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Abstract
The present study explores the galvanostatic electrolysis of synthetic solutions containing the antidiabetic metformin with 
different support electrolytes, using a boron-doped diamond anode in an undivided electrochemical cell to test the possibility 
of the reuse of the treated water in the field of agriculture. It also investigated the effects of the main operating parameters, 
including applied current density, supporting electrolyte nature and concentration, initial chemical oxygen demand, initial 
pH, temperature, and NaCl concentration. This was realized considering the chemical oxygen demand removal, current 
efficiency, energy consumption and phytotoxicity. The experimental results showed that metformin concentration, measured 
by the square wave voltammetry technique and the chemical oxygen demand decay, follows a pseudo-first-order kinetics. 
At the beginning of the electrolysis, the electrochemical efficiency was limited by a charge-transfer process. For an initial 
chemical oxygen demand of 900 mg L−1 and under optimal conditions (current density of 30 mA cm−2, pH 2, Na2SO4 2 g 
L−1, NaCl 0.8 g L−1 and T 343.15 K), the removal of organic matter was about 90% and the complete elimination of met-
formin was reached after 2 h of electrolysis. Concerning the phytotoxicity tests of the treated water, they were carried out 
using Fenugreek and Lucerne seeds. The results indicated a positive effect on seeds germination due to the production of 
nitrate ions from the metformin molecules.
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Introduction

The residues of pharmaceuticals as an emerging contami-
nant have become a major concern because of their preva-
lence and persistent accumulation in various environmental 
compartments. Therefore, their elimination has become an 
urgent necessity (Papageorgiou et al. 2019; Escudero et al. 
2020; García et al. 2020; Kairigo et al. 2020).

Among the most extensively used pharmaceuticals, 
antidiabetic drugs can be foregrounded. According to the 
World Health Organization, around 422 million adults (Over 
18 years) were living with diabetes in 2014 (WHO 2016), 
and in 2019, the number increased to 463 million adults 

(20–79 years) (IDF Diabetes Atlas 2019). The number of 
people with type-2 diabetes is increasing in most countries; 
approximately 87–91% of all people with diabetes suffer 
from type-2 diabetes (Cho et al. 2018).

Metformin hydrochloride (MTF) with the chemical 
name 1,1-dimethyl biguanide hydrochloride (C4H11N5.HCl) 
is considered as the most utilized pharmaceutical for the 
treatment of type 2-diabetes (Sanchez-Rangel and Inzuc-
chi 2017). MTF has an anticancer (Mallik and Chowdhury 
2018), antiobesity (Malin and Kashyap 2014), antimicro-
bial (Patil et al. 2018) and antitumor activity (Zhang et al. 
2020). It has also been associated with regulating the men-
strual cycle and most hormonal profiles of women with 
polycystic ovary syndrome (Yang et al. 2018). Therefore, 
the extensive use of MTF can cause the contamination of 
aquatic medium and water sources. In wastewater treatment 
plants (WWTPs) effluent, the concentrations of MTF range 
from 2.42 to 248 μg L−1 (Ottmar et al. 2010; Tong et al. 
2015; Briones et al. 2016; Yan et al. 2019). Only 10% of 
MTF can be absorbed in the human body and the rest is 
excreted unchanged in the urine and feces and posed an 
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environmental concern (Dolatabadi and Ahmadzadeh 2019). 
MTF is biologically transformed into guanylurea as a major 
degradation product (Scheurer et al. 2012).

Three further transformation products, namely 
2,4-diamino-1,3,5-triazine (2,4-DAT), 2-amino-4-meth-
ylamino-1,3,5-triazine (2,4-AMT) and methylbiguanide 
(MBG), have been detected in WWTPs effluents and sur-
face waters (Elizalde-Velázquez and Gómez-Oliván 2020). 
Recently, (Gabr et al. 2017) have studied the pharmacoki-
netics of metformin and guanylurea in rats and indicated 
that approximately 92–100% of the molecules absorbed by 
the rat are released from the body after use. MTF and its 
transformation products accumulate in edible plant species 
(plant tissue) (Eggen and Lillo 2012), fish (Niemuth et al. 
2015) and mussels (Koagouw and Ciocan 2018). Therefore, 
MTF and its metabolites not only pose a threat to humans, 
plants and the aquatic environment, also they are considered 
endocrine disruptors (Lee et al. 2019). For this reason, it is 
very important to develop technologies for the removal of 
these pharmaceutical products able to reduce the impact of 
these compounds on the environment.

Conventional wastewater treatment methods such as MTF 
adsorption (Zhu et al. 2017; Alnajjar et al. 2019; Adel Niaei 
and Rostamizadeh 2020; Balasubramani et al. 2020) and 
biodegradation have shown to be ineffective, with numerous 
environmental problems (Trautwein and Kümmerer 2011).

Thus, a growing interest has been shown in the use of 
new methods, namely advanced oxidation process (AOPs), 
which involves the generation of strong oxidants in situ, as 
an attractive solution used in the treatment of pharmaceuti-
cal products in water.

