005). Therefore, ferricyanide was 
initially pretreated under Xenon lamp irradiation, and the dissociation 
path is shown in Fig. S4 in the SI. During the photolysis process, the 
complexation bonds between iron and cyanide are effectively broken 
and six cyanide ligands are released one by one. The iron element can 
precipitate as Fe(OH)3 (Grieken et al., 2005). As shown in Fig. 1a, with 
irradiation proceeding, the concentration of free cyanide gradually 
increased, while the concentration of iron ions inversely changed. Be-
sides, the iron ions were precipitated as ferric hydroxide, which could be 
proved by the color and X-Ray Diffraction of sediment (Fig. S5). Besides, 
the concentrations of free cyanide and total cyanide began to decrease 
after 60 min, whereas the free cyanide concentration was markedly 
lower than the total cyanide concentration. The result indicated that a 
small amount of ferricyanide still couldn’t be broken after 60 min UV 
irradiation. Moreover, when the irradiation time reached 80 min, the 
concentration of free cyanide was close to that of total cyanide and there 
were no dissolved iron ions in the solution, indicating the conversion of 
cyanocomplexes to free cyanides has been completely accomplished. 
Excessive UV irradiation could cause water to undergo homolysis (Eq. 
(11)), producing oxidizing species such as •OH that oxidized free cya-
nide to cyanate (Eqs. ((2), (3)). Therefore, in order to ensure the com-
plete dissociation of ferricyanide, the ultraviolet irradiation time was set 
to 80 min.  

H2O → •OH + H+ + eaq
− (11)  

3.2. Mineralization of cyanides 

The solution of free cyanides (i.e., CN− below) obtained from the 
photolysis of ferricyanide was transferred to the EF system. Due to 
excessive UV radiation, the CN− ligands of 1.5 mM in 0.25 mM ferri-
cyanide could be slightly oxidized, resulting in the CN− concentration 
after photolysis decreasing to 1.35 mM. Thus, the concentration of CN−

was set as 1.35 mM. 
Subsequently, the effects of the amount of manganese source in the 

anode preparation and the bias voltage on CN− removal were system-
atically investigated. As can be seen in Table S1 and Fig. S6 in the SI, 
with the increase in the amount of manganese source in the anode 
preparation process (1–3 mM), the manganese content on the bulk 

Fig. 1. (a) Species concentration variation under UV irradiation. Reaction conditions: [Fe(CN)6
3− ] = 0.25 mM, initial pH = 12.0; (b) Nitrogen species concentration 

variation in the EF system, in which Mn2O3 anode was prepared with 3 mM manganese source. Reaction conditions: [CN− ] = 1.35 mM, [Na2SO4] = 100 mM, bias 
potential = 2.5 V, initial pH = 11.50, T = 298 K. 
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electrode increased from 15.4 to 58.5% (w/w). As a consequence, the 
removal efficiency of CN− in the EF system increased from 86.1 to 
98.2%. Previous reports revealed that the efficiency of H2O2 activation 
and pollutants removal were closely related to the content of manganese 
(Eq. (12)) (He et al., 2019; Ge et al., 2021). However, when the man-
ganese source dosage continued to increase to 4 mM, the CN− removal 
performance remained stable. It is known that the metal vacancies 
etched by HCl on the nickel foam were certain, which resulted in the 
manganese content on the bulk electrode could have a saturation value. 
The saturated manganese content on the bulk electrode was analyzed at 
around 60% (w/w) (detailed analysis is shown in Table S1). Therefore, 
when the manganese source was 3 mM or 4 mM, the manganese content 
on the bulk electrode reached saturation. Moreover, as shown in 
Fig. S6c, d and Table S2, the removal efficiency of CN− increased from 

58.4 to 98.2% with the increase in bias potential from 1.0 V to 2.5 V. 
Nevertheless, when the bias voltage continued to increase to 3.0 V, the 
removal performance of CN− will not be enhanced. Through the linear 
sweep voltammetry curves of Mn2O3 anode and ACF cathode (Fig. S7), it 
can be found that the oxygen evolution reaction potential of Mn2O3 
anode and hydrogen evolution reaction potential of ACF cathode was 
1.52 V (vs. Ag/AgCl) and -2.21 V (vs. Ag/AgCl), respectively. As a result, 
excessive bias potential could cause severe secondary reactions between 
the cathode and anode (hydrogen evolution and oxygen evolution). 
Based on the above results, all subsequent removal experiments were 
conducted with a 3 mM of manganese source in anode preparation and a 
bias voltage of 2.5 V.  

