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Editorial 

First Meeting of Electrochemistry and Electroanalytical Brazilian Society (SBEE) 

 

The Electrochemistry and Electroanalytical Brazilian Society has organized its 

first event as a national forum for scientific and academic discussions. The meeting theme 

was “Environmental Challenges for a Sustainable Progress in the 21st Century” focused 

on the energy and environment subject aiming at discussing the Electrochemistry and 

Electroanalytical contributions in these areas. SBEE’s goal is to hold meetings every two 

years on specific topics in order to promote greater interaction between members of 

society and researchers around subjects that are relevant to the progress of science and 

society in general. The SBEE board members and researchers of the University of São 

Paulo (USP) at Ribeirão Preto and of the Federal University of ABC (UFABC) organized 

the event that occurred on November 8th and 9th, 2018 in Ribeirão Preto (SP) at the 

campus of the University of São Paulo. There was a significant number of abstracts 

submitted, suggesting the need of periodic continuity of this topical meeting. In addition 

to the participation of renowned Brazilian researchers, guest speakers from France also 
attended this event. Indeed Prof. Mehmet A. Otturan, from University of Paris-EST, 

France presented “The use of new photoactive materials for treatment of organic 

pollutants”; continuing on this theme Prof. Romeu Rocha Filho (UFSCar/SP) presented 

the main actions to be taken in the construction of electrochemical reactors, presenting 

the plenary lecture “Hurdles to cross to make electrochemical oxidation a sustainable 

technology”. Advances in the characterization of more active nanomaterials were 

presented by Prof. Teko Napporn from University of Poitiers, France “Gold Nanospheres 

in electrocatalysis: surface interaction with glucose” and Dr. Fabio Henrique Barros 

Lima (IQSC/USP) “Advances in the electrocatalysis of oxygen and carbon dioxide 

reduction”. 

Besides these, four plenary lectures from invited speakers the meeting had 148 

inscriptions, 105 papers presented, being 25 oral presentations. Additionally, the meeting 

offered the opportunity for researchers publishing their peer-reviewed results in this 

special issue of Eclética Química Journal. We thank the authors and the reviewers for the 

suggestions and comments.  

 

Profa. Dra. Adalgisa Rodrigues de Andrade (Guest Editor) 

Prof. Dr. Paulo Olivi (Guest Editor) 
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Editor’s note 

The articles published in this special issue went through all the standard 

procedures used by the Eclética Química Journal and fulfilled all the qualitative 

requirements of selection, peer review and editing. 

The readers can see the papers cover the Electrochemistry and Electroanalytical 

areas, in line with the editorial profile of EQJ, with the following subjects: 

electrochemical degradation of aqueous alachlor and atrazine; electrodeposition of Cu-

Zn-Mo system; ultrafiltration and electrodialysis on lactic acid removal from whey and 

membraneless ethanol,O2 enzymatic biofuel cell. 

 

Prof. Dr. Assis Vicente Benedetti 

Editor-in-Chief 
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Preparation of manuscripts 

• Only manuscripts in English will be accepted. British or American usage is acceptable, but they should 

not be mixed. 

• The corresponding author should submit the manuscript online at 

http://revista.iq.unesp.br/ojs/index.php/ecletica/author 

• Manuscripts must be sent in editable files as *.doc, *.docx or *.odt. The text must be typed using font style 
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• All contributions should include an Abstract (200 words maximum), three to five Keywords and a 

Graphical Abstract (8 cm wide × 4 cm high) with an explicative text (2 lines maximum). 
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references should be compiled in square brackets at the end of the manuscript as follows: 
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1. Introduction 

 

Alachlor (2-chloro-N-(2,6-diethylphenyl)-N-
(methoxymethyl)acetamide) is one of the most 

frequently used herbicides in weed control, early 

inhibiting their development. This compound 

belongs to the chloroacetamide class and it is 
widely used to protect corn, rice, soybean, peanut, 

and cotton crops1. Alachlor can be degraded by 

microorganisms present in soils. Therefore, both 
alachlor and its main metabolite, 2,6-

diethylaniline, are ubiquitous in the environment 

and cause serious ecological and physiological 

problems2,3. Alachlor is a toxic, carcinogenic, 
persistent organic compound (with a half-life of 70 

days in soil and 30 days in water), and an endocrine 

disruptor4-7. The contamination of water resources 

by alachlor occurs due to runoff and infiltration, 

causing it to be frequently detected in surface and 
groundwater samples8-10. 