Various AOPs have been used for the degradation of 
MTF, among which the photo-Fenton process (De la Cruz 
et al. 2013). The best results of MTF were obtained when 
using UV (254 nm)/H2O2(30 mg L−1)/Fe2+(2 mg L−1) at 
pH between 6 and 7. After 30 min of treatment, the removal 
of MTF reached 63%. Recently, (Chinnaiyan et al. 2019) 
have studied the heterogeneous photocatalytic process using 
UV light at 365 nm and TiO2 as photocatalyst at different 
dosages. Indeed, the maximum removal of MTF (98%) has 
been obtained when TiO2 dosage is 563 mg L−1, pH is 7.6 
and a reaction time of 150 min for an initial concentration 
of the drug of 10 mg L−1. (Carbuloni et al. 2020) have inves-
tigated the photodegradation of MTF at 298.15 K for cata-
lysts TiO2 and TiO2–ZrO2 (95–5) at pH 8 and found that the 
degradation of MTF followed a pseudo-first-order kinetics 
with MBG intermediate as a major identified by-product. 
The best eliminatory conditions (55%) were obtained after 
30 min of treatment and proved to be a pH of 8 and 1 g L−1 
for the two catalysts. This shows that the addition of ZrO2 
did not provide any improvement in the activity of the TiO2 
photocatalyst. Besides, (Orata et al. 2019) have investigated 
the degradation of MTF by an electro-Fenton process using 

boron-doped diamond (BDD) (20 × 50 × 1 mm3) as anode 
and carbon felt (30 × 60 × 5 mm3) as a cathode. The authors 
have found that the electrolysis of 0.2 mmol L−1 MTF under 
optimal conditions (0.3 mmol L−1 Fe2+; an applied current 
of 300 mA and pH 3) leads to 99.57% of MTF removal after 
27 min of electrolysis.

Electrochemical oxidation process under potentiostatic 
mode has also been explored with a BDD anode in the study 
of (Tisler and Zwiener 2018), in which the electrode was 
subjected to a potential of 1.5 V vs Ag/AgCl for 10 min in 
a two-compartment cell at pH 3 and 7. This research aims 
to study the presence and fate of MTF and its by-products 
in wastewater and surface water. Although the degradation 
products, namely 2,4-DAT, 2,4-AMT, MBG and 4-amino-
2-imino-1-methyl-1,2-dihydro-1,3,5-triazine (4,2,1-AIMT), 
were identified, the well-known oxidation product guany-
lurea was not formed electrochemically. This observation 
could be due to the low value of the potential (1.5 V vs Ag/
AgCl) applied to the BDD electrode. On the other hand, 
(Lović et al. 2019) have studied the direct electrochemical 
oxidation of MTF using Au, glassy carbon and IrOx elec-
trodes and Na2SO4 as electrolyte. The highest total organic 
carbon reduction of 10.6% was obtained with the IrOx elec-
trode. This study has demonstrated that the electrode mate-
rials used are not suitable for a better degradation of MTF 
and its by-products.

The present study aims to achieve the complete degrada-
tion of MTF and its reaction intermediates by electrochemi-
cal oxidation under galvanostatic mode using a BDD anode. 
The optimization of key experimental parameters, such as 
the applied current density, the nature of the supporting 
electrolyte, the initial chemical oxygen demand, the tem-
perature, and the addition of NaCl, was conducted, and the 
treatment efficiency was examined by phytotoxicity tests via 
the germination of Fenugreek (Trigonella foenum-graecum) 
and Lucerne (Medicago sativa) seeds. The time span of this 
research study was from October 2020 to July 2021 at the 
Faculty of Sciences of Sfax, Tunisia.

Materials and methods

Chemicals

Metformin hydrochloride (97%), sulfuric acid (95%), sodium 
hydroxide (97%), potassium dichromate (99%), silver sul-
fate (99.5) and mercury sulfate (96%) of analytical grade 
were purchased from Sigma-Aldrich. Na2SO4 (99.5%) was 
obtained from Prolabo (Paris-France). All solutions were 
freshly prepared with double-distilled water.
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Electrolysis cell

The galvanostatic electrolyses of MTF solutions (200 mL) 
were carried out in a one-compartment thermostatted glass 
cell (300 mL). A boron-doped diamond (BDD) electrode 
with a geometric area of 6 cm2 was provided by CSEM 
(Centre Suisse d’Electronique et de Microtechnique, Neu-
châtel, Switzerland). It was synthesized by the hot fila-
ment chemical vapor deposition technique (HF-CVD) on 
single-crystal p-type Si < 100 > wafers (1–3 mΩ cm, Siltro-
nix) (Perret et al. 1999). The doping level of boron in the 
diamond layer expressed as B/C ratio was about 3500 ppm 
using trimethyl boron with a concentration of 3 ppm. The 
obtained diamond film thickness was about 1 μm with a 
resistivity of 10–30 mΩ cm. Before each electrolysis assay, 
the BDD electrode was subjected to an anodic polarization 
in 0.5 mol L−1 H2SO4 solution at a constant anodic cur-
rent density of 50 mA cm−2 for 30 min to regenerate its 
surface. A stainless-steel plate (10 cm2 in contact with the 
solution) in the electrolyte delivery system acts as the cath-
ode. The MTF solutions were electrolyzed in galvanostatic 
mode with current densities in the range of 5–40 mA cm−2 
using a Laboratory DC Power Supply GW Dual Tracking 
Power Supply 5 V Fixed Model: GPC-3030. The electrolyte 
is stirred through a magnetic bar at a constant speed. The pH 
of the solution was adjusted, before and throughout the elec-
trolysis, by adding either sulfuric acid or sodium hydroxide 
solutions (1 mol L−1).