–––Mn(III)/Mn(III) + H2O2 → –––Mn(IV)/Mn(IV) + •OH + OH− (12) 

Fig. 2. (a) Removal efficiency of cyanides with the addition of different scavengers; (b) EPR spectra obtained with the addition of DMPO or BMPO in the EF process. 
(c) Variation of H2O2 and •OH concentrations in the Mn2O3/ACF and NF/ACF systems; (d) Variation of •O2

− concentrations in the Mn2O3/ACF and NF/ACF systems; 
XPS spectra of Mn2p (e) and Mn3s (f) of Mn2O3 anode before and after the reaction. Reaction conditions: [CN− ] = 1.35 mM, [IPA] = [p-BQ] = 20 mM, [DMPO] =
[BMPO] = 100 mM, [Na2SO4] = 100 mM, bias potential = 2.5 V, initial pH = 11.50, T = 298 K. 

L. Tian et al.                                                                                                                                                                                                                                     



Water Research 209 (2022) 117890

5

In addition, different anodes and cathodes were substituted in the 
CN− removal process to investigate the synergistic effect between 
Mn2O3 and ACF in the EF system. As shown in Fig. S8 in the SI, when 
Mn2O3 and ACF were used as anode and cathode, respectively, 98.2% of 
CN− was removed within 120 min. Besides, in the nickel foam (NF)/ 
ACF, NF/platinum, and Mn2O3/platinum systems, the removal effi-
ciency of CN− was 42.7%, 70.8% and 94.1%, respectively, which are all 
much lower than that in the EF system. Furthermore, when dissolved 
oxygen (O2) in the EF system was evicted by Ar gas, only 50% of CN−

was removed in 120 min (Fig. S9 in the SI). In conclusion, these results 
indicate that there is a noticeable synergistic effect between Mn2O3 and 
ACF in the EF system, favoring the formation of active species by acti-
vating the dissolved O2 to achieve efficient CN− removal. 

To further explore the mineralization performance of CN− in the EF 
system, the concentration variation of different nitrogen species during 
the catalytic process was identified under the optimal reaction condi-
tions. As shown in Fig. 1b, the TN concentration remained stable for 120 
min, indicating that almost no gaseous nitrogen or HCN was generated. 
Besides, some CNO− , which originated from excessive ultraviolet radi-
ation in the photolysis process, existed only before the EF reaction and 
could be promptly converted into NH4

+/NH3 with the ongoing EF re-
action. 0.14 mM of NH4

+/NH3 was generated during the EF process and 
its concentration was nearly close to that of the initial CNO− . Moreover, 
no CNO− was detected during the CN− removal process. The main 
conversion product of CN− in the EF system was NO3

− , which was 
different from previous reports that CNO− was the dominant oxidation 
intermediate in AOPs (Zhao et al., 2015; Chen et al., 2014; Qi et al., 
2017; Qiao et al., 2020). The concentration of NO3

− increased gradually 
with the decrease of CN− within 120 min. Hence, the mineralization 
efficiency of CN− was calculated to be 92.9% after 120 min. In addition, 
to further illustrate the advantage of the proposed EF system, the 
removal and mineralization performance of CN− in two previously re-
ported EF systems were compared (Zhang et al., 2022; Dung et al., 
2021). As shown in Fig. S10, the removal and mineralization perfor-
mance of CN− in the previously reported EF systems were far below that 
in the EF system proposed in this study, indicating that the EF system 
(Mn2O3 as anode and ACF as cathode) had excellent performance in CN−

removal and mineralization. 
To evaluate the practical application of EF system, five cycling tests 