Atrazine (1-chloro-3-ethylamino-5-

isopropylamino-2,4,6-triazine), as well as alachlor, 

is widely used in weed control in maize, sugarcane, 
and soybean crops. This herbicide belongs to the 

triazines group, and it is the most important 

chemical of this family as well as one of the most 
used herbicides in the world due to its high 

phytotoxic activity11,12. Among its main 

characteristics are: low vapor pressure, moderate 

solubility in water, slow hydrolysis, and the ability 
of leaching13,14. Besides that, atrazine is also a 

carcinogenic compound and an endocrine 

ABSTRACT: This work studied the electrochemical degradation of 

alachlor and atrazine (alone and mixed with each other) using a filter-press 
cell, a dimensionally stable anode (DSA Ti/Ru0.3Ti0.7O2), initial pH 3.0, and 
temperature at 25 °C. The best operational conditions for alachlor 
(0.33 mmol L-1) degradation were obtained by a 32 factorial design, in 
which the factors/levels were: NaCl concentration (0.05, 0.1, and 
0.15 mol L-1) and current density (10, 30, and 50 mA cm-2). Thus, 93.1% 
alachlor removal and 71.2% mineralization were achieved using 
0.15 mol L-1 NaCl and 30 mA cm-2. In addition, the initial degradation 

products (DPs) of alachlor and atrazine were identified by liquid 
chromatography coupled to mass spectrometry (LC-MS). Acute and 
chronic ecotoxicities for three trophic levels (fishes, daphnids and green 
algae) and lipophilicity (log D, pH 7.4) of the DPs were also estimated using 
the ECOSAR 1.11 and ChemAxon Calculator software, respectively. The 
present study showed that the electrochemical degradation is an efficient 
method for removing the herbicides alachlor and atrazine from water and 
that the DPs formed have lower pollution potential than their original 

compounds. 

http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v44.1SI.2019.p12-25
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disruptor. For human consumption, atrazine 

concentration in water shall not exceed 3 µg L-1. 
However, higher concentrations are frequently 

detected in surface and groundwater15,16. 

Alachlor and atrazine are the main active 

ingredients in many commercial herbicide 
formulations, which may, in some cases, consist of 

a mixture of atrazine and alachlor17. These 

formulations have their selective action due to the 
mixture of the two herbicides that complement 

each other. The intensive use of these compounds 

associated with their persistence in the 

environment and their low biodegradability has 
contributed to their frequent detection in water. 

Therefore, it is necessary to develop new 

methodologies capable of removing those 
compounds from aqueous systems, since 

conventional water and sewage treatment plants are 

inefficient in doing so18-21. 
Among the available methodologies for the 

treatment of wastewaters containing organic 

compounds such as alachlor and atrazine, the 

electrochemical method is very promising. It has 
been gaining prominence in scientific community 

due to its versatility, easy automation, high organic 

removal rate, immobilization of the catalyst in the 
electrode, and the formation of reactive species on 

the surface of the electrode13,22-26. 

In electrochemical oxidations, the choice of the 
material with which the anode is made is of 

fundamental importance, because the efficiency 

and selectivity of the process depends on it. Among 

the most frequently used anodes for the removal of 
organic compounds is the dimensionally stable 

anode (DSA) with a nominal composition 

Ti/Ru0.3Ti0.7O2 
27. It has been used in the chlor-

alkali industry for several years due to its 

mechanical stability and catalytic activity28,29. 