Chemical oxygen demand, current efficiency, 
limiting current and specific energy consumption

The degradation process of the organic matter was evaluated 
by the measurement of the chemical oxygen demand (COD). 
The COD was estimated by the conventional method with 
K2Cr2O7 as the oxidizing agent (Hejzlar and Kopáček 1990). 
The appropriate amount of the sample was introduced into 
a prepared digestion solution containing potassium dichro-
mate, sulfuric acid and mercury (II) sulfate. Afterward, the 
mixture was incubated for 2 h at 423.15 K in a DRB 200 
HACH thermo-reactor. The values of COD were measured 
colorimetrically with a JENWAY 6305 spectrophotometer.

The COD removal rate (%) was calculated using Eq. (1)

where COD0 and CODt (g O2 L‒1) are the chemical oxygen 
demands at times t = 0 and t, respectively.

The current efficiency (CE) for the anodic oxidation of 
MTF was calculated from the values of the COD according 
to Eq. (2).

(1)COD removal(%) =
COD0 − CODt

COD0

× 100

where I is the current (A), F is the Faraday constant (96,485 
C mol−1), V is the volume of the solution (L), 8 is the oxygen 
equivalent mass (g equiv−1) and t is the electrolysis time (s).

In electrochemical processes, according to the value of cur-
rent density, two different kinetic regimes for a given reactant 
concentration can be defined (Rodrigo et al. 2001).

According to applied (japp) and limiting (jlim0) current densi-
ties values:

•	 If japp < jlim0 , the electrolysis is under charge transfer con-
trol, CE (%) is then 100%.

•	 If japp > jlim0 , the electrolysis is under mass transport con-
trol, secondary reactions (such as oxygen evolution) occur.

Additionally, ( (jlimt) was estimated using Eq. (3) which is 
associated with the electrochemical combustion of the MTF 
[Eq. (4)]:

where km is the average mass transport coefficient and ct is 
the MTF concentration (mol m−3) at a given time t.

The stoichiometry of MTF combustion indicates that 
13 mol of O2 are needed for its complete combustion [Eq. (5)]

Thus, during the electrolytic process, the MTF concentra-
tion ct (mol m−3) is related to the CODt (mol m–3) by Eq. (6):

Accordingly, jlimt can be written as a function of CODt by 
Eq. (7):

The specific energy consumption (Ec) (kWh m−3) calcu-
lated by Eq. (8) is an essential parameter for evaluating the 
efficiency of the electrochemical process.

where Ucell is the average cell voltage (V), I is the applied 
current (A), t is the electrolysis time (s) and V is the volume 
of the treated solution (L).

(2)CE(%) =
COD0 − CODt

8It
FV × 100

(3)jlimt = 52Fkmct

(4)
C4H12N5Cl + 23 H2O → 4 CO2 + 5 NO−

3
+ 58 H+ + 52 e− + Cl−

(5)
C4H12N5Cl + 13 O2 → 4 CO2 + 5 NO−

3
+ 6 H+ + 3 H2O + Cl−

(6)CODt = 13 ct

(7)jlimt =
52

13
FkmCODt = 4FkmCODt

(8)Ec =
UcellIt

3600V
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Square wave voltammetry

The decrease in MTF concentration was carried out by 
square wave voltammetry (SWV) analysis in three-electrode 
cell experiments using a potentiostat–galvanostat (VoltaLab 
PST050) at 293.15 K.

The working electrode was a BDD disc with a geometri-
cal surface of 0.07 cm2. A stainless steel plate (0.1 cm2) 
and a saturated calomel electrode (SCE) were used as the 
auxiliary electrode and the reference electrode, respectively.

Before each experiment, the BDD anode was exposed to 
potential cycling conditions in sulfuric acid (0.5 mol L−1) 
between −3.0 and 3.0 V at a scan rate of 5 V s−1 for 120 s, 
and then, it was rinsed with bidistilled water. The samples of 
1 mL were taken at different electrolysis times and diluted 10 
times with bidistilled water containing 2 g L−1 Na2SO4. The 
pH was adjusted at 12.5 using 1 mol L−1 NaOH solution in 
order to obtain a well-defined anodic peak.