were carried out to investigate its stability (Hodges et al., 2018). As 
shown in Fig. S11 in the SI, the EF system showed outstanding removal 
and mineralization performance of cyanides in each cycle and a negli-
gible decrease was observed in the final cycle. Besides, we determined 
the dissolution concentration of manganese ion after each cycle and the 
dissolution concentration of manganese was all less than 0.1 ppm after 
each cycle (Fig. S12 in the SI). Moreover, the SEM image and XRD 
pattern of Mn2O3 after 5 cycles revealed that no obvious changes were 
observed in the morphology and structure compared to that of the pri-
mary sample (Figs. S13 and S14 in the SI). These results indicate that the 
EF system has good stability. In addition, the energy consumption (EC) 
of EF system was calculated as 167 kWh/m3, which is lower than the EC 
in the other two reported EF systems and in the previous literature 
(Table S3) (Mudliar et al., 2009; Castilla-Acevedo et al., 2020). In 
conclusion, this EF system has excellent application potential in the 
treatment of cyanide-containing wastewater. 

3.3. Determination of active species 

To determinate active species involved in the removal process of 
CN− , active species quenching experiments were carried out. Iso-
propanol (IPA) and p-benzoquinone (p-BQ) were chosen as scavengers 
for •OH (k•OH/IPA = 1.9 × 109 M− 1s− 1) and •O2

− (k•O2
− /BQ = 1.0 ×

109 M− 1s− 1), respectively (Ye et al., 2020; Zhang et al., 2021). As shown 
in Fig. 2a, when excess IPA and p-BQ were added to the EF system, 
respectively, the removal efficiency of cyanides was distinctly limited 
and only 71% and 52% of CN− were removed within 120 min, 

respectively. Given that the generation of •OH is derived from •O2
− , the 

inhibitory effect of p-BQ was more severe than that of IPA. Besides, 
furfuryl alcohol (FFA), pyrophosphate (PP) and NO3

− were chosen as the 
scavengers for 1O2 (k1O2/FFA = 1.0 × 108 M− 1s− 1), dissolved manga-
nese species and hydrated electron (eaq

− ) (keaq
− /NO3

− = 9.7 × 109 

M− 1s− 1), respectively (Yin et al., 2018; Liu et al., 2019; Xiao et al., 
2017). As shown in Fig. S15 in the SI, the addition of FFA, PP and NO3

−

did not inhibit the removal of CN− . Moreover, it can be found that there 
were no obvious oxidation peaks in the cyclic voltammetry (CV) curves 
in the EF system in presence of CN− (Fig. S16). These results indicated 
1O2, dissolved manganese species and direct electrooxidation did not 
contribute to CN− removal. Furthermore, methyl alcohol (MeOH) and 
p-hydroxybenzonic acid (p-HBA) were used as the scavenger and the 
probe for SO4

•− , respectively (Zou et al., 2018; Oh et al., 2017). As 
shown in Fig. S17, the inhibition of MeOH was closed to that of IPA and 
there was no obvious peak of specific p-benzoquinone (p-BQ) observed 
in the high-performance liquid chromatogram of p-HBA probe, indi-
cating SO4

•− was not generated and did not contribute to the cyanides 
removal in the EF system. In conclusion, •O2

− and •OH were successfully 
generated in the EF system and played a vital role in the cyanides 
removal process. Moreover, EPR was used to further verify the presence 
of •OH and •O2

− in the EF system. As shown in Fig. 2b, no EPR signals 
were detected with DMPO or BMPO alone. As the reaction progressed, 
the signals for additive •OH and •O2

− adducts were detected (Qiao et al., 
2020), demonstrating that •OH and •O2

− were formed in the EF system. 

3.4. Production mechanism of active species 

To further explore the mechanism of active oxygen species (ROS) 
production, the concentrations of H2O2, •OH and •O2

− in the different 
systems were monitored. As shown in Fig. 2c, d, when pristine NF was 
used as the anode, the concentrations of H2O2, •OH and •O2

− were 
158.1, 13.7, and 53.7 μM, respectively, after 120 min in the absence of 
cyanides. Whereas, when Mn2O3 was used as the anode, the concen-
trations of H2O2, •OH and •O2

− were 64.6, 43.3, and 96.4 μM, respec-
tively. Compared with the pristine NF anode, the concentration of H2O2 
decreased but the concentrations of •OH and •O2

− increased drastically 
when Mn2O3 was used, confirming that H2O2 can be effectively acti-
vated by the Mn2O3 anode. Furthermore, as shown in Fig. S18 in the SI, 
once the dissolved O2 in the solution was completely evicted by Ar gas, 
almost no H2O2 and free radicals (•OH and •O2

− ) were generated in the 
EF system, indicating that the ROS originated from the activation of 
dissolved O2 by the ACF cathode and not from the oxidation of H2O by 
the Mn2O3 anode Eqs. (7)–((9)).  

