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Abstract 

BACKGROUND: The aim of this work is to adapt the electrochemical reduction of 

AlachlorTM, using Ag-modified Ni foam electrodes to environmental applications.  In this 

context, preparative electrolyses of AlachlorTM were performed in a flow electrochemical cell 

in different electrolytic media. 

RESULTS: The highest catalytic activity towards the reduction of AlachlorTM was obtained 

in 0.05 mol L-1 NaOH, with a conversion yield of 93%. The dechlorination yield of 

AlachlorTM estimated from the Cl- concentration was 77%, significantly lower than its 

conversion yield, but higher than the yield of deschloroalachlor (69%), the main 

dehalogenated by-product, indicating the presence of other by-products. 

CONCLUSIONS: A total reduction of AlachlorTM was achieved in conditions adapted to 

environmental applications, showing that this process can be used for dechlorination 

treatment of AlachlorTM in aqueous media. Although a high dechlorination yield was 
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obtained, biodegradability estimated from BOD5 measurements remained low, showing that 

the C-Cl bond is not the only functional group that is responsible for the biorecalcitrance of 

AlachlorTM. 

INTRODUCTION 

Chloroacetanilide herbicides are a relatively old class of herbicides used to control the growth 

of weeds in corn, cotton, peanuts, dry beans/peas, sunflower, soybeans and several other 

crops. In this class of herbicides, AlachlorTM, AcetochlorTM, MetolachlorTM and PropachlorTM 

are the most used compounds in commercial formulations. Due to their extensive usage and to 

their solubility in water they have been frequently detected in soil and surface and ground 

waters.1-6 This is particularly worrying since chloroacetanilides toxicity has already been 

reported7, 8 as well as their probable carcinogenicity.9, 10 

Since chloroacetanilide herbicides are persistent and not readily biodegradable, their 

degradation by physico-chemical processes has been widely investigated 11-19. Among them, 

the reductive dechlorination of chloroacetanilide herbicides seems to be particularly relevant 

since it is a selective and well-controlled process and it is likely to increase their 

biodegradability since chloro-groups are often responsible of the biorecalcitrance of 

substrates.20 

Most of the chlorinated molecules can be directly reduced on cathodes but at very cathodic 

potentials close to the reduction of water.21, 22 This results in hydrogen evolution, preventing 

sometimes an efficient reduction of the compound. Therefore, electrodes with catalytic 

properties allowing the reductive dechlorination at less cathodic potentials are required. The 

electrocatalytic reduction of the C-Cl bond can be achieved on electrodes modified with 

organometallic catalysts or with metals.18, 23-25 Among the different metals that have been 

studied, silver has been the subject of many investigations since it presents a high 
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electrocatalytic activity towards the reduction of carbon-chlorine bonds. This property has 

been attributed to its high electrophilicity due to specific interactions of the C-Cl bond with 

silver that lowers the driving force of the electron transfer.26 Many studies deal with aqueous 

medium to achieve degradation of environmental pollutants such as chlorinated solvents and 

pesticides.27-31 Thus, silver cathodes have shown good catalytic activity towards the 

dechlorination of solvents such as polychloromethanes, polychloroethanes, and 

polychloroethylenes.28, 29, 32, 33 Total and partial dechlorinations of polychlorophenols and 

other aromatic species by reduction on silver electrode have also been reported.27, 34-36 

Bimetallic and trimetallic electrodes such as Ag/Pd, Ag/Fe, Ag/Mg and Pd/Ag/Ni have 

proven their efficiency for the electrocatalytic reduction of chlorinated compounds.37-47 More 

recently, the attention has been focused on nanostructured particles of silver due to their large 

surface-to-volume ratio that is critical for mass transfer and to the achievement of efficient 

composite materials with low precious metal loading.48-50 

We recently reported an original method to prepare Ni foams modified with Ag nanoparticles 

by galvanic displacement and their use for reductive dechlorination of chloroacetanilide 

herbicides.51 To go further into the environmental application and test the possibility to 

achieve a combined process involving an electrochemical pre-treatment followed by a 

biological process, we used Ag-modified Ni foams51 in a flow electrochemical cell in 

different electrolytic media for dechlorination of AlachlorTM. We will see that these new 

electrolytic conditions easily adaptable to large-scale process allow a quasi-total 

dechlorination of AlachlorTM. The biodegradability of the solution after electrolysis was 

evaluated and by-products analysis was performed. 

