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Abstract: The Electro-Fenton (E-Fenton) technique has shown great potential in wastewater treatment,
while the sustainable and continuing supply of Fe2+ remains challenging. Herein, we demonstrate
the construction of a novel E-Fenton system by magnetically decorating zero-valent iron (ZVI)
onto a RuO2-IrO2/Ti (ZVI-RuO2-IrO2/Ti) electrode for high-efficient treatment of pharmaceutical
wastewater, which is considerably refractory and harmful to conventional biological processes. By
using ZVI as a durable source of Fe(II) irons, 78.69% of COD and 76.40% of TOC may be rapidly
removed by the developed ZVI-RuO2-IrO2/Ti electrode, while the ZVI-RuO2-IrO2/Ti electrode
using ZVI only reduces 35.64% of COD under optimized conditions at initial COD and TOC values
of 5500 mg/L and 4300 mg/L, respectively. Moreover, the increase in BOD5/COD from 0.21 to
0.52 highlights the enhanced biodegradability of the treated effluent. The analysis of a simultaneously
formed precipitation on electrodes suggests that the coagulation process dominated by Fe3+/Fe2+

also plays a non-negligible role in pharmaceutical wastewater treatment. In addition, the monitoring
of the evolution of nitrogen elements and the formation of by-products in the E-Fenton process
verifies its great capacity toward those organic pollutants found in pharmaceutical wastewater. Our
study offers a practical solution for enhancing the performance of E-Fenton systems, and effectively
treating refractory pharmaceutical wastewater.

Keywords: electro-oxidation; zero-valent iron; pharmaceutical wastewater; E-Fenton process

1. Introduction

Due to the rapidly increased consumption of pharmaceuticals in recent years, pharma-
ceutical effluent has been threatening both ecosystems and human health via accumulation
in the environment and the food chain if it is not well treated [1–3]. Residue organic pol-
lutant components in pharmaceutical effluent, such as harmful antibiotics and hormones,
are usually difficult to destroy and/or mineralize [4]. On the other hand, pharmaceutical
effluent shows high chemical oxygen demand (COD) and total organic carbon (TOC) val-
ues, and poor biodegradability, rendering conventional biological wastewater treatment
useless [5]. Therefore, it is of great importance to develop an effective but low-cost method
for treating pharmaceutical effluent [6,7].
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Advanced oxidation processes (AOPs) are considered an efficient technology for en-
hancing the biodegradability of pharmaceutical wastewater prior to biological treatment
by generating strong oxidizing agents, such as hydroxyl radicals (·OH) and sulfate radicals
(SO4

−) [8–10]. Hydroxyl radical-based AOPs such as Fenton/Fenton-like, E-Fenton, ozona-
tion, and photocatalysis processes show promise in destroying toxic pharmaceuticals [3,11].
Among them, E-Fenton, coupling the chemical Fenton process with electrochemistry, has
shown great potential for treating refractory wastewater due to its strong oxidation capacity,
lower installation costs and easy operation [12]. In the E-Fenton process, the in-situ formed
or added hydrogen peroxide (H2O2) may be converted into a large amount of unselective
·OH by the presence of Fe2+ [13,14]. As shown in Equations (1)–(3), the Fe2+ regenerating
at the cathode through Equation (3) enables the rapid decomposition of H2O2 into highly
reactive ·OH [15,16], where the regeneration efficiency of Fe2+ and decomposition of H2O2
play significant roles in the E-Fenton process [17].Besides, the high efficiency of the electro-
chemical process relies on the electrochemical properties of the anode materials [18]. As a
powerful anodic oxidation material, boron-doped diamond (BDD) electrodes have been
extensively used and investigated in the context on organic wastewater treatment [19–21].
However, due to the high cost of BDD, it is imperative to develop a potential alternative
anode with low cost and easy fabrication.

O2 + 2H+ +2e− → H2O2 (1)

Fe2+ + H2O2 → Fe3+ + ·OH + OH− (2)

Fe3+ +e− → Fe2+ (3)

On the other hand, much effort has been made to improving the in-situ H2O2 forma-
tion performance of cathodes by designing various catalytic electrode materials [22,23]. For
instance, the high efficiency treatment (98% Rhodamine B removal) of simulated organic
wastewater was achieved in an E-Fenton system with a graphene/graphite-based gas
diffusion electrode [24]. Aiming to enhance in-situ H2O2 production, a graphene modified
carbon felt cathode was fabricated for the E-Fenton process, in which 75% of the antineo-
plastic drug used for cancer treatment could be totally mineralized [25]. Inspired by the
function of photocatalysis, Orimolade et al., investigated the mineralization of paraceta-
mol by coupling a cathodic E-Fenton process and an anodic photoelectrochemical system,
obtaining 71% TOC removal efficiency [26]. However, the overall treatment efficiency of
developed E-Fenton systems remains at a relatively slow kinetic state with short-term
operation ability because the presence of Fe2+ is unsustainable.

As an environmental friendly material, zero-valent iron (ZVI) is considered an avail-
able source of Fe2+ for emerging environmental applications [27]. ZVI is able to release
Fe2+ and avoid the rapid depletion of Fe2+ by reducing Fe3+ to Fe2+ via a rapid electron
transfer [28]. The feasibility of using magnetically decorated ZVI as the source of Fe2+,
which is also an important factor in the E-Fenton process, has rarely been studied. More-
over, most E-Fenton processes are evaluated using synthetic organic wastewater and the
treatment of real pharmaceutical wastewater has barely been reported [16]. Meanwhile,
electrocoagulation, relying on the generated iron hydroxide aggregates for flocculation
under an external electric field [29], is another important process when using the elec-
trochemical oxidation method. Electrocoagulation exhibits high removal efficiency for
suspended solids as well as total phosphorus (TP). For instance, a pure iron anode is a
common electrocoagulation anode material [30]. As an anode in the E-Fenton process,
ZVI may be converted to Fe2+/Fe3+ for initiating effective coagulation to synergistically
remove pollutants.