AOS = 8.956 – 1.126 × ΔES                                                          (13) 

Moreover, XPS was used to further analyze the effect of the Mn2O3 
anode on ROS generation. The Mn 2p3/2 XPS spectra are shown in 
Fig. 2e, and the peaks around 642.3 and 644.3 eV were assigned to Mn3+

and Mn4+, respectively (Li et al., 2018). After 120 min of EF reaction, the 
Mn3+/Mn4+ content ratio decreased from 1.59 to 1.16. In addition, the 
average oxidation states (AOS) of Mn before and after the reaction were 
estimated based on the Eq. (13), where ΔEs is the splitting energy of Mn 
3s peaks (Yang et al., 2020). As shown in Fig. 2f, the AOS increased from 
2.94 to 3.36 after EF reaction, confirming the existence of higher valence 
Mn species, i.e., Mn4+. The XPS results further verify that the EF process 
involved the transformation of Mn3+/Mn4+, which played a vital role in 
the activation of H2O2 to form ROS (Eq. (10)). In summary, there was a 
prominent synergistic effect between the Mn2O3 anode and ACF cathode 
in the EF system to effectively produce •OH and •O2

− , which has greatly 
accelerated the cyanide mineralization performance. 

3.5. Mineralization mechanism of cyanides 

In the EF system, 92.9% of CN− could be transformed into NO3
−
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within 120 min Fig. 1b), different from the previous reports that the 
transformation products of CN− in the AOPs were only CNO− (Table S4). 
In order to explore whether the formation of NO3

− derived from the 
subsequent conversion of CNO− intermediates (Eqs. (1)–((3)), we 
selected potassium cyanate (KCNO) as the pollutant in place of CN− in 
the EF system. Since the conversion of CNO− is critically dependent on 
the alkalinity of the system Koo et al., 2021), the variation of the pH 
value during the EF process was monitored firstly. As shown in Fig. S19 
in the SI, the initial pH value of the ferricyanide solution was adjusted to 
12.00. After photolysis, the pH value dropped to 11.50, lower than the 
pKa of H2O2/HO2

− (11.62) (Cochemé et al., 2012). After 120 min of EF 
reaction, the pH value declined to 9.82. Subsequently, the oxidation 
products of CNO− in the EF system with different initial concentrations 
(10 ppm and 30 ppm) were investigated at pH values of 9.82 and 11.50, 
respectively. As shown in Table S5 in the SI, although CNO− could hy-
drolyze in the EF system, the formations of NO3

− were all less than 0.3% 
after 120 min of reaction under different initial concentrations and pH 
values, demonstrating that CNO− could not be converted to NO3

− in the 
EF system. Therefore, it can be concluded that the fast conversion be-
tween CN− and NO3

− in the EF system did not occur via CNO− inter-
mediate, which is different from the traditional mineralization path of 
CN− (Eqs. (1)–((3)). Hence, a new mechanism should be proposed to 
explain the transformation of CN− into NO3

− in the EF system. 
To study the effect of •OH and •O2

− on the mineralization of CN− , 
excess Ar gas, p-BQ or IPA were added to the EF system, respectively. As 

shown in Fig. 3 and Table S6, under continuous bubbling of Ar gas, CN−

was converted to CNO− (93.8%) and NH3/NH4
+ (6.2%) in the EF sys-

tem, indicating that the conversion between CN− and NO3
− could not be 

realized in the absence of ROS. In this case, CN− was electrostatically 
attracted to the anode surface and was oxidized to CNO− through direct 
electron transfer, which could be observed from the CV curve of the EF/ 
Ar system with CN− (Fig. S20 in the SI). Besides, the same phenomenon 
could be observed after adding excess p-BQ. CN− was converted to 
CNO− (90.9%) and NH3/NH4

+ (9.1%) with no NO3
− generating. 