MATERIALS AND METHODS 

Chemicals and materials 
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AlachlorTM (2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl)acetamide) and Lithium 

perchlorate were purchased from Sigma-Aldrich. Deschloroalachlor (N-(2,6-diethylphenyl)-

N-(methoxymethyl)acetamide) was obtained from Alpha Chimica (France). 2-chloro-N-(2,6-

diethylphenyl) acetamide was got from Fluorochem Limited. Sodium thiosulfate pentahydrate 

(Na2S2O3·5H2O), silver nitrate (AgNO3), PVP (polyvinylpyrrolidone, M.W. 10,000) were 

purchased from Alfa Aesar. The Ni 3D substrates used for the preparation of Ag-modified Ni 

foam electrodes (henceforth called Ag-Ni) were 0.17 cm thick INCOFOAMTM  sheets, with 

50 pores per linear inch, apparent density 0.22 g cm-3 and void volume fraction 0.975. 

Preparation of Ag-Ni foam electrodes 

The deposition of Ag nanoparticles on Ni foam was described in literature 51. Before its use in 

spontaneous deposition or in electrolysis experiments, the Ni foam was successively washed 

with acetone, dichloromethane, dried in a nitrogen stream and then washed again with water 

or 0.5 M HNO3 in an ultrasonic bath. Ag deposition was performed by immersing the Ni 

foams in a mixture solution of 10 × 10-3 mol L-1 AgNO3 and 80 × 10-3 mol L-1 Na2S2O3 in the 

presence or absence of 0.2 × 10-3 mol L-1 polyvinylpyrrolidone (PVP), a capping agent used 

to control the shape and size of Ag nanoparticles52-54, at open circuit, and by leaving the 

Ni/Ag galvanic displacement reaction under nitrogen to proceed for 15 min. The deposition 

temperature was kept at 25 °C with a thermostat.  

Dechlorination conditions 

The dechlorination reaction was performed in a home-made flow cell.25 The Ni foam or Ag-

modified Ni foam electrode (10 mm diameter and 1.7 mm width) was located between two 

interconnected DSA counter-electrodes (dimensionally stable anodes, AC-2004, supplied by 

ECS International Electro Chemical Services, France) to improve the homogeneity of the 

potential distribution in the three dimensional working electrode. The compartments were 

separated by cationic exchange membranes (Ionac 3470 – Lanxess SAS, Courbevoie, France). 
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The reference electrode (Mercury-saturated mercurous sulfate – MSE) was positioned in the 

middle of the working electrode and a potential of -1.6 V/MSE was applied using a 

VersaSTAT 3 potentiostat from Ametek/Princeton Applied (Elancourt, France). 25 mL of the 

solution (50 mg L−1 pesticide in 0.1 mol L-1 LiClO4 or 0.05 mol L-1 NaOH) percolated the 

porous electrode at different flow rates ranging from 1 to 3 mL min-1 monitored by a Gilson 

minipuls 3 peristaltic pump (Middleton, WI, USA). 

Analytical procedures 

Ultra-pressure liquid chromatography-MS/MS analysis conditions have been previously 

reported.18 

Total Organic Carbon (TOC) measurements 

TOC was measured by means of a TOC-VCPH/CPN Total Organic Analyzer Schimadzu. The 

solutions were filtered on Sartorius Stedim Minisart 0.45 µm GF prefilters (Goettingen, 

Germany) before each analysis and then diluted ten times with ultrapure water. Organic 

carbon compounds were combusted and converted to CO2. The amount of produced CO2 was 

measured by a non-dispersive infrared detector (NDIR). The standard NPOC (Non-Purgeable 

Organic Carbon) method was used to obtain reproducible TOC values. For each sample, each 

measurement was triplicated. 