Ion chromatography (IC) analysis

The concentration of NH+
4
 produced during treatment was 

measured by the standard colorimetric technique using 
Nessler's reagent and a Unicam UV–vis UV4 spectropho-
tometer thermostated at 298 K. In the same samples, NO−

3
 

concentration was determined by ion chromatography using 
a Shimadzu 10AVP HPLC system fitted with a Shim-pack 
IC-A1 anion column ((4.6 mm (I.D.) × 100 mm (Length)) at 
313 K coupled with a Shimadzu CDD-10AVP conductivity 
detector.

Germination test

Phytotoxicity tests were conducted to assess the possibility 
of the reuse of the treated water in irrigation fields. Two 
plants (Fenugreek and Lucerne seeds) were chosen for the 
irrigation tests with different water samples.

The seeds of Fenugreek and Lucerne were sterilized with 
20 mL of sodium hypochlorite solution (20%) for 10 min and 
then abundantly rinsed with sterilized distilled water. The 
seeds of uniform size were placed on filter paper in circular 
dishes of Petri with a diameter of 90 mm and then irrigated 
with 10 mL of the different treated water samples. The tests 
were conducted in duplicates. The seeds were germinated in 
the dark for two days and in the light for eight days at room 
temperature. For comparison, tap water and distilled water 
were tested instead of the present treated water. These exper-
iments were repeated three times. The study of plant modifi-
cation morphology assessed the impact of water quality on 
plant growth and the germination index (GI) was calculated 
according to the following equation (Zayneb et al. 2015):

where NE and NC are the numbers of germinated seeds 
watered by the effluent and the control (tap water), respec-
tively. LE and LC are the average lengths of the radical of 
the germinated seeds watered by the effluent and the control, 
respectively.

Results and discussion

Effect of applied current density on the degradation 
rate of MTF

Current density is the most frequently pointed parameter that 
can affect COD removal during an electrooxidation process. 
To study the effect of this parameter on the electrochemical 
oxidation of MTF, different current densities rise from 5 to 
40 mA cm−2 were applied on the BDD anode during 4 h of 
treatment. The initial solution contained 358 mg L−1 MTF 
(COD0 = 900 mg L−1) and 2 g L−1 Na2SO4 used as support-
ing electrolyte. The initial pH was fixed to 3, and the temper-
ature was 293.15 K. Figure 1a illustrates the trend of COD 
values (%) with electrolysis time measured for different 
applied current densities. Actually, for all the current densi-
ties, the COD removal increased at the beginning of elec-
trolysis and tended to stabilize after approximately 120 min. 
The highest COD abatement (66%) was obtained after 4 h 
when a current density of 30 mA cm−2 was applied due 
to the high production of HO∙ radicals electrogenerated on 
the BDD surface from water discharge [Eq. (10)] (Rabaaoui 
et al. 2013a; Panizza et al. 2014).

However, for a current density higher than 30 mA cm−2, 
the electrolysis efficiency decreases owing to parallel para-
sitic reactions, such as the oxidation of HO∙ radicals to O2 
[Eq. (11)] and their dimerization to H2O2 [Eq. (12)] (Cav-
alcanti et al. 2013).

The organic matter removal was determined by the 
decrease in COD values during electrolyses. The reaction 
rate is given in Eq. (13) (Brahim et al. 2016).

(9)GI(%) =
(

NE × LE

NC × LC

)

× 100

(10)BDD + H2O → BDD(HO∙) + H+ + e−

(11)BDD(HO∙) → BDD + 1∕2 O2 + H+ + e−

(12)BDD(HO∙) → BDD + 1∕2 H2O2

(13)

r = −
dCOD

dt
= k[HO∙]�COD = kobsCOD =

Akm

V
COD
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where α is the reaction order related to the adsorbed 
hydroxyl radicals concentration, k is the real rate constant, 
kobs are the observed rate constant, km is the overall mass 
transport coefficient, A is the electrode area (m2) and V is 
the volume of the treated solution (m3).

The concentration of HO∙ is assumed to be constant 
regardless of the applied current density and the treatment 
time since the electrode surface remained constant during 
the electrolyses.

Figure 1b presents the evolution of ln (COD0/CODt) with 
electrolysis time for all applied current densities. The lin-
ear regression procured in these plots was consistent with 
pseudo-first-order kinetics.

As shown in Fig. 1b, kobs increases with japp and reaches 
a maximum at 30 mA cm−2. kobs and km are proportional, 
resulting in a similar variation for km (Table 1). However, 
it is known that km depends only on temperature, leading to 
its increase with japp , which can be explained through the 
comparison of japp and jlimt . It can be observed in Fig. 2a that 
for a low value of japp (5 mA cm−2), jlimt is always higher 
than japp . The reaction is under charge transfer control. This 

behavior is consistent with CE values (CE = 1). For a high 
value of japp (e.g. 40 mA cm−2), jlimt becomes lower than japp 
after 40 min of electrolysis. Side reactions such as the gen-
eration of peroxodisulfate ( S2O

2−
8

 ), sulfate radicals (SO∙−
4
) 

by supporting electrolyte decomposition [Eq. (14), (15)] and 
oxygen evolution [Eq. (16)] appeared, which leads to the 
decrease in the CE values (Vasilie et al. 2018).