In this study, a TiO2-RuO2 coated titanium anode was employed as a model electrode
for magnetically decorating ZVI in E-Fenton systems, aiming to improve the treatment
efficiency of real pharmaceutical effluent. The ZVI-RuO2-IrO2/Ti composite electrode was
firstly constructed for the E-Fenton process, whose capacity towards real pharmaceutical
effluent treatment was systematically evaluated in terms of COD and TOC removal and
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biodegradability. Specifically, the effects of operational parameters (i.e., initial pH, applied
voltage, and ZVI dosage) on the efficiency of COD and TOC removal were examined. A
control experiment was conducted by degrading tetracycline (TC) to test the ability of
the E-Fenton process to degrade specific pharmaceutical compounds. The fluorescence
method was employed to detect the ·OH concentration of the E-Fenton system. Fluores-
cence excitation-emission matrix (EEM) spectra were measured to analyze the degradation
efficiency of organic substances in the effluent. Scanning electron microscopy-energy
dispersive spectrometry (SEM-EDS), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) were employed to investigate the characteristics of the precipitation on
the constructed electrode. The possible by-products of the organic pollutants were detected
by gas chromatography-mass spectrometry (GC-MS).

2. Materials and Characterizations
2.1. Materials

All the chemicals used in this study were of analytical purity and purchased from
Aladdin Chemical Co., Ltd. (Shanghai, China). Deionized water was used in all the ex-
periments except the real pharmaceutical-wastewater-treatment tests. The micro-scale
zero-valent iron powder (>99.9%) and graphite plates were purchased from Qinghe Chuan-
jia Welding Material Co., Ltd. (Xingtai, China) and Qingdao Baofeng Graphite Co., Ltd.
(QingDao, China), respectively. The RuO2-IrO2/Ti plate was obtained from Qinghe Yunx-
uan Metal Materials Co., Ltd. (Xingtai, China). The mass ratio of Ru to Ir on the surface of
the titanium plate approximately 8:2. The pharmaceutical wastewater was obtained from
the sewage pool of YuMei Biological Technology Co., Ltd. (Hangzhou, China) and was
stored at 4 ◦C in polyethylene containers. Before treatment, the wastewater was subjected
to a thorough quality analysis and the results are summarized in Table 1.

Table 1. Main characteristics of the raw pharmaceutical wastewater used in this study.

Parameters Values Average

COD 5388–6292 mg/L 5840 mg/L
TOC 4154–4720 mg/L 4437 mg/L

BOD5 1190–2300 mg/L 1945 mg/L
BOD5/COD 0.21–0.35 mg/L 0.28 mg/L

Cl− 0.10–0.18 mg/L 0.14 mg/L
TP 2.26–2.72 mg/L 2.49 mg/L

Phosphates 1.98–2.51 mg/L 2.25 mg/L
TN 396–422 mg/L 409 mg/L

NO3
− 9.2–11.0 mg/L 10.1 mg/L

NO2
− <0.016 mg/L <0.016 mg/L

NH4
+ 66.38–75.28 mg/L 70.83 mg/L

pH 4.69–4.86 4.77
Fe <0.1 µg/L <0.1 µg/L
Cu <0.1 µg/L <0.1 µg/L

Conductivity 2.25–2.28 mS/cm 2.26 mS/cm

2.2. Analysis and Characterization Methods

COD and TOC were analyzed using a Rapid COD analyzer (Lianhua Technology,
Taizhou, China, 5B-3F) and a Liqui TOC II (Elementar) analyzer, respectively. The COD and
TOC removal efficiency was calculated using Equation (4). The BOD5 for all the samples
was determined by the standard dilution and seeding method [31]. The pH of the samples
was adjusted to 7.0 before adding the inoculum solution. The BOD5 measurement was
carried out at a temperature of 20 ◦C with the inorganic nutrient solution in a dark location
for 5 days. The nutrient solution contained the following mineral (g/L) according to the
method: MgSO4·7H2O, 22.5; CaCl2, 27.5; FeCl3, 0.15; NH4Cl, 2.0; Na2HPO4, 6.80; KH2PO4,
2.80. A 10 mg/L solution of N-allylthiourea was used as a nitrification inhibitor (2 mL
per diluted sample) [32]. In the control experiment, the nutrient solution was replaced by
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glutamic acid (150 mg/L) and glucose (150 mg/L) in the blank solution to eliminate the
impact of the nitrification inhibitor and the nutrients. The sample was substituted by water
in the blank solution and the other conditions were unchanged [33]. The concentration of
ammonia–nitrogen was determined by the salicylic acid spectrophotometry method (HJ
536-2009) and (TU-1901). The concentrations of NO2

− and NO3
− were detected by ion

chromatography (PuriMaster 5000). The total nitrogen (TN) was determined by the alkaline
potassium persulfate digestion–UV spectrophotometric method. The Cl− concentration
was determined using the standard silver nitrate titration method.

