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Typical organophosphorus pesticides, such as glyphosate, trichlorfon, and ethephon, are
widely used nowadays, and the treatment of their production wastewater is difficult to
achieve by conventional water treatment methods. A Cu/Fe bimetallic system has been
proposed as a viable technology to treat toxic and refractory pollutants. The performance
of the system with different pH, Cu/Fe molar ratios, Cu/Fe dosages, and initial glyphosate
concentrations was analyzed to investigate the operational factors affecting glyphosate
removal by the Cu/Fe bimetallic system. Acidic pH (2.0), 250 g/L Cu/Fe dosage, 0.25%
Cu/Fe, and 60 mg/L initial glyphosate concentration were the appropriate conditions for
glyphosate removal, in which the efficiency of the system was in accordance with the
pseudo-second-order kinetic model. Under this condition, the removal efficiencies of total
phosphorus and total organic carbon reached 99 and 65%, respectively. The Fe/Cu
bimetal surface was characterized by scanning electron microscopy, energy-dispersive
X-ray spectroscopy, X-ray diffraction, and Fourier transform infrared spectroscopy. The
optimal conditions for glyphosate decomposition were applied to the treatment of
trichlorfon and ethephon. The removal efficiency of the system was poor, but its
toxicity to luminescent bacteria Q67 was remarkably reduced.

Keywords: organophosphorus pesticides, Cu/Fe bimetallic, glyphosate, reduction, operational factors, toxicity

1 INTRODUCTION

Organophosphorus pesticides are widely used in agricultural production (Fu et al., 2022) due to
low toxicity and high efficiency. According to the roles, they are categorized into herbicides,
insecticides, plant growth regulators, and others. Commonly used glyphosate, trichlorfon and
ethephon, are broad-spectrum and non-selective typical organophosphorus pesticides (Tian
et al., 2016; Dubois et al., 2018), which are widely used in agriculture, forestry, orchards, and
gardens. For example, glyphosate can effectively control 76 of the world’s 78 harmful weeds
(Wang et al., 2006; Hansen and Roslev, 2016). However, due to the excessive use of
organophosphorus pesticides in the environment, some harmful effects have been reported
for plants, animals and agricultural production. Besides, they can be transferred into water
environment through runoff resulting their frequent detection in the aqueous environment
(Ajiboye et al., 2022). The concentration of glyphosate in natural water bodies were reported to
range from 0.01 to 0.7 mg/L, and it may reach 1.7-5.2 mg/L in worst-case scenarios such as direct
application or accidental spills (Peruzzo et al, 2008; Annett et al, 2014). The applied
concentration of trichlorfon in ponds to eradicate ectoparasites range between 0.1 and
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1.0 mg/L (Ma et al,, 2018). Ethephon concentrations in the
aqueous environment are rarely reported, but the residual level
in plant origin samples reached as high as 4.5 mg/kg (Gormez
et al., 2021).

Methods for treating wastewater from organophosphorus
pesticide production include physicochemical treatment,
chemical oxidation and biological treatment. For example,
porous materials such as activated carbon (Mailler et al., 2016)
and clay-biochar composite (Rallet et al., 2022) are used in the
adsorption treatment of glyphosate. Besides, glyphosate and its
degradation products, including aminomethylphosphonic acid,
were reported to be adsorbed to mineral surface through
coordination of both the carboxyl and phosphonic group
(Khoury et al., 2010). Degradation of glyphosate is driven by
primarily oxidation using minerals (Paudel et al., 2015), mineral-
activated carbon composite (Cui et al., 2012), UV-photo-
oxidation (Jaisi et al., 2016) or electrochemical degradation
(Aquino Neto and de Andrade, 2009). The degradation
pathways include the C-N bond cleavage pathway with
aminomethylphosphonic acid as the main product, and the
C-P bond cleavage pathway with the formation of sarcosine
and glycine accompanied by phosphoric acid formation
(Grandcoin et al., 2017; la Cecilia and Maggi, 2018).