The increase in O2 bubbles amount produced and 
detached at the surface of the electrode with japp improves 
the flow of species toward the electrode (Samet et al. 2006). 
It results in a decrease in the diffusion layer thickness and 
consequently an increase in km values (Table 1).

Moreover, in order to evaluate the influence of the 
applied current density on energy efficiency, energy con-
sumption (Ec) was plotted as a function of the applied 
current density at different electrolysis times (Fig. 2b). 
When the current density increases from 5 to 40 mA cm−2, 
the consumed energy is multiplied by a factor 25 
{

Ec
(

j = 40 mA cm−2
)

∕ Ec
(

j = 5 mA cm−2
)}

 , whatever 
the electrolysis time is. This shows that Ec is independent 
of the composition of the reaction medium. Indeed, when 
organic matter decreases with electrolysis time according to 
Eq. (5), the corresponding Ec decreases, whereas, Ec relative 
to the side reactions [Eq. (14)–(16)] increases.

Effect of the supporting electrolyte nature 
and concentration on the degradation of MTF

Generally, supporting electrolyte used in an electrochemical 
oxidation reactor has two essential interests, namely increas-
ing the conductivity of the solution and contributing to the 
degradation process by producing oxidizing species other 
than hydroxyl radicals (Salazar et al. 2016).

To study the effect of supporting electrolyte nature on the 
degradation of MTF, three supporting electrolytes (Na2SO4, 
NaCl and NaNO3) at the same concentration of 2 g L−1 have 
been tested. A pH of 3 has been adjusted with H2SO4, HCl 
and/or HNO3. Figure 3a illustrates the evolution of COD 
removal (%) with electrolysis time. Compared with NaCl and 
NaNO3, Na2SO4 gives the highest COD removal percent (66% 
after 4 h). Under the same conditions, the use of NaCl or 
NaNO3 instead of Na2SO4 leads only to 52 and 40% of COD 
removal, respectively. The obtained results can be attributed 
to the indirect oxidation of the organic matter via oxidative 

(14)2 SO2−
4

→ S2O
2−
8

+ 2 e−

(15)SO2−
4

+ HO∙
→ SO∙−

4
+ HO−

(16)2 H2O → O 2 + 4 H+ + 4 e−
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Fig. 1   Electrolysis of MTF at different applied current densities 
using a BDD anode COD0 = 900 mg L−1, Na2SO4 = 2 g L−1, pH = 3 
and T = 293.15 K. a removal of COD with time, b pseudo-first-order 
kinetic for COD
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mediators such as S2O
2−
8

 and HClO, as the predominant active 
chlorine species at pH = 3, electrogenerated at the anode sur-
face. Since the oxidative power of S2O

2−
8

 is higher than that 
of HClO according to their standard redox potentials 
(

E
0

(S2O
2−
8
∕SO2−

4
)
= 2.01 V∕SHE and E

0

(HClO∕Cl−)
= 1.50 V∕SHE

)

 , 
the higher performance of the electrode is obtained when 
using Na2SO4.

Since NO−
3
 is an inert species, when using NaNO3 as a 

supporting electrolyte, only direct oxidation via HO∙ radicals 
take place. Thus, it is possible to evaluate the contribution 
of indirect oxidation in the removal of organic matter. From 
Fig. 3a, it can be seen that after 4 h of electrolysis, the indi-
rect oxidation enhanced the COD removal (%) by 26 and 
14% when using Na2SO4 and NaCl , respectively.

To evaluate the effect of the supporting electrolyte con-
centration on the degradation efficiency of MTF, electrolyses 
were carried out at a current density of 30 mA cm−2 using 
different amounts of Na2SO4 (1–8 g L−1). COD removal 
percent and energy consumption measured after 4 h of 
treatment were calculated (Fig. 3b). It was found that the 
increase in Na2SO4 concentration from 1 to 8 g L−1 leads 
to the increase in the COD removal percent from 59.0 to 
79.2%. This result is related to the increase in the S2O

2−
8

 
concentration generated according to Eq. (14). S2O

2−
8

 is an 
oxidizing species which contributes in the oxidation of MTF 
and its by-products.

To further explain this result, it is necessary to take into 
account the variation of the solution conductivity as well 
as the energy consumption for each experiment. In fact, 
the increase in the supporting electrolyte concentration 
was followed by an enhancement in the electrical conduc-
tivity from 1.89 mS cm−1 (for 1 g L−1 of Na2SO4) to 3.07, 
5.90, 7.07 and 10.55 mS cm−1 for 2, 4, 6 and 8 g L−1 of 

Na2SO4, respectively. Consequently, the energy consump-
tion dropped from 51.48 to 23.72 kW h m−3 (Fig. 3b).