Because the active species was derived from the further conversion of 
•O2

− , CN− could only be oxidized through direct electron transfer once 
•O2

− was quenched. Furthermore, after the addition of excess IPA in the 
EF system, only •O2

− could exist and the oxidation products of CN− were 
CNO− (41.9%), NO3

− (49.4%), NO2
− (3.0%), and NH3/NH4

+ (5.7%), 
which reveals that •O2

− played a decisive role in the conversion between 
CN− and NO3

− . Moreover, without adding p-BQ, IPA and Ar gas, both 
•OH and •O2

− existed and CN− could be more effectively transformed 
into NO3

− (92.9%) and NH3/NH4
+ (7.1%) in the EF system, much su-

perior to the system only containing •O2
− . As reported that CN− could be 

preferentially activated into •CN by •OH (Zhao et al., 2015), N-tert-bu-
tyl-α-phenylnitrone (PBN) was added to the EF system to capture the 
possible formed •CN, and the addition-products were detected through 
the Mass spectrum (Qin et al., 2020). As shown in Figs. 3b and S21, 
before the reaction, the m/z 178.12 (M+1) and 122.06 (M+1) were 
attributed to the raw PBN and the benzaldehyde oxime (the 

Fig. 3. (a) Oxidation products of cyanide in the different systems; (b) Mass spectrum of PBN during the cyanide mineralization process in the EF and EF/IPA system; 
(c) Possible pathways for the transformation of •CN to NO3

− with •O2
− . Reaction conditions: [CN− ] = 1.35 mM, [IPA] = [BQ] = 20 mM, [PBN] = 10 mM, [Na2SO4] 

= 100 mM, bias potential = 2.5 V, initial pH = 11.50, T = 298 K. 
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decomposition product of PBN), respectively (Imaram et al., 2010). With 
the EF reaction progress, a low peak at 204.12 (M+1) was present and it 
was assigned to the PBN-CN adducts, indicating that •CN can be 
generated in the EF system. However, when excess IPA was added, the 
peak of PBN-CN adducts was not detected, confirming that CN− could 
not be activated into •CN by •O2

− or electron. Compared with CN− , •CN 
is in an electron-deficient state and has higher activity, resulting in that 
it is more inclined to react with electron-donor •O2

− to impede its 
self-quenching, avoiding the formation of CNO− and facilitating the 
efficient mineralization of CN− . Therefore, there was a prominent syn-
ergistic effect between •OH and •O2

− in the EF system, which subverted 
the traditional mineralization path of CN− . 

Density functional theory (DFT) calculations were further introduced 
to better understand the mechanism of cyanide mineralization syner-
gistically mediated by •O2

− and •OH. Details of the calculations are 
present in Text S4 in the SI. Full geometry optimizations in the aqueous 
solution were performed to locate all the stationary points, using the 
M062X method with the def2tzvpp basis set for all atoms and all ge-
ometry calculations were performed with the Gaussian 09 program. Due 
to the difference in redox potential, •OH is the strong electron acceptor, 
while •O2

− is the electron donor. Therefore, free cyanides can be pref-
erentially activated into electron-deficient •CN by •OH through electron 
transfer (consistent with Fig. 3b), without transition state (TS) or energy 
barrier. Subsequently, •O2

− reacts with the generated •CN via nucleo-
philic addition to prevent the self-quenching of •CN. The detailed re-
action pathway of •CN and •O2

− is shown in Fig. 3c and the transition 
states are listed in Table S7. Firstly, •O2

− preferentially nucleophilically 
attacked the carbon on the •CN to form intermediate 1 (IM1). Therein, 
the oxygen in IM1, which was not involved in the bonding, dissociates 
and then nucleophilically attacked the C atom to form a C-O bond (IM2). 
Secondly, another •O2

− was introduced and attacked the nitrogen of IM2 
to form IM3. The other oxygen in IM3, which was not involved in the 
bonding, would then nucleophilically attack the nitrogen to form an N-O 
bond (IM4). Due to the difference in electronegativity of carbon, nitro-
gen and oxygen, the carbon atom would be in an electron-deficient state 

and an electron would be released during the formation of the N-O bond. 
The C-N bond in IM4 was cleaved to produce NO2

− and •CO2
− (IM5). 