However, existing methods are limited due to the complex
composition of organophosphorus pesticide production
wastewater, which contains organophosphorus by-products
and metal ions (Saleh et al., 2020). Biochemical treatment is
ineffective because of the presence of toxic and non-
biodegradable components in the wastewater (Badawy et al,
2006). Physicochemical treatment, such as adsorption method,
requires an acidic environment, and existing adsorbents have no
selectivity for pesticides. The treatment effect is likely affected by
the competitive effect with metal ions and anions, such as PO,
and NO;  (Feng et al, 2020; Mostafa et al, 2021). The
coagulation sedimentation method has high operating cost,
produces a large amount of sludge for disposal, and is only
used in the pretreatment process of organophosphorus
pesticide wastewater. Advanced oxidation technology, such as
Fenton method, has high degradation rate and simple operation,
but its use is limited by acidic conditions, which increases the cost
of water treatment. Moreover, Fenton method produces a large
amount of iron-containing sludge (Ameta et al., 2018).

The Cu/Fe bimetallic system is constructed using copper as the
inert electrode and plated on the surface of zero-value iron to
form a galvanic battery (Xiong et al., 2017). This system is a cost-
effective technology (Shahmahdi et al., 2020) with adaptability to
a wider pH range (Lai et al., 2014). The Cu/Fe bimetallic system
has been used to treat toxic and refractory pollutants (Xiong et al.,
2015), including azo dye (Trujillo-Reyes et al, 2012),
organochlorine compound (Ghauch and Tugan, 2008; Chen
et al., 2018), nitrobenzene and aromatic compounds (Lai et al.,
2014), and nitrate (Shubair et al., 2018). The influencing factors of
the system’s operation, including Fe dosage, initial pH, initial
pollutant concentration, temperature, and the Cu/Fe molar ratio
have been studied and reported by previous researches (Lai et al.,
2016; Huong et al., 2021). The mechanism of removal by the Cu/
Fe bimetallic system is complex and includes the direct reduction

Cu/Fe Bimetallic Treat Organophosphorus Pesticides

by Fe’; the indirect reduction by ®H generated from H" at the
cathode surface (Xiong et al, 2017); and the adsorption,
flocculation, and precipitation of iron hydroxides (Huong
et al., 2021).

The feasibility of removing organophosphorus pesticides
remains a challenge for Cu/Fe bimetallic system. In this work,
a Cu/Fe bimetallic system with optimum operating parameters
was established to realize efficient removal of glyphosate.
Treatment performance and toxicity reduction were evaluated
by treating trichlorfon and ethephon in the same system.

2 MATERIALS AND METHODS

2.1 Reagents

Glyphosate (analytical grade, J&K Scientific), ethephon (40%;
Shanghai HuaYi Group HuaYuan Chemical Industry Co., Ltd.),
and trichlorfon (30%, Shuyang Guoxiang Seedling and
Gardening Farm) were separately dissolved and diluted into
different concentrations to serve as the artificial pesticide
wastewater. All the chemical reagents used were analytical
grade or above. Ultrapure water (18.2 MQ cm) was used for
dissolution and dilution in the experiments.

2.2 Cu/Fe Bimetallic Material Preparation
and Characterization

Waste iron shavings are usually selected as zero-value iron
materials owing to its good economic benefit (Shahmahdi
et al., 2020). In this study, iron shavings were obtained
from 20CrMoTi steel of a metal machinery plant. It was
been pretreated to remove the oil and other impurities on
the surface according to Li (Li et al., 2018). The modified iron
shavings were added into CuSO, solution according to desired
Cu/Fe molar ratios. Then the iron shavings after pretreatment
were added into CuSO4 solution according to the desired Cu/
Fe molar ratios to form the Cu/Fe bimetallic. Then it was
freeze-dried under vacuum to use.