As illustrated in Fig. 3b, the influence of Na2SO4 con-
centration weakened gradually or even became insignifi-
cant when the electrolyte concentration reached 6 g L−1. 
In fact, after 4 h of electrolysis, only an improvement of 
2% of COD removal percent was obtained when Na2SO4 
concentration increased from 6 to 8 g L−1. Although 6 g 
L−1 Na2SO4 seems to be the most adequate concentration, 
from an environmental point of view, it is necessary to use 
a small amount of Na+ ions since sodium is a very mobile 
ion, leading to groundwater pollution (Grasso et al. 2005).

Effect of the initial concentration of MTF

For industrial wastewater treatment plants, it is important to 
take into account the study of the effect of organic pollutants 
concentration. Thus, the electrochemical oxidation of MTF 
has been studied at different initial concentrations (COD0 
between 300 and 1200 mg L−1).

The results given in Fig. 4 and Table 1 indicate that the 
increase in COD0 from 300 to 1200 mg L−1 led to a decrease 
in COD removal percent. For the higher COD0, at most 
57% of COD removal was achieved after 4 h of electrolysis. 
However, for an initial COD of 300 mg L−1, 80% of COD 
removal was obtained. This result indicates that the degrada-
tion process is limited by charge transfer whatever COD0.

It is clear that the complete elimination of COD was not 
achieved in any test, even for a low concentration of MTF. 
This behavior is related to the inhibitory oxidative effect 
of some intermediates such as ammonia, amines, amidines 
and urea derivatives (Badran et al. 2019a, b). When COD0 
increased, km values obtained from kobs decreased (Table 1), 

Table 1   Electrolyses of MTF 
in 2 g L−1 Na2SO4 on the BDD 
anode. jlim4 and COD4 are the 
limiting current density and 
COD removal measured after 
4 h of electrolysis

japp (mA cm−2) 5 10 20 30 40
Kobs × 105 (s−1) 4.1 8.6 12.0 18.0 14.9 COD0 = 900 mg L−1

Km × 105 (m s−1) 1.3 2.8 4.0 6.0 4.9 T = 293.15 K
jlim0 (mA cm−2) 14.1 30.3 43.4 65.1 53.1 pH = 3
jlim4 (mA cm−2) 10.5 19.6 22.6 21.7 20.6
COD0 (mg L−1) 300 600 900 1200
Kobs × 105 (s−1) 27.6 21.9 18.0 14.7
Km × 105 (m s−1) 9.2 7.3 6.0 4.9
Km COD0 × 103 (g m−2 s−1) 27.6 43.8 54.0 58.8 japp = 30 mA cm−2

Km COD4 × 103 (g m−2 s−1) 5.5 12.2 18.0 25.4 T = 293.15 K
jlim0 (mA cm−2) 33.2 52.8 65.1 70.9 pH = 3
COD4 removal (%) 80 72 66 57
T (K) 293.15 313.15 328.15 343.15
ln k⧧ − 38.06 − 37.93 − 37.74 − 37.54 COD0 = 900 mg L−1

∆G⧧∘ (kJ mol–1) 92.71 98.70 102.91 107.05 japp = 30 mA cm−2

∆H⧧∘ (kJ mol–1) 8.65  pH = 3
∆S⧧∘ (J mol–1 K–1) − 287.24
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which can be explained by a decrease in the oxygen forma-
tion rate. However, the total mass transport rates (kmCODt) 
raised, and therefore when COD0 increased, the degradation 
rate greatly increased. This can be interpreted in terms of the 
increase in the diffusion flux of organic matter to the surface 
of the electrode. jlim0 values (higher than japp whatever the 
initial COD) are in accordance with the charge transfer con-
trol process at the beginning of electrolysis.

Effect of temperature

Figure 5a shows the variation of COD removals percentage 
during the electrolysis of MTF solutions (COD0 = 900 mg 
L−1) at 293.15, 313.15, 328.15 and 343.15 K under an 
applied current density of 30  mA  cm−2 and initial pH 
value fixed to 3. The increase in temperature favors MTF 

oxidation. Indeed, after 4 h of treatment, COD removal (%) 
increased from 66 to 91% with the increase in the tempera-
ture from 293.15 to 343.15 K. This result is probably due to 
the electro-generation of inorganic oxidant agent ( S2O

2−
8

 ) 
from the supporting electrolyte [Eq. (14)]. This reagent con-
stitutes a new source for the indirect oxidation of organic 
compounds whose rate increases with temperature (Brahim 
et al. 2016). Furthermore, the rise in temperature leads to 
a decrease in the viscosity of the medium and, hence, the 
increase in the rate of organic matter diffusion toward the 
electrode surface. This finding is in agreement with those 
found in earlier investigations about the oxidation of ben-
zoquinone (Panizza 2014) and acid yellow (Rodriguez et al. 
2009) on BDD anode.

The relationship between the reaction temperature and 
kobs are expressed according to the Arrhenius law as follows 
[Eq. (17)]:

where A is the frequency factor, Ea is the apparent global 
activation energy (J mol−1), R is the ideal gas constant 
(8.314 J mol−1 K−1) and T is the absolute temperature (K).