Chemical Oxygen Demand (COD) measurements 

COD was measured with a Test Nanocolor® CSB 160 from Macherey-Nagel (Düren, 

Germany). The amount of oxygen required for the oxidation of the sample with K2Cr2O7 at 

acidic pH at 148°C for 2h was quantified.  

Biological Oxygen Demand (BOD5) measurements 
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The samples were neutralized using a solution of sulfuric acid before the analysis. BOD5 

measurement was carried out with the Nanocolor® BOD5 test, allowing a simple 

determination of the biological oxygen demand of a diluted sample. The oxygen-enriched 

sample was incubated in test tubes for 5 days at 20±1°C in the dark. The quantification of 

dissolved oxygen was performed after five days using the method of Winkler EN25813-G21 

by photometric evaluation of the iodine color. 

Ion chromatography 

The concentration of chloride ions (diluted four times and two times for electrolyses 

performed in LiClO4 and NaOH, respectively) before and after electrolysis was determined 

using DIONEX DX120 ion chromatography equipped with a conductivity detector and a 

DIONEX AS19 (4 × 250 mm) ion-exclusion column. The sample was eluted with potassium 

hydroxide at a flow rate of 1 mL min-1. The detection was carried out by conductivity with a 

Self Regenerating Suppressor (SRS). 

RESULTS AND DISCUSSION 

Optimization of the electrolytic conditions 

The activity of Ag-modified Ni foams for the dechlorination of AlachlorTM (Scheme 1) in a 

two-compartment cell has been shown in our previous study.51 

N

O

O
Cl

N

O

O+ 2e- + H+ + Cl-

Scheme 1: dechlorination of AlachlorTM into descholoroalachlor 

Different experimental conditions were used to prepare these electrodes: (i) Ag-Ni, the foam 
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electrodes prepared by depositing Ag onto Ni cleaned with organic solvents, (ii) etched Ag-Ni, 

those prepared by deposition onto Ni foams treated with 0.5 mol L-1 HNO3 in ultrasonic bath 

to eliminate surface oxides and promote the galvanic exchange with silver, and (iii) etched 

Ag-PVP-Ni, those prepared in the presence of PVP to control the shape and size of the Ag 

particles.  In the present study, these electrodes were used in a flow electrochemical cell, with 

solution recycling, to improve mass transport and to be close to environmental applications.  

First attempts were performed in a flow cell for electrochemical dechlorination of 1.8 × 10-4 

mol L-1 (50 ppm) alachlorTM in 0.1 mol L-1 LiClO4 at -1.6 V/MSE for 2h at a flow rate of 1 

mL min-1. Electrolyte concentration was increased compared with previous experiments 

performed in a separated cell (0.05 mol L-1 LiClO4)51 to improve the conductivity of the 

solution. The potential value of -1.6 V/MSE for the electrolysis has been previously 

optimized.51 The concentration of AlachlorTM during the electrolysis was analyzed by UPLC. 

Table 1 shows that all Ag-modified Ni foam electrodes gave markedly higher conversion 

yields of AlachlorTM (from 44% to 86%) than unmodified Ni foam (26%), underlining the 

catalytic activity of silver nanoparticles. The order of reactivity was similar to previous 

experiments.51 The etched Ag modified Ni foam had a higher rate than non-etching foams, as 

shown in Fig.1. With the etched Ni-PVP-Ag electrode, a faster reduction of AlachlorTM was 

obtained with a conversion of 86% when the electrolysis time was increased to 4h at a flow 

rate of 2 mL min-1, namely 19% higher than for 2h at 1 mL min-1. Thus higher electrolysis 

time and flow rates allow a better recycling of the solution through the porous electrode 

improving the conversion of AlachlorTM. This result was quite close to the best one (92%) 

previously obtained in a separated cell after 5h of electrolysis and could be attributed to a 

higher surface area of silver on the electrode surface.51 The current efficiency was low (1.7%-

3.8%) with all kinds of electrodes owing to the competition with hydrogen evolution.51 A 

better selectivity could be obtained at potentials less negative than -1.6 V, but with 
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significantly lower current. Although it does not optimize the current efficiency, the chosen 

potential represents a good compromise. 