The EEM spectra of the raw wastewater and treated sample were recorded on a
fluorescence spectrophotometer (F-4600, Hitachi, Japan) using a 3-dimensional model.
The XRD patterns of the resultant precipitate were recorded using a DX-2700 (Dandong
Haoyuan Instrument) diffractometer with monochromatic Cu Ka irradiation in the 2θ
angular regions between 10 ◦and 80 ◦. The surface morphology, atomic composition,
and distribution of the precipitate were measured by a scanning electron microscope
equipped with SEM/EDS (Inspect F50, FEI). XPS was carried using an X-ray photoelectron
spectrometer (K-Alpha, Thermo Fisher Scientific, Shanghai, China). The identification of
specific drugs in the pharmaceutical wastewater and byproducts during E-Fenton treatment
was performed by a GC (Agilent 7890B)-MS (Agilent 5977A) with the Agilent 19091N-
213. The analytical procedures included the following: the samples were extracted with
ethyl acetate and then filtered by a 0.45 µm membrane. The pressure of the nitrogen
carrier gas was set to 100 kPa. The temperatures of injector and detector were 220 ◦C and
280 ◦C, respectively. The column temperature was initially held at 60 ◦C for 2 min, and
was subsequently increased to 180 ◦C at 15 ◦C min−1, and then increased to 280 ◦C at
40 ◦C min−1, with the final temperature being held for 10 min. The mass spectra of the
peaks were compared with the GC-MS database with a standard library (NIST05).

COD or TOC removal efficiency =
C0 − Ct

C0
× 100% (4)

where C0 and Ct correspond to the initial COD/TOC concentration and the concentration
after a period of time, respectively.

The concentration of ·OH produced in the E-Fenton reactor was obtained by measur-
ing the generated fluorescent results from the selective reaction of coumarin with the ·OH
electro-generated species. The fluorescence intensities were measured using a spectrofluo-
rometer (GB 11893-89, China) with a 456 nm wavelength, and the concentration of ·OH
was calculated based on the curve of the standard concentration [34]. The concentration
of TC was determined after the sample was filtered with a 0.45 µm membrane under the
condition of a spectrophotometer with a 355 nm wavelength. The concentration of TP was
determined by ammonium molybdate spectrophotometry with a vertical pressure steam
sterilizer (GB/T 11893-1989). The concentration of phosphates was determined accord-
ing to standards of HJ84-2016. The NH4

+-N concentration was determined by salicylic
acid–hypochlorite spectrophotometry. The samples were filled through micron membrane
filtration before the above detection. The pH solution was monitored and adjusted using a
digital pH meter (METTLER TOLEDO).

2.3. Experimental Setup and Operation

In the current study, a mixed metal oxide (TiO2-RuO2) coated titanium anode was
employed in an electrochemical system [35]. Ti/TiO2-RuO2 and Ti/TiO2-RuO2-IrO2 anodes
were used in electrochemical treatment and efficient TOC removal was achieved at an
appreciable cost [36]. In the constructed E-Fenton system, the anode was constructed by
magnetically adsorbing a certain amount of ZVI powder (0.8/1.0/1.2/1.4 g/L) onto 16 cm2

(4 cm × 4 cm) area of a RuO2-IrO2/Ti plate. The ZVI powder was anchored on the surface
of the RuO2-IrO2/Ti plate through a 5 × 10 × 0.5 cm sintered NdFeB magnet (surface
magnetic field strength 2000 GS). A photographic image of the electrodes in the E-Fenton
system is shown in Figure S1. The graphite plate was used as the cathode. The composite
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anode was attached to the wall of the glass and the cathode was placed in a parallel position
to the anode with an inter-electrode gap of 2 cm.

All the batch experiments were performed in a 0.8 L open undivided cell at room
temperature (T = 298 ± 2 K) filled with 500 mL of pharmaceutical wastewater containing
0.05 M sodium sulfate. The pH was adjusted to a desired value (i.e., 2, 3, and 4) by adding
1 M H2SO4 solutions. The experiments were performed under an invariant voltage mode
(constant current voltage). The electrodes were connected to a digital DC power supply
(MAISHENG MS-3010D) providing current and voltage in the ranges of 0–10 A and 0–30 V,
respectively. Homogenization of the solutions was assured by continuous stirring using an
electric stirrer with Teflon coating rabble at 30 rpm in all the experiments. The experimental
setup is shown in Figure 1. In each experiment, H2O2 (concentration of 11.15 mol/L) was
added externally into the solution (at an average rate of 1.08 mL/L·h). After turning on
the electric stirrer, the treatment was initiated under the constant voltage condition. At the
desired time, water samples were collected for analysis.

Figure 1. Schematic diagram of the experimental setup.

3. Results and Discussion
3.1. Influencing Factors of the Constructed Novel E-Fenton System
3.1.1. Initial pH Value

The impact of the initial pH value on the COD and TOC removal was evaluated by
varying the initial pH value from 2 to 4 in the treatment experiments. It may be seen from
Figure 2a,b that the initial pH value had a significant effect on the removal efficiency of
COD and TOC in the E-Fenton process. The reduction of COD and TOC reached 65.71%
and 57.39%, respectively after 12 h operation at an initial pH of 2.0. However, as the pH
increased from 2.0 to 4.0, the COD and TOC removal decreased to 26.50% and 21.94%,
respectively, which was much lower than that at a pH of 2.0.