(17)kobs = Ae
−

Ea

RT
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From Fig. 5b, COD removal follows a pseudo-first-
order kinetics and the kobs increased with temperature, 
being 0.650, 0.835, 1.014 and 1.221  h−1 at 293.15, 
313.15, 328.15 and 343.15 K, respectively. Ea and A were 
determined from the slope (−Ea/R) and the intercept (ln 
A) as 10.5 kJ  mol−1 and 47.84 h−1, respectively. It can 
be suggested that the limiting step of MTF oxidation is 
controlled by diffusion since Ea for a homogeneous diffu-
sion-controlled reaction is typically less than 40 kJ mol−1 
(Gargouri et al. 2013).

On the other hand, according to the Eyring–Polanyi 
model, kobs can be related to the standard Gibbs energy of 
activation ΔG#◦ by:

where � is the transmission coefficient (0 ≤ � ≤ 1) which is 
considered to be close to unity in most cases,kB is the Boltz-
mann constant and h is the Planck’s constant.

ΔG#◦ can be expressed by Eq. (19): (Ptáček et al. 2018)

where K# is the equilibrium constant of the formation of 
the activated complex of the reaction, whose value can be 
calculated using the following equation:

where N  is the Avogadro’s number.
The enthalpy of activation (ΔH#◦ ) and the entropy of acti-

vation ( ΔS#◦) were determined by plotting lnK# versus 1/T.

(18)kobs = �

kBT

h
exp

(

−
ΔG#◦

RT

)

(19)ΔG#◦ = −RT lnK# = ΔH#◦ − TΔS#◦

(20)K# =
kobsNh

RT

The results are given in Table 1, revealing that ΔH#◦ is 
close to Ea. Theoretically, Ea is related to ΔH#◦ by the fol-
lowing equation.

Effect of the NaCl concentration on the degradation 
rate of MTF

The chloride salts of sodium (NaCl) play an important role 
through the indirect electrochemical oxidation of organic 
pollutants. It has been widely used as a decontaminant 
agent for aqueous effluents because it can provide a media 
with more powerful oxidizing species during the electroly-
sis such as chlorine (Cl2), hypochlorous acid (HClO) and 

(21)lnK# = −
ΔH#◦

RT
+

ΔS#◦

R

(22)Ea = ΔH#◦ − RT
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hypochlorite (ClO−) (Panizza and Cerisola 2009), produced 
by the oxidation of chloride ions, according to the following 
reactions [Eq. (23)–(26)]:

These species are able to oxidize organic compounds by 
promoting the degradation rates.

One of the first articles reporting on the catalytic effect of 
chloride ions in organic pollutants oxidation was published 
by Comninellis and Nerini (Comninellis and Nerini 1995). 
These authors have shown that the presence of NaCl cata-
lyzes the anodic oxidation of phenol by the generation of 
ClO− using Ti/IrO2 anode.

Another explanation of the mediating role of chloride 
ions has been proposed by Panizza et al. (Panizza et al. 
2007). They compared the direct and indirect electrolyses 
of methylene blue solution and proved that the latter facili-
tates not only mineralization but also the discoloration of 
the solution and overcomes the mass transfer limitations.

In the present study, the effect of NaCl on the degra-
dation rate of MTF was evaluated using a current density 
of 30 mA cm−2 and different amounts of salt. The results 
obtained in Fig. 6 show that the presence of chloride ions 
improves the performance of the electrode. In fact, without 
NaCl, only 66% of COD was removed, whereas, in the pres-
ence of 0.4 or 0.8 g L−1 of the salt, the COD removal was 
83.43 and 92.74%, respectively. An amount of NaCl greater 
than 0.8 g L−1 does not significantly improve the rate of 
COD removal.

It is worthy to note that even when the use of NaCl allows 
the increase in the efficiency of the degradation and notably 
reduces the process costs, the NaCl added to the effluent 
should be used in moderate amounts to minimize the gen-
eration of Cl2, a toxic molecule known for its carcinogenic 
properties (Jardak et al. 2016). For this reason, it is recom-
mended to use 0.8 g L−1 NaCl.

Effect of pH

Solution pH is one of the main factors that must be opti-
mized to ensure the electrochemical oxidation efficiency 
of electroactive compounds. While some electrolyses are 
favored in an acidic aqueous medium (Scialdone et  al. 
2008; Rabaaoui et al. 2013b), others are privileged in alka-
line or neutral solution (Lissens et al. 2003; Gargouri et al. 
2013). Other studies have confirmed the independence of 

(23)2 Cl− → Cl2 + 2 e−

(24)Cl− + 2 OH−
→ ClO− + H2O + 2 e−

(25)Cl2 + H2O → HClO + H+ + Cl−

(26)HClO → H+ + ClO−

the process on pH (Ellouze et al. 2016), which depends on 
several factors, such as the chemical property and reactivity 
of the compound, the supporting electrolyte nature and the 
electrode material (Editorial 2009).