The Cu/Fe bimetal was freeze-dried under vacuum. Scanning
electron microscopy (SEM) images were obtained using a field-
emission scanning electron microscope (Jeol JSM-6360LV, Japan) to
visually observe the changes in surface morphology. Electron-
dispersive X-ray spectroscopy (EDS) images made by an energy-
dispersive spectrometer (EDAX, Falcon, United States) was used to
analyze the main element composition of the surface of the iron
fillers. X-ray diffraction (XRD) images made by a powder
diffractometer (Bruker, D8 Advance, Germany) was used to
analyze the changes in the crystallinity of the surface of the iron
fillers. Fourier transform infrared spectrometry (FTIR; Thermo
Electron, Nicolet 5700, United States) was used to analyze the
bonding state of the groups when glyphosate or its degradation
products were complexed with the metal.

2.3 Experimental Procedures

2.3.1 Optimization of the Cu/Fe Bimetallic System
Different dosages of Cu/Fe (62.5, 125, 187.5, and 250 g/L)
bimetallic material with the desired Cu/Fe molar ratio (0.1,
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FIGURE 1 | SEM and EDS images of the Cu/Fe bimetallic system (A) before and (B) after reaction.
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FIGURE 2 | XRD results of the Cu/Fe bimetallic surface after reaction.
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FIGURE 3| FTIR image of the precipitate in the Cu/Fe bimetallic system.

0.25, and 0.5%) were added to the glyphosate solution (initial
concentrations of 30, 60, 90, and 120 mg/L). The initial
solution pH was adjusted to 2.0, 7.0, and 12.0 using H,SO,
(1.0 mol/L) and NaOH (1.0 mol/L). Experiments were
conducted in a 500 ml conical flask at 120 rpm and 25°C for
240 min. Three replicates of samples were collected at 0, 15, 30,
60, 120, 180, and 240min and filtered by 0.45um
polyethersulfone syringe filter for analysis.

2.3.2 Treatment of Other Pesticides by the Cu/Fe
Bimetallic System

Based on the study of the operational factors, the pH, Cu/Fe
dosage, and Cu/Fe molar ratio with the best treatment
performance were selected to treat ethephon solution with a
mass fraction of 2% and trichlorfon solution with a mass
fraction of 3%. The shaking conditions and duration were the
same as those for glyphosate treatment.

2.4 Analytical Methods

Total phosphorus (TP) was determined by alkaline potassium
persulfate digestion and molybdenum antimony anti-
spectrophotometry. Total iron and ferrous iron ions were
determined by o-phenanthroline spectrophotometry. Total
organic carbon (TOC) was determined by a TOC analyzer
(Tsushima, TOC-L CPH CN200, Japan).

Glyphosate was mostly measured by high-performance
liquid chromatography (HPLC) with a derivatization
protocol (Pimenta et al., 2020), which used phosphate or
borate buffer solution (Nedelkoska and Low, 2004; Kim
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FIGURE 4 | Glyphosate removal efficiency of the Cu/Fe bimetallic system with different (A) initial pH, (B) Cu/Fe molar ratios, (C) Cu/Fe dosages, and (D) initial

etal., 2007). However, in this study, Cu/Fe bimetallic was used
to treat glyphosate, and a large amount of dissolved iron ions
would be generated during the experiment. Phosphate forms
precipitation with iron ions, which will block the column if not
pretreated. Therefore, ion chromatography (Zhu et al., 1999)
was selected for glyphosate determination in this study using
the following chromatography conditions: column, Dionex
ICS-900; inhibition current, 84 mA; mobile phase, 28 mmol/
L NaOH; flow rate, 1.0 ml/min.