The initial pH value may influence the E-Fenton reaction as the pH affects the con-
centration of Fe2+, the formation of precipitate, and redox cycling between 2+ and 3+
states of iron. Relatively low pH values enhance the transformation from Fe3+ to Fe2+ and
reduce Fe(OH)3 precipitation. In addition, high Fe2+ concentrations improve the overall
treatment efficiency because they act as an activator to promote the H2O2 decomposition
into ·OH [37,38]. It may be observed that the generation rates of reddish-brown precipitates
accelerated with the increase in the pH value during the E-Fenton process. The Fe3+ in the
precipitate is hardly reconverted into Fe2+, which compromises the Fe2+/H2O2 ratio for
continuing ·OH generation.
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Figure 2. Effect of initial pH (a,b), (c,d) the dosage of ZVI, and the applied voltage (e,f) on COD and
TOC removal percentage for the 500 mL solution.

In Figure S2, the pH value of the treated solution increases during the whole reac-
tion, probably leading to a lower efficiency. The concentration of Fe3+ decreases since it
turns into hydroxyl ([Fe(OH)]2+, [Fe(OH)2]+, and [Fe(OH)]4+) and hydroperoxy complexes
([Fe(OH2)2]+ and [Fe(OH)(HO2)]+) at a relative high pH of 4.0. At a higher pH value, Fe3+

ions more readily form precipitates such as Fe(OH)3, decreasing the free Fe2+ ions that may
react with H2O2 and have a negative impact on the ·OH formation [39]. In addition, the
pH value may influence the formation and decomposition rate of H2O2, which determines
the production of radical ·OH [40]. Therefore, it is suggested to adjust the anaerobic di-
gestion wastewater to a pH of 2.0 when applying the Fenton process for maximizing the
treatment efficiency.

3.1.2. ZVI Dosage

The ratio of Fe2+/H2O2 plays a crucial role in the removal rate of pollutants and the
optimal ratio exhibits differing behavior in treating different types of wastewater [41].
To optimize the E-Fenton treatment process of the designed system, the COD and TOC
removal efficiency of pharmaceutical wastewater was evaluated by varying the dosage of
the initial ZVI (e.g., 0.8, 1.0, 1.2, and 1.4 g/L) under the same electro-chemical conditions
(3 V at pH of 2). In batch experiments, H2O2 was added into the solution at an average
rate of 1.08 mL/L·h. Before each experiment, the ZVI powder was combined with the
anode plate and was consumed completely after the reaction (12 h). As may be seen in
Figure 2c,d, an increase in the initial ZVI dosage from 0.8 g/L to 1.2 g/L may improve
the degradation efficiency in terms of COD and TOC removal. The COD removal reached
51.04%, 53.97%, and 65.71%, respectively, while the TOC removal reached 42.26%, 49.33%,
and 57.39%, respectively at 12 h. However, when the ZVI dosage rose to 1.4 g/L, the COD
and TOC removal decreased to 57.93%, and 50.08%, respectively.

The ferrous ion proved to have a significant effect in the E-Fenton process as it cat-
alyzes the decomposition of H2O2 into ·OH (Equation (3)). Therefore, an insufficient Fe2+
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concentration would prevent the formation of ·OH and H2O2 would accumulate, which
undermines the degradation efficiency of refractory organics in the pharmaceutical wastew-
ater. On the other hand, when the iron dosage was increased to 1.4 g/L, the concentration
of ferrous ions in the system was so high that ·OH would be inevitably consumed by Fe2+

via Equation (5). Such a reaction competes over the organic pollutant degradation in the
pharmaceutical wastewater by ·OH. In addition, the Fe2+ ions would turn into Fe3+ ions
after reacting with ·OH, which is inactive for H2O2 decomposition. Therefore, the ·OH con-
centration would decrease if the Fe2+ concentration is too high and the removal efficiency
of COD and TOC would be limited [37,41,42]. Therefore, a moderate Fe/H2O2 molar ratio
favored the COD oxidation process in this study. The optimal dosage of ZVI was 1.2 g/L,
while the ZVI/H2O2 molar ratio was 0.747:1 (a H2O2 concentration of 11.15 mol/L at rate
of 0.27 mL/L·h).

Fe2+ + ·OH→ Fe3++OH− (5)

3.1.3. Applied Voltage

The ZVI was uniformly coated on the surface of the RuO2-IrO2/Ti plate with a needle
shape area of 12 cm2 after applying the magnetic field. It was difficult to accurately
calculate the surface area and current density of the ZVI-RuO2-IrO2/Ti anode; therefore,
this experiment was performed at a constant voltage mode. The influence of applied
voltage, one of the key parameters in the E-Fenton process, on the treatment efficiency was
investigated by changing it from 3 to10 V. It may be observed from Figure 2e,f that the
higher the applied voltage, the better the TOC removal, without the existence of an optimal
threshold value. The COD removal was 65.71%, 71.50%, 75.91%, and 78.69% while the TOC
removal was 57.39%, 63.32%, 73.06%, and 76.40% at applied voltages of 3 V, 5 V, 8 V, and 10 V,
respectively. Such differences in the treatment efficiency at various applied voltages were
attributed to the accelerated electron transfer and promoted oxygen reduction reactions
with the increase in applied potential, thereby promoting organic substance oxidation [43].
Moreover, the electrode reactions and removal rates were significantly improved due
to the increased amounts of electrogenerated hydrogen peroxide, resulting in a higher
production of ·OH [44,45]. When the applied voltage rose to 8 V, the COD removal showed
a slight increase.