Several studies report the successful use of the 

DSA anode28, 30-34. 
The feasibility of a treatment technology should 

not be assessed only by its potential for degrading 

a pollutant, but also by the generation of less 
ecotoxic and more hydrophilic compounds (less 

prone to bioaccumulation and biomagnification). 

Partition coefficients (log P) and distribution 
coefficients (log D) are the ratios of the 

concentrations of a compound in a mixture of two 

immiscible solvents at equilibrium. Log P 

generally refers to the non-ionized compound, 
whereas log D refers to the concentration ratio of 

all species of the compound (ionized and non-

ionized). Therefore, the latter coefficient is pH-

sensitive. Typically, the most useful pH is 7.4, the 

physiological one35,36. When one of the solvents is 
water and the other is a nonpolar solvent (usually 

n-octanol), then those coefficients are a measure of 

lipophilicity (or hydrophobicity). 

Finally, the objective of this work was to study 
the electrochemical degradation of the herbicides 

alachlor and atrazine, in a flow cell, using a DSA 

anode (Ti/Ru0.3Ti0.7O2), assessing the influence of 
different concentrations of electrolyte and current 

densities on the removal and mineralization of the 

organic compounds, besides proposing their 

respective routes of degradation. The ecotoxicity 
and lipophilicity of the identified degradation 

products (DPs) were also estimated. 

 
2. Materials and methods 

 

2.1. Cyclic voltammetry 
 

Cyclic voltammetry (CV) was used to obtain 

qualitative information about the reaction on the 

electrode/solution interface. Cyclic 
voltammograms were obtained using a 

potentiostat/galvanostat (Autolab, PGSTAT128) 

and a conventional electrochemical cell composed 
of: (a) working electrode: circular, dimensionally 

stable anode plate (DSA) manufactured by De 

Nora do Brasil Ltda. (nominal composition: 
Ti/Ru0.3Ti0.7O2; exposed geometric area: 1 cm2); (b) 

counter electrode: titanium plate (2 cm2) parallel to 

the working electrode; and (c) reference electrode: 

normal hydrogen electrode (NHE). The assays 
were performed using 50 mL of 0.05, 0.1, and 

0.15 mol L-1 NaCl as the supporting electrolyte. 

Cyclic voltammograms of atrazine and alachlor 
(both at 0.33 mmol L-1) in NaCl 0.15 mol L-1 were 

also obtained. The potential window was 0.4-1.6 V 

versus NHE, with scanning speed of 50 mV s-1. 

 
2.2. Electrochemical degradation experiments 

 

The degradation experiments were performed in 
a filter-press flow-cell using: (a) a commercial 

DSA Ti/Ru0.3Ti0.7O2 with surface area equal to 

14 cm2 (working electrode); (b) a titanium plate 
with area equal to 14 cm2 (counter electrode); (c) a 

normal hydrogen electrode (NHE) (reference 

electrode), and (d) a commercial cationic 

membrane strip (Ionac, MC-3470), immersed in 
0.5 mol L-1 H2SO4, providing the electric contact 

between the electrochemical cell and the reference 

electrode (Fig. 1). Besides that, a centrifugal pump 
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drove the electrolytic solution through the flow-

cell. This solution was magnetically stirred. 
Initial pH 3, temperature 25 °C, flow rate 

130 mL min-1 and solution volume 200 mL were 

held constant throughout the experiments. 

Initially, only alachlor (0.33 mmol L-1) was 
degraded. The experiments followed a 32 full 

factorial design with the central point in triplicate 

(Statistica 7 software). The studied factors and 
levels were supporting electrolyte sodium chloride 

concentration (0.05, 0.1, and 0.15 mol L-1) and 

current density (10, 30, and 50 mA cm-2). 

 
Figure 1. scheme of the experimental apparatus: 1) 

Thermostat bath; 2) reservoir; 3) magnetic bar; 4) 

magnetic stirrer; 5) centrifugal pump; 6) flow cell; 7) 
cationic membrane; 8) reference electrode; and 9) 

potentiostat/galvanostat. 