Thirdly, •O2
− was introduced and attacked the nitrogen of NO2

− to form 
IM6. The other oxygen in IM6, which was not involved in the bonding, 
then nucleophilically attacked the •CO2

− and the O-O bond on TS7 was 
broken, eventually forming NO3

− and CO3
2− . 0.032 mM of NO2

− were 
detected in the EF/IPA system, whereas in EF systems, NO2

− was quickly 
converted into NO3

− (Fig. 3a), resulting from the presence of more •O2
−

(Fig. S22 in the SI). As shown in Fig. S23, the energy profiles of the 
nucleophilic addition reveal that the conversion between IM3 and IM4 is 
the rate-limiting step of the entire nucleophilic addition process, and the 
activation energy required for the reaction of •O2

− and •CN is 46.0 kcal 
mol− 1, suggesting that the nucleophilic addition of •CN with •O2

− is 
energetically feasible. 

In summary, the mineralization mechanism of CN− in the EF system 
is summarized as follows: CN− first reacts with •OH to generate •CN (Eq. 
(4)). Subsequently, •CN undergoes nucleophilic addition with •O2

− to be 
rapidly converted to NO3

− (Eq. (14)), avoiding the self-quenching of •CN 
and achieving the efficient mineralization of CN− .  

•CN + 3•O2
− → NO3

− + CO3
2− (14)  

3.6. Treatment of actual ferricyanide eluent 

To confirm the practical application of this novel EF system, the 
actual eluent of the cyanide residue was used as the treatment object. 
The composition of the cyanide residue provided by the Zhaojin Group 
(Shandong, China) is shown in Table S8 in the SI. Besides, the elution 
method of cyanide residue is presented in Text S5 in the SI and the eluent 
with ferricyanide was obtained. The composition of the eluent is shown 
in Table S9. Firstly, the eluent was treated by photolysis. As shown in 
Fig. 4a, the 106 mg iron sludge could be recycled and the free cyanide 
concentration increased from 33.4 to 321.9 mg/L after photolysis. 
Moreover, the concentration of free cyanide was similar to that of total 

Fig. 4. (a) Schematic diagram of actual cyanide residue pretreatment; (b) Cyanide removal performance in the EF system; (c) Distribution of the products after the EF 
reaction for 10 h. 
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cyanide, indicating that all metal-cyanide complexes were converted to 
free cyanide. The solution of free cyanide was transferred to the EF 
system. As shown in Fig. 4b, about 99.4% of CN− was removed after 10 h 
of EF reaction. The oxidation products of CN− were detected and about 
70.02% of CN− was converted to NO3

− and 29.98% of CN− was trans-
formed to NH3 after subtracting the initial concentration of NO3

− and 
NH3 (Fig. 4c). And NH3 was derived from CNO− that was formed mainly 
due to excessive UV radiation in the photolysis process, which could be 
avoided by optimizing the UV irradiation time. In conclusion, the EF 
system combined with UV photolysis pretreatment was able to effec-
tively achieve mineralization of the actual ferricyanide eluent, indi-
cating that the EF system has good potential for treating actual cyanide- 
containing effluents. 

4. Conclusion 

In the traditional methods of CN− mineralization, the inhibition of 
HCN evolution and the efficient hydrolysis of CNO− intermediate cannot 
be simultaneously achieved, where CNO− with toxicity was the only 
conversion product of CN− but not NO3

− . In this study, we developed a 
novel Electro-Fenton system to simultaneously generate •OH and •O2

− , 
realizing efficient mineralization of CN− released by the photolysis of 
ferricyanide. In contrast to the traditional CN− conversion pathway, a 
new mineralization mechanism has been proposed in the EF system. 
Noteworthily, CN− was activated into electron-deficient •CN by •OH 
preferentially, and then the •CN intermediate reacted with •O2

− via 
nucleophilic addition to rapidly form NO3

- in the novel EF system. Be-
sides, the entire reaction process was carried out under strongly alkaline 
conditions, effectively preventing the formation of highly toxic HCN. 
Moreover, this strategy shows the feasibility of the practical application, 
which can realize the effective mineralization of the actual cyanide 
residue eluent. The present work develops a novel pathway of CN−

mineralization to form NO3
− but not CNO− and opens a new avenue to 

invent good technologies for highly efficient treatment of effluents 
contaminated with cyanides and cyanocomplexes. 
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