Energy consumption is one of the main components of the total cost, especially in
electrochemical processes. The energy consumption (E) of the E-Fenton processes at
voltages of 3 V, 5 V, 8 V, and 10 V were calculated from Equation (6) and the results are
shown in Table S1. Although it is clear that the COD and TOC removal efficiency using
a voltage of 10 V outperformed that of 3 V, the energy consumption would also be much
higher, which would somehow undermine the treatment potential. Besides, a low energy
consumption approach would be suitable for engineering treatment of wastewater in line
with the recent “dual control of energy consumption” policy declared by the Chinese
government. Regarding the net-cost and feasibility, we selected 3 V as the optimal voltage
in the further studies, which considers both the cost and treatment efficiency.

E
(

kWh/m3
)
=

VIt
v

(6)

where V (volt) is the potential difference, I (A) is the applied current, t is the reaction time
(h), and v (m3) is the volume of wastewater.

3.1.4. Na2SO4 Concentration

Figure 3a,b illustrates the removal efficiency of COD and TOC at different Na2SO4
concentrations in the wastewater (0, 0.025, and 0.050 mol/L). In batch experiments, the
applied voltage was 3 V, the initial pH was 2.0, and the ZVI dosage was 1.2 g/L. The COD
and TOC removal efficiency was 49.88% and 41.78%, respectively after 12 h treatment when
Na2SO4 was 0 mol/L, which was lower than that of 0.025 mol/L (65.71% of COD and
57.39% of TOC). When the concentration of Na2SO4 was increased to 0.050 mol/L, the COD
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and TOC removal efficiency increased slightly. The concentration of Na2SO4 affects the
conductivity of the solution, which limits the oxidation efficiency of the E-Fenton process.
A value of 0.025 mol/L was selected as the optimal Na2SO4 concentration as a higher
dosage of Na2SO4 results in almost unchanged removal.

Figure 3. (a,b) Effect of the Na2SO4 concentration on the COD and TOC removal percentage. (c,d) The
kinetics of COD and TOC removal at different voltages. (e,f). The TP concentration changes with
time and the NH3-N, nitrate and TN concentrations change with time.

3.2. Kinetics of COD and TOC Removal

To understand the kinetics of COD and TOC removal in the E-Fenton process, the
experimental data at different voltages were fitted with pseudo zero, pseudo-first, or
pseudo-second order kinetics. In the removal of COD and TOC, the pseudo-first order
kinetic model fitted the experimental data better than both the pseudo-zero order and
pseudo second order kinetic models. As shown in Figure 3c,d, the pseudo-first order rate
constant increased with increased voltage. The rate constants are shown in Table S2 in the
supporting information. The removal efficiency was expressed as the equation:

dC
dt

= −kC (7)

After integration, the above equation gave:

ln
(

C0

Ct

)
= kt (8)

where C0 and Ct correspond to the initial COD/TOC concentration and the concentration
after a period of time, respectively.
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3.3. Overall Treatment Efficiency under Optimal Conditions
3.3.1. Total Phosphorous Removal

As shown in Table 1, the content of TP was 2.03–2.69 mg/L, which was higher than
the prescribed discharge standard (China) with the value of 0.5 mg/L (GB 18918-2002).
The phosphate concentration was detected to be 2.51 mg/L, while the TP was 2.69 mg/L,
indicating that most of the P element exists in the form of phosphates in the pharmaceutical
wastewater. The concentrations of TP during the E-Fenton treatment are shown in Figure 3e.
In the experiment, the applied voltage was 3 V, the initial pH was 2.0, the ZVI dosage was
1.2 g/L, and the Na2SO4 concentration was 0.025 mol/L. The TP removal efficiency was
above 90% after 3 h and was nearly 100% after 12 h of treatment. The removal performance
of TP was high in the E-Fenton process as the phosphate was trapped by Fe3+ via the
formation of an iron phosphate precipitate (Equation (9)). Moreover, the low concentration
of organophosphorus in the pharmaceutical wastewater may be oxidized to phosphate
under the combined action of ions and radical ·OH [44].

Fe3++HnPO4
(3−n)− → FePO4 ↓ +nH+ (9)

3.3.2. Transformation of Nitrogen and Its Species

The transformation of nitrogen during the degradation process was investigated to
analyze the nitrogen conversion of the E-Fenton system. The degradation of organics
was accompanied by the formation of ammonium ions and nitrate. Figure 3f presents in
nitrogen (mainly in the form of nitrates, NO3

−, and ammonium ions, NH4
+) concentrations

under optimal conditions (the applied voltage was 3 V, the initial pH was 2.0, the ZVI
dosage was 1.2 g/L, and the Na2SO4 concentration was 0.025 mol/L). The concentration of
ammonia–nitrogen (NH3-N) increased from 69.1 to 147.7 mg/L in 12 h, corresponding to the
production of ammonium ions during oxidative ring opening of aromatic intermediates [46].
Moreover, the decrease in NO3

− from 11.7 to 2.95 mg/L indicated that the nitrates may
be transformed into gaseous nitrogen species during the E-Fenton process [47]. The TN
declined from 419 to 329 mg N/L at the end of electrolysis, indicating that a small part
of the organic nitrogen was volatilized in the form of NOx, N2, and chloramines during
the mixing [46,48]. Because of the high concentration of ammonia nitrogen, it is necessary
to combine the E-Fenton process with a biological method to remove the NH3-N. In
the application of industrial pharmaceutical wastewater treatment, physical and chemical
methods are always employed to pretreat wastewater and biological methods are combined
for deep treatment.