The electrolysis of MTF on the BDD electrode is favored 
in an acidic medium as illustrated by the evolution of kobs 
with pH (Fig. 7). At the end of electrolysis, COD removal 
increased from 33 to 75% when the pH decreased from 9 
to 2 (Fig. 7). In fact, the amount of HO∙ produced on the 
BDD surface [Eq. (10)] in an acidic medium is more impor-
tant than that obtained in an alkaline medium (Enache et al. 
2009). Moreover, the increase in the pH decreases the O2 
over-potential, and consequently, the O2 production becomes 
easier (Chen et al. 2003; Scialdone et al. 2008). This concur-
rent reaction decreases the COD removal efficiency.

Electrolysis under optimal conditions

The electrolysis of MTF was carried out under optimal con-
ditions (COD0 = 900 mg L−1, Na2SO4 = 2 g L−1, NaCl = 0.8 g 
L−1, japp = 30 mA  cm−2, pH = 2 and T = 343.15 K). The 
degradation kinetics of MTF was followed by the measure-
ment of COD and MTF concentration. The quantification of 
MTF was performed by the SWV technique (Fig. 8a). The 
results given in Fig. 8b indicate that during electrolysis, the 
decrease in MTF concentration is faster than that of COD. 
MTF molecules disappear completely after 2 h where COD 
removal percent was about 90%. As COD removal evolution 
with time electrolysis, the linear regression obtained from 
the evolution of ln ([MTF]0 / [MTF]t)with electrolysis time 
was consistent with a pseudo-first-order kinetics.
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These experimental results have proven that the electro-
chemical oxidation is an effective method for the treatment 
of water containing MTF.

Phytotoxicity assessment

The reuse of treated wastewater for agricultural irrigation 
has become very important due to the scarcity of natural 
water resources. This has encouraged many countries to 
develop local regulations to control the quality of water for 
the reuse to reduce health and environmental risks (Drechsel 
et al. 2015). Therefore, phytotoxicity tests assess the toxic-
ity profile of a substance measuring the response of a living 
organism. There are many widely accepted benefits of using 
germination rate and root elongation as a rapid phytotoxicity 
method such as simplicity, high sensitivity, cost-effective-
ness and suitability (Wang et al. 2001).

In the present work, Fenugreek and Lucerne seeds were 
applied for the irrigation tests with different treated water 
samples during the electrolysis of solution containing 
MTF (COD0 = 900  mg L−1,  Na2SO4 = 2  g L−1, 
japp = 30 mA cm−2, pH = 2 and T = 293.15 K). The results 
illustrated in Fig. 9A reveal different GI percent depending 
on the quality of water. Irrigation with tap water with or 
without MTF gives 100% GI, indicating that the drug has 
no effects on the growth of both plants (Fig. 9A a). The 
lower GI% (8% for Fenugreek and 5% for Lucerne) was 
obtained with distilled water containing only Na2SO4 2 g 
L−1 due to the water's lack of mineral salts (Fig. 9A b). 
Since MTF molecule contains nitrogen in its structure, 
adding this molecule to distilled water slightly improves 

GI% (30% for Fenugreek and 24% for Lucerne) (Fig. 9A 
c). This behavior has also been observed by Eggen and 
Lillo (2012). During electrolysis, GI% increased gradually 
attaining 89% for Fenugreek and 80% for Lucerne after 4 h 
of treatment (Fig. 9A d–g). Such increase shows the grad-
ual production of nitrate ions from the degradation of the 
MTF molecules as presented by Fig. 9B. NO−

3
 and NH+

4
 

concentrations were followed during electrolysis. The two 
ions were accumulated rapidly during the early time of 
treatment and then reached steady-state values from 
60 min. In this case, the NH

+
4

NO−
3

 ratio is maintained above 22. 
The formation of nitrate ions can be attributed to the oxi-
dation of ammonium ions on the BDD surface.

Based on the results of the performed tests, it is clear 
that no phytotoxicity effect on Fenugreek and Lucerne 
seeds existed. On the contrary, the presence of this drug in 
water improves the growth of these two plants. However, its 
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presence in the plant represents a health problem for humans 
and animals. Therefore, the degradation of MTF in water is 
necessary and beneficial for irrigation use.

Conclusion

The electrolysis of solutions containing the antidiabetic 
metformin (MTF) using a BDD anode was proven to be an 
efficient process for the complete removal of this drug. Sig-
nificant decrease in COD and complete removal of the drug 
were observed during electrolysis under optimal conditions 
(japp = 30 mA cm−2, Na2SO4 = 2 g L−1, NaCl = 0.8 g L−1, 
pH = 2 and T = 343.15 k). The kinetic decrease in MTF mol-
ecules and COD shows that it follows a pseudo-first-order. 
Moreover, the addition of NaCl in the aqueous electrolytic 

solution promotes the degradation of the main compound 
due to the generation of species with a higher oxidation 
potential such as active chlorine.

The phytotoxicity tests were also carried out using Fenu-
greek and Lucerne seeds. It was observed that despite the 
beneficial effect of MTF on the growth of the plant, its pres-
ence in the stems and leaves of these plants has a problem 
of toxicity for consumers. It is therefore necessary to treat 
the water containing this drug before its use in agriculture.
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