 

Table 1. Conversions of AlachlorTM solutions after reductive dechlorination at -1.6 V/MSE 
performed in 0.1 mol L-1 LiClO4 solution containing 50 ppm AlachlorTM in a flow 
electrochemical cell with Ag-modified Ni foams (volume: 0.1335 cm3). 
Electrode Time / h Flow rate / mL min-1 Conversion / % Current efficiency / %
Ni foam 2 1 26 - 
Ag-Ni 2 1 44 1.7 
Etched Ag-Ni 2 1 58 2.7 
Etched 
Ag-PVP-Ni 

2 1 67 3.8 

Etched 
Ag-PVP-Ni 

4 2 86 2.2 
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Figure 1. Evolution of the normalized concentration Calachlor/C0 vs electrolysis time for 
cathodic reduction of AlachlorTM (1.8 × 10-4 mol L-1; 50 ppm) performed at -1.6 V/MSE in 
0.1 mol L-1 LiClO4 with Ni foam (■), Ag-Ni (●), etched Ag-Ni (▲) and etched Ag-PVP-Ni 
(▼) at 1 mL min-1. 
 

To check if a process combining the electroreduction and a biological treatment was possible, 

the biodegradability of the electrolyzed solution was tested. However, BOD5 measurement of 

the electrolyte alone (0.1 mol L-1 LiClO4) highlighted the toxicity of the solution for activated 

sludge. The electrolyses were then performed in sodium hydroxide solutions (Table 2), which 

have good conductivity, are compatible with the nickel support and could be adjusted to 
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neutral pH before testing the biodegradability of the electrolyzed solution. Thus, the cathodic 

reduction of AlachlorTM (50 ppm; 1.8 × 10-4 mol L-1) was carried out in 0.05 mol L-1 NaOH at 

-1.6 V/MSE on etched Ni-PVP-Ag, leading to 89% conversion yield of AlachlorTM after 4h 

and 93% after 5h. For comparison, all Ag-modified Ni foams were tested under the same 

conditions. Their catalytic activity followed the same order than in 0.1 mol L-1 LiClO4:51 Ni-

Ag < Etched Ni-Ag < Etched Ni-PVP-Ag. It is worthy to note that the conversion yield of 

AlachlorTM was higher on etched Ni foam than on Ni foam. This result can be explained by an 

increase of the surface area after etching and by a good control of the shape and the size of 

silver nanoparticles during their formation in the presence of PVP, leading to a higher silver 

nanoparticles density.51  However, the comparison of the conversion of AlachlorTM on Ni-

foams with Ag-modified Ni foams highlighted the catalytic activity of silver nanoparticles 

even if the Ni foam was etched (Fig. 2a,b). The current efficiency was low with a range 

between 1.8 and 2.7%, due to the competition with hydrogen evolution. 

Table 2. Conversions of AlachlorTM solutions after reductive dechlorination at -1.6 V/MSE 
performed in 0.05 M NaOH containing 50 ppm AlachlorTM in a flow electrochemical cell 
(Flow rate 3 mL min-1) with Ag-modified Ni foams (volume: 0.1335 cm3) for 5h. 
Electrode  Conversion a / % Current efficiency / % 
Ni foam 36 ± 1 1.8 

Etched Ni foam 65 ± 2 1.8 
Ag-Ni 74 ± 2 1.8 
Etched Ag-Ni 85 ± 1 2.4 
Etched Ag-PVP-Ni  93 ± 3 2.7 
a Uncertainties are based on two dechlorination experiments 
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Figure 2. Evolution of the normalized concentration Calachlor/C0 vs electrolysis time for 
cathodic reduction of AlachlorTM (1.8 × 10-4 mol L-1; 50 ppm) performed at -1.6 V/MSE in 
0.05 mol L-1 NaOH with : a) Ni foam (■), Ag-Ni (●) ; b) etched Ni foam ( ), etched Ag-Ni 
(▲), etched Ag-PVP-Ni (▼) at 3 mL min-1. Error bars are based on two reproducibility 
measurements. 
 