 

2.3 Analytical procedures 
 

Total organic carbon analyses (TOC, Shimadzu 

TOC-VCPH Total Organic Carbon Analyzer) were 

performed to determine the amount of organic 
matter in solution, before and after the treatment. 

The concentrations of alachlor and atrazine 

were measured in a high-performance liquid 
chromatograph (HPLC, Shimadzu LC-10AD VP) 

equipped with a UV detector (Shimadzu LC-

10AVP) and a C18 reversed-phase column (Zorbax 

SB-C18, 5 μm, 25 cm × 4.6 mm). 20 μL were 
isocratically eluted using a mobile phase composed 

of acetonitrile and water 70:30 (in volume), flow 

rate 1 mL min-1, temperature 40 °C and UV 
detection at 210 nm. 

The degradation products (DPs) were identified 

in a high-performance liquid chromatograph 
(HPLC, Thermo Scientific Accela 1250 Pump) 

coupled with a LTQ-Orbitrap Velos spectrometer 

(HPLC-MS, Thermo Fisher Scientific), operating 

under the following conditions: positive ion mode 

electrospray ionization (ESI), electrospray voltage 
3.7 kV, nebulization gas pressure 75 psi, heater 

temperature 500 °C, capillary temperature 400 °C, 

and injection volume 10 μL. A C18 reversed phase 

column (Zorbax SB-C18, 5 μm, 25 cm  4.6 mm) 

and a mobile phase composed of acetonitrile and 

formic acid 0.1% (70:30 in volume), isocratic 
mode, and flow rate 1 mL min-1 were used. 

 

2.4 Calculations 
 

Ecotoxicities were estimated for three trophic 

levels (fishes, daphnids and green algae) using the 
ECOSAR 1.11 software (USEPA, 2017). The acute 

indicators: LC50 (lethal concentration to 50% of the 

tested organisms) and EC50 (effect concentration to 

50% of the tested organisms) were estimated. 
Chronic ecotoxicities were estimated as the 

geometric mean of the LOEC (lowest-observed-

effect concentration) and the NOEC (no-observed-
effect concentration). Lipophilicity (log D) values 

were calculated with the aid of the ChemAxon 

Calculator. 

 
3. Results and discussion 

 

3.1 Cyclic voltammetry of atrazine and alachlor 
 

Figure 2a shows the cyclic voltammograms of 

the commercial DSA electrode using NaCl as the 
supporting electrolyte in the following 

concentrations: 1) 0.05, 2) 0.1 and 3) 0.15 mol L-1. 

Figure 2b shows the voltammetric behavior of the 

commercial DSA electrode with solutions 
0.15 mol L-1 NaCl in the presence of 4) alachlor 

(0.33 mmol L-1) and 5) atrazine (0.33 mmol L-1). 

One can observe that from 0.4 to 1.2 V vs. NHE, 
no significant increase of the density current 

occurs; however, for potentials above 1.2 V, there 

was a fast increase in density current, characterized 
by the oxygen evolution reaction (OER) and 

chlorine evolution (Eqs. 1 and 2)27,29. 

 

2 H2O → O2 + 4 H+ + 4 e− (1) 

2 Cl− → Cl2 + 2 e− (2) 
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Figure 2. Cyclic voltammograms of the commercial DSA electrode (Ti/Ru0.3Ti0.7O2) recorded between 0.4 and 1.6 V vs. 

NHE at 50 mV s-1 in aqueous solutions containing: (a) 0.05, 0.1, and 0.15 mol L-1 NaCl (lines 1, 2, and 3, respectively) 

and (b) alachlor 0.33 mmol L-1 (line 4) and atrazine 0.33 mmol L-1 (line 5).  

 

In Figure 2a, it can be observed that oxygen and 

chlorine evolution reactions became more evident 
with increasing concentrations of NaCl. However, 

when the herbicides were added to the 0.15 mol L-
 

1 

NaCl solution (Fig. 2b), a gradual decrease in 

current density was noticed for potentials over 
1.2 V. That may happen because the adsorption of 

the herbicides and/or electrogenerated DPs on the 

anode surface, blocks the electrode active sites19,30. 
 