3.3.3. Removal Performance of Tetracycline

As a broad-spectrum antimicrobial-activity antibiotic, tetracycline (TC) plays a vital
role in human healthcare and husbandry [49]. A control experiment was conducted by
degrading TC (conditions: initial pH = 2.0, applied voltage = 3 V, iron powder = 1.2 g/L,
Na2SO4 concentration = 0.025 mol/L) to test the ability of the E-Fenton process ton degrade
specific pharmaceutical compounds. The removal efficiency of TC is shown in Figure S3.
For the TC solution with an initial concentration of 100 mg/L, the removal rate reached
85.6% and 98.8% after 1 and 2 h reaction, respectively, which showed great performance in
terms of TC removal. The results compared with those of the TC degradation efficiency
obtained by other reports using E-Fenton are shown in Table S3 [50–52]. Although a high
mineralization rate of TC was achieved on the BDD anode, it makes great sense to employee
replacement cost-effective electrodes considering the equipment costs [53].

3.4. Biodegradability Analysis

The BOD5/COD ratio that represents the biodegradability of wastewater was mea-
sured to determine the feasibility of biological pretreatment for the treated pharmaceutical
wastewater subjected to the E-Fenton ment. AOPs have been generally proposed as aux-
iliary methods to condition refractory wastewater as pre- or post-treatment in order to
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degrade bio-recalcitrant pollutants [54,55]. As shown in Figure 4a, the raw wastewater
had a BOD5/COD ratio of 0.21, which was lower than the general biodegradability thresh-
old (0.4) for biological treatment [56]. After 6 h of treatment in the E-Fenton process, the
wastewater became easily biodegradable with a BOD5/COD ratio of 0.45, which was higher
than the threshold. After 6 h treatment in the E-Fenton process, the wastewater became
easily biodegradable with a BOD5/COD ratio of 0.45, which was higher than the threshold.
After 12 h treatment, the biodegradability of the effluent increased to 0.52. Therefore, the
designed E-Fenton system has the potential for use as the pretreatment of pharmaceutical
wastewater to ensure the feasibility of subsequent biological units. Since engineering
factors such as the pH value, nutrients, temperature, and nitrification are vital for the BOD5
results, future studies are needed to uncover the specific influences of these factors on the
BOD5 values.

Figure 4. (a) Changes in the BOD5/COD ratio over treatment time; (b) Reusability of the anode
material; (c) COD removal percentage changes in four treatment models: AO-H2O2, AO-ZVI, CF-ZVI,
and E-Fenton processes. (d) Changes in the·OH concentration. Conditions: initial pH = 2.0, applied
voltage = 3 V, iron powder = 1.2 g/L, Na2SO4 concentration = 0.025 mol/L.

3.5. Reusability of Anode Material

One of the advantages of using the RuO2-IrO2/Ti electrode is its reusability. Based
on the degradation conditions with an initial pH of 2.0, an applied voltage of 10 V, an
iron dosage of 1.2 g/L, and a Na2SO4 concentration of 0.025 mol/L, the durability of the
anode was evaluated in the pharmaceutical wastewater treatment. As shown in Figure 4b,
the final removal rate of COD showed almost no reduction in five cycles of degradation,
indicating the good stability and reusability of the anode material in the E-Fenton system.

3.6. Treatment Mechanism Clarifications
3.6.1. Role of Additional H2O2

Control experiments were performed in different systems to explore the role of the
additional H2O2 and ZVI in the system. In the anodic oxidation–H2O2 (AO-H2O2) process,
no ZVI was anchored on the anode plate. Carbon felt (CF) has a larger surface area than
graphite and is commonly used in typical E-Fenton systems [57]. In the CF-ZVI process,
CF was used instead of graphite as the cathode with no additional H2O2. Moreover, no
H2O2 was added in the anodic oxidation-ZVI (AO-ZVI) process. The other conditions
of the AO-H2O2 and AO-ZVI processes were consistent with the E-Fenton process. The
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AO-H2O2 process was used to clarify the sole role of H2O2 in pollutant degradation in the
system without ZVI. In this case, the COD was removed mainly by the oxidation function
of H2O2 itself. The COD removal efficiency of batch experiments is shown in Table S4
and Figure 4c. In the E-Fenton process, the COD removal reached 65.71% of treatment
while only 18.48% of COD was removed in the absence of ZVI. The COD removal efficiency
was 35.64% and 38.70% in the CF-ZVI and AO-ZVI process, respectively, confirming
that coagulation impacted the apparent COD removal rate [58]. This indicated that high
contaminant removal is not achievable when the H2O2 acts alone without iron power.
The COD removal efficiency of CF-ZVI was higher than AO-ZVI because the CF cathode
helped to generate ·OH during electrolysis to degrade part of the organics [59]. Moreover,
the selected pharmaceutical wastewater is hard to treat so the COD removal efficiency
of CF-ZVI was not able to reach the ideal level. This observation suggests that the ·OH
formed by external H2O2 decomposition in the E-Fenton process played a crucial role in
the organic degradation/mineralization.

3.6.2. The Concentration of ·OH

The ·OH concentrations detected by the fluorescence method of the E-Fenton system
are shown in Figure 4d. In the first hour of the reaction, the ·OH concentration reached
maximum values of 5.25 µmol/L, which represents a high level compared with those
obtained by other authors using E-Fenton and coumarin as a probe molecule [60–62]. The
·OH concentration rapidly decreased to 2.12 µmol/L due to the decomposition of the added
H2O2. The ·OH concentration increased to 2.70 µmol/L, which could have been related to
the conversion between Fe3+ and Fe2+. This result further proves the dominant role of ·OH
formed by the addition H2O2 and that the generation of ·OH is controlled by the presence
of H2O2 and Fe2+ [63].