2.5 Toxicity Test

Luminescent bacteria can serve as good indicators for toxic
substrates and have been widely used in detecting pesticide
residues (Jian et al, 2017). Luminescence inhibition assays
were conducted using Vibrio qinghaiensis sp. Q67 as the
luminescent ~ bacteria  to  investigate = whether  the
biodegradability of pesticide wastewater improved after
treatment. Twelve concentration gradients were designed as
geometric series with a dilution factor of 0.7 (Liu et al., 2009).
The relative light units of various concentrations of pesticide and
controls to Q67 were determined on a Veritas™ luminometer
(Turner BioSystems, Inc., United States). The toxicity of a
treatment to Q67 was expressed as an inhibition ratio of
bioluminescence, which is calculated as follows:

I,—-1
Inhibition ratio = -2

x 100% (1)

0

where I is an average of the relative light units of the controls
(distilled water) and I is an average of the relative light units of the
treatments with an identical concentration of pesticide.

3 RESULTS AND DISCUSSION

3.1 Characterization of Cu/Fe Bimetal

The SEM image (Figure 1) shows that the surface of the Cu/Fe
bimetal before the reaction was relatively smooth with smaller
protruding particles, more uniform particle size, and fewer
pores and cracks. Similar results were observed in other studies
(Bransfield et al., 2007; Lai et al., 2014). The content of metallic
iron was 83.2%, and the content of oxygen was very little. After
the reaction, many protrusions were formed on the surface of
the Cu/Fe bimetal, and the small particles aggregated into
clumps of different sizes, making the surface rough and
uneven. The content of metallic iron was 73.02%, and the
content of oxygen rose up to 22.02%. Therefore, a large
amount of iron oxides/hydroxides were produced during
the reaction and covered the metal iron surface.

The XRD results of the Cu/Fe bimetallic surface after the
reaction are shown in Figure 2. The crystal phases of oxides on
the surface of the Cu/Fe bimetal include the crystal structures of
magnetite, hematite, goethite, and leucoside. The formation of
Fe;(PO,),(OH), was detected, which proved that glyphosate
degradation underwent the C-P bond cleavage pathway as
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FIGURE 7 | (A) TP and (B) TOC removal from two organophosphorus
pesticides by the Cu/Fe bimetallic system.

shown in Equation 2, and the reaction was made go forwards due
to the formation of precipitation of Fe(Il, III) and
PO,* (Priambodo et al., 2017).

Equation 2 Degradation of glyphosate by C-P bond cleavage

QO gy 9 o 9 2
— + POs~
HO’ZE/N\/U\OH /N\)kOH

(2)
Fe’* + PO, — Fe; (POy),,K,, = 107* (3)
Fe’* + PO, — FePO,,K,, =107 (4)

Figure 3 shows the infrared spectrum of the precipitate after
the reaction of the Cu/Fe bimetallic system. The high-frequency
region (~3,300 cm ') is the stretching vibration absorption band
of -OH or H,O in the hydrate, and the wavenumber
1700-1,300 cm™" is the carboxyl group (-COO-), amine group
(-NH,), methylene group (-CH,), and carbon skeleton (-C-C-)
vibration absorption band. The four absorption peaks at
1,200-950 cm ™" represent the stretching vibration of ~-P-O- in
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-PO,(OFe)-. The results of the spectrogram showed the presence
of iron ion-organic complexes containing crystal water and iron
(hydro)oxides in the precipitate. Glyphosate molecule contains
negatively charged ligands (amine group, carboxyl group, and
phosphonic acid group), leading to adsorption of glyphosate on
mineral surfaces through surface complexation, and even
coadsorption with Cu(Il) at the mineral interface (Sheals et al.,
2003; Yang et al., 2018). Iron hydroxides such as goethite and
ferrihydrite can also adsorb glyphosate in acidic or neutral
medium (Orcelli et al.,, 2018; Pereira et al., 2019), although the
sorption amount of glyphosate decreased because the pH
increased in the Cu/Fe bimetallic system.