3.2 Electrodegradation study 

 
3.2.1 Study of the alachlor electrochemical 

degradation by factorial design 

 

Table 1 shows the obtained results for alachlor 
degradation after 120 min of electrolysis (as 

alachlor was harder to degrade than atrazine, the 

best operational conditions for the former were also 
used with the latter). 

 

Table 1. Alachlor removal and mineralization obtained after the electrochemical treatment (32 full factorial 

design with the central point in triplicate). 

Experiment j/mA cm
-2

 CNaCl/mol L−1
 Alachlor removal/% TOC/% 

1 10 0.05 85.0 19.4 

2 10 0.10 88.0 20.4 

3 10 0.15 89.5 21.7 

4 30 0.05 86.5 45.2 

5 30 0.10 87.4 70.1 

6 30 0.15 93.1 71.2 

7 50 0.05 88.0 67.5 

8 50 0.10 91.7 70.4 

9 50 0.15 93.5 71.6 

10 30 0.10 88.0 67.7 

11 30 0.10 87.0 68.7 

Experimental Error/% 0.5 1.2 
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It was possible to assess the effect of the 

investigated factors on the response-variables 
(removal evaluated by HPLC and the respective 

mineralization expressed by TOC values) to 

determine which of them were statistically 

significant with a 95% confidence interval (within 
tested levels). Both factors were significant, and 

the best tested treatment condition was 0.15 mol L-

1 NaCl and current density equal to 50 mA cm-2, 
since the higher the current density and the 

electrolyte concentration, the higher the removal 

(93.5%) and the mineralization (71.6%). However, 

0.15 mol L-1 NaCl and current density equal to 
30 mA cm-2 were chosen as the actual treatment 

conditions due to lower electric energy 

requirements and to the fact that the removal 
(93.1%) and the mineralization (71.2%) obtained 

were quite close to the ones at the best tested 

conditions. 
 

3.2.1.1 Effect of electrolyte concentration and 

current density  

 
The NaCl concentration affects the production 

of radicals (and therefore, the oxidation capacity) 

and current density. These are important 
parameters for the electrodegradation of any 

organic compound30,37. 

The obtained results (Table 1) show that 
increasing current density with a fixed NaCl 

concentration led to higher removal and 

mineralization. This same behavior was observed 

for a fixed current density while increasing the 

electrolyte concentration. Under all studied 

conditions, alachlor removals were greater than 
80%. However, in none of them the complete 

removal or mineralization were achieved. 

Degradation may take place by two 

mechanisms: i) the organic compound is adsorbed 
on the anode surface and then oxidized by anodic 

electron transfer reaction – direct oxidation; and ii) 

it reacts with generated active chlorine species with 
high oxidizing power, according to Eqs. 2, 3 and 4 

– indirect oxidation38,39. 

 

Cl2 + 2H2O  HClO + H3O
+ + Cl- (3) 

HClO + H2O  H3O
+ + ClO- (4) 

 

Hypochlorous acid (Eº = 1.49 V vs. NHE) act 
as the main oxidizing agent in the degradation 

reactions due to its greater oxidation power in 

comparison to the other electrochemically 
generated active chlorine species like ClO- (Eº = 

0.89 V vs. NHE) and Cl2 (1.36 V vs. NHE)22,40,41. 

As the pKa of HClO is 7.5, the protonated species 

predominates when pH < 7.5. For this reason, all 
experiments were performed in acidic medium in 

order to guarantee that the organic compounds 

were preferably oxidized by HClO, in order to 
achieve higher rates of removal and mineralization. 

Scialdone et al.42 emphasize that intermediates 

of the OER can react with adsorbed chlorine on the 
electrode, favoring the oxidation of the organic 

compound (Eqs. 5 and 6). 