3.6.3. Three-Dimensional Fluorescence Analysis

Figure 5a depicts the detailed three-dimensional fluorescence spectra of the phar-
maceutical wastewater before and after treatment with the E-Fenton systems (conditions:
initial pH = 2.0, applied voltage = 3 V, iron powder = 1.2 g/L, Na2SO4 concentration
= 0.025 mol/L). Three main fluorescence peaks were observed in the spectrum of the
untreated sample: Peak A (Ex/Em around 240/350 nm) was detected region I, and corre-
sponded to aromatic-like proteins [64]; Peak B (Ex/Em at around 275/355 nm) was detected
in region III, and was assigned to protein that was rich in tryptophan [65]; and peak C
(Ex/Em around 290/350 nm) shown in region III was ascribed to humic acid-like sub-
stances [66]. After treatment in the E-Fenton system for 12 h, the fluorescence intensities of
these three peaks were clearly reduced, as shown in Figure 5b. The humic-like substances,
aromatic-like proteins, and tryptophan may be effectively degraded by the constructed
experiment. This demonstrates that most of the organic substance may be removed with
the E-Fenton process.

Figure 5. Three-dimensional-EEM spectra of (a) the pharmaceutical wastewater and (b) the
treated sample.
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3.6.4. Precipitate Characterization

To further explore the electrocoagulation mechanism of TP and organic substance
degradation, the morphology and elemental composition of the precipitate were inves-
tigated by scanning electron microscopy equipped with energy dispersive spectrometry
(SEM-EDS) and a SEM magnification of 10,000. As shown in Figure 6a, the collected precip-
itation had an irregular shape with a rough and uncompact surface. It is observed from the
EDS elemental mapping images (Figure 6b) that the precipitation contained S (2.59%), C
(4.28%), N (0.76%), O (38.77%), Fe (51.94%), and P (1.66%). It may be confirmed that metal
hydroxides served mainly as a coagulant both for adsorbing some of the organics and for
removing phosphorus via the synergistic coagulation process with E-Fenton.

Figure 6. SEM image (a) and elemental maps (b) of the precipitate after treatment. Conditions: initial
pH = 2, applied voltage = 3 V, iron powder = 1.2 g, Na2SO4 concentration = 0.025 mol/L.

The crystalline structure and composition of the precipitation were identified by
X-ray diffraction (XRD) patterns (Figure S4). It may be observed that the sample has an
amorphous nature with no distinct characteristic peaks, which may indicate the presence of
iron oxides. The detection of iron oxides is not easy due to their amorphous structure [67].
Further analysis of the precipitation was then performed by XPS. Figure 7a shows the XPS
survey spectrum and Figure 7b–f shows the high-resolution XPS spectra of each element
present in the precipitate (C 1s, Fe 2p, N 1s, S 2p, P 2p, and O 1s). In Figure 7b, three
peaks at 284.8, 286.7 and 288.7 eV are assigned to C-C, C=O, and C-O=C, respectively. The
presence of C highlights the adsorption of some organic compounds by precipitates during
the coagulation process [68]. The O1 s spectra (Figure 7c) may be deconvoluted into three
peaks at 530.1, 531.8 and 534.3 eV, respectively. The peaks at 531.8 eV and 534.3 eV are
attributed to Si-O and adsorbed molecular water (H-O-H), respectively [69,70]. The peak
at 530.1 eV represented the metal–oxygen bonds, in agreement with the presence of iron
hydroxides [71]. Figure 7d shows four clear satellite peaks and that the distance between
Fe 2p3/2 and Fe 2p1/2 was 13.6 eV. The appearance of peaks of 712.0 eV and 725.4 eV
represents Fe(II) while the others at 714.8 eV and 725.4 eV belonged to Fe(III), indicating the
coexistence of Fe(II)/Fe(III) on the precipitate after the E-Fenton process [70]. As shown
in Figure 7f, the peaks at 132.8 eV and 133.8 eV correspond to +3 and +5 of phosphorus,
respectively, which indicates the presence of HPO3

2− and HPO4
2− on the surface of the

precipitation [72]. The S element on the precipitation (Figure 7e) may be ascribed to the
added electrolyte (Na2SO4).
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Figure 7. XPS spectra of the surface elements of the precipitate after treatment: (a) survey spectrum,
(b) C element, (c) O element, (d) Fe element, (e) S element, and (f) P element. Conditions: initial
pH = 2, applied voltage = 3 V, iron powder = 1.2 g/L, Na2SO4 concentration = 0.025 mol/L. The black
lines refer to the raw data of XPS while the colored lines refer to the deconvoluted peaks.

According to Figure 4c, in the AO-ZVI process (no additional H2O2), the COD removal
efficiency was 35.64%. It can be speculated that electrocoagulation can remove a part of
the organic substances in the system. The XPS spectra (Figure 7) show the presence of
HPO3

2−/HPO4
2− and Fe(II)/Fe(III) on the surface of the precipitate after the reaction,

which indicates that the iron flocculant produced by dissolved anodic is able to remove the
pollutants. This proves that the electrocoagulation process had high efficiency in terms of
phosphate removal in this system. In the constructed E-Fenton system, refractory organic
pollutants were mainly degraded by the combination of ·OH and electrocoagulation [44].