3.2 Operational Factors of Glyphosate

Removal by Cu/Fe Bimetal System

According to Figure 4A, the glyphosate removal efficiency of the
Cu/Fe bimetal system reached 90% after 4 h of reaction in acidic
(pH 2.0) medium. Organophosphorus pesticide molecules were
removed in the Cu/Fe bimetallic system as the result of the direct
reduction of Fe and the indirect reduction of eH, and the

Cu/Fe Bimetallic Treat Organophosphorus Pesticides

treatment efficiency of both gradually weakened with
increasing pH (Lai et al, 2014). Besides, acidic media
enhanced the surface activation rate of Fe and make the
plating process more efficient (Ghauch and Tugan, 2008).
Therefore, the glyphosate removal efficiency of the Cu/Fe
bimetallic system decreased to 60% (pH 7.0) and 40% (pH
11.0) after 4h with the increase in pH. The initial pH of the
solution without pH adjustment was 3.5 and the medium
remained acidic or weakly acidic throughout the reaction
(Figure 6); therefore, adjusting the solution pH for the follow-
up experiments was not necessary.

Figure 4B shows that the removal efficiency rose when the Cu/
Fe molar ratio increased from 0.1 to 0.25%. The reason for the
improvement is that the amount of Cu attached to the surface of
the iron shavings increased, forming more Cu-Fe galvanic
corrosion cells on the material surface (Lai et al., 2014; Chen
etal.,, 2018), and the reduction effect was enhanced. However, the
treatment effect decreased when the Cu/Fe molar rate reached
0.5%. The contribution of Cu on the reduction benefits from
facilitating the generation of surface-bond atomic hydrogen
(Bransfield et al., 2006). However, when the produced Cu was
excessive, the reaction sites on the Fe’ surface of the anode in the
Cu-Fe galvanic cell are excessively occupied by Cu, which reduces
the direct contact between the metal iron and the glyphosate and
results in a decrease in mass transfer rate and poor treatment
effect. A similar phenomenon of excess ratio of Cu/Fe was
observed in a previous study (Chen et al, 2018). Therefore,
the molar ratio of 0.25% was selected in the follow-up
experiments for subsequent study.

Figure 4C shows that the amount of Cu/Fe bimetal has a positive
effect on glyphosate removal. The removal efficiency was only about
50% after 4 h of reaction when the amount of Cu/Fe was 62.5 g/L but
rose up to 88.2% when the amount of Cu/Fe increased to 250 g/L.
Therefore, the glyphosate removal efficiency was easily enhanced by
increasing the bimetal dose, which increases the available surface
area for adsorption and reaction sites (Guan et al., 2015). However,
when the dose was increased from 200 to 250 g/L, the enhancement
of the removal performance was not obvious because of the
limitation of glyphosate. Therefore, the dosage of 250 g/L was
selected for the follow-up experiment.

The removal efficiency decreased slightly with the increase in
initial glyphosate concentration as shown in Figure 4D. The
glyphosate removal efficiencies of the Cu/Fe bimetallic system at
all tested initial concentrations were between 75 and 85% after 4 h
of reaction. A glyphosate solution with an initial concentration of
60 mg/L was selected for the follow-up experiments. The mass
fraction of glyphosate was reported to be less than 2% (Dai et al.,
2013; Shen et al., 2013) in production wastewater, which further
decreases after recycling, so the initial concentration selected is
close to the actual concentration.

3.3 Treatment Performance and Kinetics

The removal efficiencies of TP and TOC by the Cu/Fe bimetallic
system after 3h of reaction were 99 and 65%, respectively
(Figure 5A). The Cu/Fe bimetallic system showed reaction
equilibrium at 2 h. Almost all organics containing phosphonic
acid groups were removed from the solution and the removal
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efficiency of TP was much higher than that of TOC, which
indicates that glyphosate was not completely mineralized by
the Cu/Fe bimetallic system.