The stability of the Ag-modified electrodes after electrolysis was checked by SEM (Fig. 3). 
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Figure 3. SEM images of etched Ag-PVP-Ni electrodes before (a × 1000, c × 5000) and after 
(b × 1000, d × 5000) cathodic reduction of AlachlorTM (1.8 × 10-4 mol L-1; 50 ppm) performed 
at -1.6 V/MSE in 0.05 mol L-1 NaOH 
 
The presence of silver nanoparticles (white points) was clearly observed on the Ni foam 

surface. Comparison of Fig. 3 a and c with Fig. 3 b and d shows that the surface density of 

silver nanoparticles was similar before and after electrolysis. It is interesting to note that 

similar SEM images were obtained after two/three electrolyses, whatever the electrolyte 

medium. The stability of the electrodes was confirmed by the comparable performances in 

terms of conversion of AlachlorTM obtained after two/three electrolyses. 

 

By-products analysis 

Deschloroalachlor has been previously identified as the main dechlorinated compound after 

cathodic reduction of AlachlorTM on Ag-modified Ni foams in the separated cell.51 Thus, the 

concentration of deschloroalachlor was followed by UPLC-MS/MS during the electrolysis. 

a) 

c) 

b) 

d) 
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The conversion of AlachlorTM and the formation of deschloroalachlor on each Ag-modified 

Ni foam electrode were shown in Fig. 4. The highest yield of deschloroalachlor (69%) was 

achieved on etched Ni-PVP-Ag electrode after 5h of electrolysis with a yield of Cl- ions of 

77% measured by ion chromatography. This dechlorination yield (77%) was lower than the 

conversion yield of AlachlorTM (93%), meaning that by-products containing a chlorine atom 

were also formed during the electrolysis. Another interesting point is that, even if 

deschloroalachlor was the main dechlorinated by-product, the conversion to deschloroalachlor 

(69%) was slightly lower than the yield of dechlorination, indicating the presence of some 

other dechlorinated by-products. This phenomenon was also observed with the other Ag-

modified electrodes as seen in table 3. The formation of two other by-products than 

deschloroalachlor could be observed by UPLC-MS/MS analysis with the presence of two 

peaks at 4.78 (MH+ 219.76) and 4.85 min (MH+ 213.73), but we were not able to identify 

them. 
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Figure 4. Evolution of the normalized concentration C/C0 of AlachlorTM ( ■ ) and 
deschloroalachlor (▲) vs electrolysis time for the cathodic reduction of AlachlorTM (1.8 × 10-4 
mol L-1; 50 ppm) performed at -1.6 V/MSE in 0.05 mol L-1 NaOH at 3 mL min-1 on a) etched 
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Ag-PVP-Ni, b) etched Ag-Ni, c) Ag-Ni. Calachlor and Cdeschloroalachlor are the concentrations of 
AlachlorTM and deschloroalachlor at a given time and C0 the initial concentration of 
AlachlorTM. Error bars are based on two reproducibility measurements. 

Table 3. Reductive dechlorination at -1.6 V/MSE performed in 0.05 mol L-1 NaOH solutions 
containing 50 ppm AlachlorTM in a flow electrochemical cell with Ag-modified Ni foams 
(volume: 0.1335 cm3) for 5h. 

Electrode Yield of deschloroalachlora / 
% 

Yield of Cl- a,b/% 

Ni foam 16 ± 2 28 ± 2 
Etched Ni foam 49 ± 3 61 ± 1 
Ag-Ni 58 ± 3 69 ± 3 
Etched Ag-Ni 63 ± 2 75 ± 2 
Etched Ag-PVP-Ni 69 ± 4 77 ± 2 
a Uncertainties are based on two dechlorination experiments 
b measured by ion chromatography 

Biodegradability  

TOC measurements were performed on AlachlorTM solutions before and after electrolysis 

(Table 4). The TOC value of AlachlorTM before electrolysis was found to be 36.8 mg L-1, that 

was close to the values measured after electrolysis. This result indicated the expected poor 

mineralization of AlachlorTM during its electrochemical reduction since silver is known to 

give selective catalytic reduction of C-Cl bonds28, 29, 32, 33 and pointed out the necessity to 

couple the electrolysis with a biological process, owing to the significant organic carbon 

available for microorganisms’ growth. The slight decrease of the TOC value also confirms the 

presence of other by-products than deschloroalachlor, for which an increase of TOC would be 

expected. These by-products probably contain less carbon atoms than AlachlorTM since a 

lower value of TOC was obtained.  COD and BOD5 were also measured to check the 

biodegradability of the solutions. The biodegradability of a compound can be estimated 

through the BOD5 on COD ratio and an effluent is considered as readily biodegradable if the 

value is beyond 0.4.55, 56 We have previously observed that a 50 ppm solution of AlachlorTM 