3.6.5. Byproducts and Possible Degradation Pathway

To gain insight into the possible degradation mechanism, intermediates generated
in the E-Fenton process were monitored by GC-MS. Five organic compounds verified
in the raw wastewater are presented in Table 2. The chromatogram patterns of the five
organic compounds are shown in Figure S5. The pyrazoles are important intermediates
for the synthesis of various heterocyclic compounds and have a wide range of applica-
tions in pharmaceutical synthesis [73]. The polydimethylsiloxanes may serve as the active
pharmaceutical ingredient, the excipient, or the matrix in the drug delivery system. The
pharmaceutical formulations formed with silicon dioxide may eliminate foam and elim-
inate flatulence as well as other stomach ailments [74]. Synthetic phenolic antioxidants
(SPAs) have been extensively applied in a variety of products including cosmetics, plastics,
pharmaceuticals, and foodstuffs. As one type of SPA, 2,2′-methylenebis (6-tert-butyl-
4-methylphenol)(AO2246) was reported to have apparent reproductive toxicity [75–77].
Moreover, AO2246 has larger aquatic toxicities than hydroxyanisole, butylated hydroxy-
toluene, and tert-butyl hydroquinone [75].
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Table 2. Five organic compounds verified in the raw wastewater detected by GC-MS.

Molecular Structures Substance Names Retention Time (Min)

5-(3-nitrophenyl)-2-phenyl-2,4-dihydro-3H-
pyrazol-3-one 6.021

Decamethylcyclopentasiloxane 7.950

6,6′-methylenebis(2-(tert-butyl)-4-
methylphenol) 13.545

2,2,4,4,6,6,8,8,10,10,12,12,14,14,16,16,18,18-
octadecamethyl-1,3,5,7,9,11,13,15,17-nonaoxa-
2,4,6,8,10,12,14,16,18-nonasilacyclooctadecane

14.095

10,13-dimethyl-7,8,9,10,11,12,13,14,15,16-
decahydrospiro[cyclopenta[a]phenanthrene-

17,2′-oxetane]-3,3′(6H)-dione
15.995

Although not all compounds were identified in the 12 h treatment since the organic
species were changeable, many organic compounds are detectable by GC-MS [78]. Informa-
tion on the by-products detected by GC-MS after the E-Fenton process (conditions: initial
pH = 2.0, applied voltage = 3 V, iron powder = 1.2 g/L, Na2SO4 concentration = 0.025 mol/L)
is shown in Table S5. According to the molecular structures of the detected intermedi-
ates, the possible degradation pathway is proposed in Figure 8. The high-molecule cyclic
polydimethylsiloxanes and aromatic substances were degraded after the reaction. It may
be speculated that the formation of long-chain organic intermediates was a result of ring-
opening and chain-breaking effects on macromolecular organic compounds. High-level
organic compounds were oxidized into low-molecular weight organic compounds such
as 2-(dimethylamino)acetaldehyde, 2-hydroxyethyl acetate, pyrrolidine-2,5-dione, and o-
xylene during the E-Fenton process. A part of these intermediates was further transformed
into NOx and N2, escaping from the E-Fenton system according to the above analysis.
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Figure 8. Proposed mineralization pathway followed by the main organic pollutants found in the
actual pharmaceutical wastewater.

4. Conclusions

In summary, we demonstrated the successful construction of a novel E-Fenton system
by magnetically decorating ZVI onto a RuO2-IrO2/Ti electrode, enabling the high-efficient
treatment of pharmaceutical wastewater due to the unique role of ZVI in the continuing
supply of Fe(II) ions. Refractory organic pollutants in the wastewater were rapidly de-
stroyed and mineralized in the novel E-Fenton system by the generated ·OH, while the
conventional system showed a weaker ability to improve the biodegradability. The experi-
mental results showed that decreasing the initial pH value, raising the applied voltage, and
increasing the ZVI dosage had significant positive effects on COD and TOC removal. In
addition, our constructed E-Fenton system also allowed for quick (12 h) and thorough TP
removal (almost 100%) by the precipitation of phosphate with iron ions under the optimal
conditions. Conversely, this system exhibited a moderate total nitrogen transformation
capacity despite 74.8% of the nitrates being reduced into other nitrogen species and a part
of nitrogen being removed in the form of N2. This work highlights the great practicability
potential of the novel constructed E-Fenton system for refractory and toxic pharmaceu-
tical wastewater treatment. In the future, cathode materials efficiently producing H2O2
will be explored to reduce the dosage of H2O2. The development of E-Fenton reactors
with a larger capacity will also be given more attention for the application of industrial
wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14071044/s1, Figure S1: The photographic image of the electrodes
in the E-Fenton system; Figure S2: pH changes of the solution at initial pH of 2.0, 3.0 and 4.0.
Conditions: applied voltage = 3 V, iron powder = 1.2 g/L; Figure S3: The removal efficiency of
TC changes with time. Conditions: initial pH = 2.0, applied voltage = 3 V, iron powder = 1.2 g/L;
Figure S4: XRD patterns of the precipitation sample after the treatment; Figure S5: The chromatograms
and five organic compounds patterns of the raw pharmaceutical wastewater; Table S1: Energy
consumption and removal efficiency of COD and TOC at different voltages; Table S2: The pseudo-
first order rate constants of different voltages; Table S3: The removal efficiency of TC compared with
other studies; Table S4: The COD removal efficiency of batch experiments; Table S5: The GC-MS
results of the by-products during the wastewater treatment.
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