Based on the previous discussion on the influence factors of
the Cu/Fe bimetallic system for treating glyphosate, the optimum
experimental conditions (Cu/Fe dosage, 250g/L; initial
glyphosate concentration, 60 mg/L, and Cu/Fe molar ratio,
0.25%) were selected to study the kinetics of the reaction.
Reaction kinetic curve fitting was realized through the “non-
linear curve fit” module in Origin 2022. The correlation
coefficient (R®) of the second-order reaction kinetics was
higher than that of the first-order reaction kinetics
(Figure 5B). Therefore, the pseudo-second-order reaction
model better describes the removal process of glyphosate in
bimetallic systems. The reaction system was multiphase and
mechanism including redox reaction,
precipitation, and surface adsorption.

involved various

3.4 Changes in pH and Fe®* Concentration
The initial pH of the reaction system was 3.5 (Figure 6), which
rose rapidly to 5.4 after 30 min of reaction and increase slowly
from 5.4 to 6.3 in the next 90 min. The pH value was stable at
about 6.3 after 4 h. Glyphosate degradation in acidic solution
occurs through the direct reduction of metallic iron and electron
reduction in the cathode region of the corrosion cell. The metal
iron is oxidized and dissolved as a result of the reaction; therefore,
the dissolved iron concentration in the solution gradually
increases. This process is a reaction that consumes H, and a
secondary electrochemical corrosion of metallic iron occurred.
Therefore, the pH of the solution rose slowly.

Fe’ — Fe** + 2e” (5)
H +e — eH (6)

Another proton consumption process is the oxidation of Fe**
into Fe’*, which has a strong ability to bind to hydroxide ions and
precipitate when the pH is 2.7. Therefore, Fe(OH); was formed
under the pH of the reaction system. This process results in a
decrease in the concentration of dissolved iron in the solution.
Moreover, the reaction process consumes OH™ in the solution;
therefore, the pH value of the solution will not continue to rise
and finally stabilize in a weak alkaline environment.

3.5 Treatment of Other Pesticides by the Cu/

Fe Bimetallic System

The removal efficiencies of the TP and TOC of ethephon by the
Cu/Fe bimetals was between 40 and 50% at the reaction time of 4
h, respectively (Figure 7), and the trend of reaction equilibrium at
this time was not observed in the figure. This result indicates that
a higher removal efficiency is expected for engineering
applications. The treatment performance for trichlorfon was
even lower with a TP removal efficiency of approximately
20%. The poor treatment effect of trichlorfon may be
attributed to the difficulty of degrading trichlorfon as an ester-
containing phosphorus (Bai et al, 2010; Tian et al, 2016),

Cu/Fe Bimetallic Treat Organophosphorus Pesticides

whereas glyphosate-containing phosphonic acid groups and its
main intermediate product as phosphate are more easily adsorbed
or precipitated by metals.

The dose-response relationship of several pesticides also fits
the Weibull and Logit nonlinear functions (Scholze et al., 2001;
Liu et al., 2009). The dose-response curves of ethephon to Q67
were also effectively described by the Weibull function using the
“non-linear curve fit” module in Origin 2022 (Figure 8). After
ethephon was treated with the Cu/Fe bimetal for 4h, the
inhibition of luminescence was weakened compared with that
before the reaction, which indicates an increase in
bioluminescence intensity and the decrease in solution toxicity.
The concentration-luminescence inhibition relationship of
trichlorfon was not consistently in accord with the Weibull
model (the fitting curves of low and high concentrations with
0.24 mg/L as the boundary show different trends), but it still
indicates that the inhibition rate was reduced after 4h of
treatment with the Cu/Fe bimetal.

4 CONCLUSION

The appropriate conditions of the Cu/Fe bimetallic system for
treating glyphosate were as follows: acidic initial medium,
25% Cu/Fe ratio, 250 g/L Cu/Fu dosage, and 60 mg/L initial
glyphosate concentration. The removal of glyphosate was in
accordance with the pseudo-second-order kinetic model, and
removal efficiency reached 99% because of the reduction and
adsorption of the Cu/Fe bimetal. During treatment, the pH of
the solution increased from 3.5 to 6.3 accompanied by the
dissolution and oxidation of Fe ions. The toxicity of other
organophosphorus pesticides, such as ethephon and
trichlorfon, can be effectively reduced by the Cu/Fe
bimetal, but the treatment efficiency needs to be improved
(Bransfield et al., 2006).
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