(1.8 × 10-4 mol L-1) was not biodegradable with a measured BOD5 value lower than 2 mg L-

1.19 As seen in Table 4, the biodegradability remained low after electrolysis with all Ag-

modified electrodes, not only when the conversion of AlachlorTM was relatively low (Ag-Ni 

and etched Ag-Ni electrodes), but even with the etched Ag-PVP-Ni electrode, although up to 

93%, AlachlorTM was converted. The presence of deschloroalachlor that has previously shown 

biorecalcitrance (BOD5 < 2 mg L-1 for a solution of 50 ppm of deschloroalachlor19) seems to 
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prevent the increase of the BOD5 of the solution. This recalcitrance could be due to the 

presence of other functional groups in the structure of  the formed by-products that would 

prevent their biodegradability. Indeed, the biorecalcitrance of the acetanilide57-59 and 

methoxyl60, 61 groups has already been mentioned and a link between the biorecalcitrance of 

chloroacetanilide herbicides and the length of the alkoxymethyl substituents on the amide 

nitrogen has been observed.62 The authors explained it by a steric hindrance that would 

prevent the enzyme-substrate interaction. 

These results shows that even if chlorine atoms are known to increase the biorecalcitrance of a 

molecule, the reductive treatment of AlachlorTM on etched Ag-PVP-Ni electrode did not lead 

to an easily biodegradable effluent. However, since these biodegradability measurements 

were only run over 5 days as it is usually performed in wastewater treatment plant with 

mainly household effluents, additional studies would be necessary to test the long-term 

biodegradability of AlachlorTM solutions. 

Table 4. COD, TOC and BOD5 determination of 50 ppm AlachlorTM after reductive 
dechlorination at -1.6 V/MSE performed in 0.05 mol L-1 NaOH solutions in a flow 
electrochemical cell with Ag-modified Ni foams (volume: 0.1335 cm3) for 5h. 
 
Electrode TOC (mg L-

1) 
COD (mg O2 L-1)
a 

BOD5 (mg O2 L-1) 

a 
BOD5/COD

Ni foam 33.4 127 ± 4 - b - 
Etched Ni foam 33.6 114 ± 0.5 - b - 
Ag-Ni 33.9 108 ± 1.5 < 2 < 0.018 
Etched Ag-Ni 31.4 100 ± 4 < 2 < 0.02 
Etched Ag-PVP-
Ni 

30.9 90 ± 3 < 2 < 0.022 

a Uncertainties are based on two dechlorination experiments 
b Not measured 
 
 
CONCLUSIONS 

The reductive dechlorination of a chlorinated phytosanitary compound, AlachlorTM, which is 

essential for long-term remediation of groundwater and surface water, has been achieved in 

this work in electrolytic conditions (electrolyte medium, flow electrochemical cell) that are 

adaptable in a large-scale treatment process. The electrochemical reduction was performed on 

Ag-modified Ni foams in a flow electrochemical cell in different electrolytes.  Analysis of the 
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electrolyzed solution with etched Ag-PVP-Ni in alkaline electrolyte showed 93% conversion 

yield of the target pollutant and 77% dechlorination, underlining the high catalytic activity of 

the etched Ag-PVP-Ni electrode. The main dechlorinated by-product was deschloroalachlor, 

the dehalogenated form of AlachlorTM, with a yield of 69%. However, BOD5 measurements 

highlighted that this dechlorination step did not lead to an easily biodegradable solution, 

preventing the direct combination with a classical biological treatment using activated sludge. 

A longer biological treatment or a more efficient one using either acclimated sludge or 

specific bacteria would be necessary for a total mineralization of chloroacetanilide herbicides. 
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