 

 

MOx (OH) + Cl− → MOx+1 (HClO) + e- (5) 

Organics + MOx+1 (HClO) → Intermediates → MOx + CO2 + Cl− + H2O + H3O
+ (6) 

 

Therefore, increasing sodium chloride 

concentration increases the formation of 
electrogenerated chlorine species (Cl2/HClO/ClO-) 

and the use of high current densities leads to an 

increase in the amount of these species, allowing 

alachlor degradation43-45. For this reason, the 
highest removal and mineralization of alachlor was 

achieved with 0.15 mol L-1 NaCl and current 

density equal to 50 mA cm-2. However, regardless 
of the tested NaCl concentrations and current 

densities, alachlor mineralization was not complete 

due to the formation of recalcitrant DPs. 
 

 

 

3.2.1.2 Determination of the energy consumption 

 
The electric energy consumption may be 

estimated by the Electric Energy per Order (EEO 

in kWh m-3 order-1). The EEO is defined as the 

electric energy in kilowatts per hour (kWh) 
required to degrade a contaminant (C) by one order 

of magnitude in 1 m3 (1,000 L) of water or air, as 

shown in Eq. 746-49, where 
 

P = nominal cell power/kW, 

t = time/h, 
V = volume/L, 

C0 and Ct = initial and final concentrations of the 

contaminant, respectively. 

https://doi.org/10.26850/1678-4618eqj.v44.1SI.2019.p12-25


Original article 

6            Eclética Química Journal, vol. 44, special issue, 2019, 12-25 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.1SI.2019.p12-25 

It is important to notice that Eq. 7 is multiplied 

by 1,000 to convert volume from L into m-3 and that 
it can only be used if the chemical reaction follows 

a pseudo-first order kinetics, as was the case of 

alachlor8. 

 

𝐸𝐸𝑂(𝑘𝑊ℎ 𝑚−3 𝑜𝑟𝑑𝑒𝑟−1) =
𝑃×𝑡×1000

𝑉×log(𝐶0 𝐶𝑡⁄ )
 (7) 

 

According to Thiam et al.50, the energy 

consumption can also be expressed per unit of TOC 
mass, as shown in Eq. 8, where 

 

Ecell = average cell voltage (V), 

I = applied current (A), 
t = electrolysis time (h), 

V = volume (L), and 

∆(TOC)exp is the observed TOC decrease (mg L-1). 
 

𝐸𝐶𝑇𝑂𝐶  (𝑘𝑊ℎ 𝑔𝑇𝑂𝐶
−1) =

𝐸𝑐𝑒𝑙𝑙×𝐼×𝑡

𝑉×∆(𝑇𝑂𝐶)𝑒𝑥𝑝
 (8) 

 

Figure 3 shows EEO and ECTOC as a function of 

the applied current density, calculated for the 
alachlor degradation experiments. In Fig. 3a, one 

can notice that, for a fixed current density, as the 

NaCl concentration increases, energy consumption 
decreases. This is because the conductivity of the 

medium also increases, decreasing cell potential, 

which leads to lower values of energy 

consumption, as previously described28,44. In 
addition, for the same concentration of the 

supporting electrolyte, there is a concomitant 

increase in energy consumption, due to the cell 
operational potential increase and the competition 

between O2 and Cl2 formation at higher potential 

values44. Comparing Fig. 3a and 3b, one can 

observe that the behavior of the energy 

consumption calculated by Eq. 8 is very similar. 

 
Figure 3. Dependence of energy consumption (kWh m-

 

3 

order-1 and kWh gTOC
-1) with applied current density in 

NaCl solution: () 0.05, () 0.10 and () 0.15 mol L-
 

1. 

Electrolysis performed using a commercial 

Ti/Ru0.3Ti0.7O2 DSA anode. 

3.2.2 Electrochemical degradation of atrazine and 
alachlor-atrazine mixture 

 

Some of the major companies producing 
agrochemicals trade alachlor in mixture with 

atrazine as a way to enhance the action of both 

herbicides. One of the usual compositions is the 

ratio of 1:1 (in volume) and, for this reason, the 
mixture employed in the present work was 

composed of 0.33 mmol L-1 of each substance. 

One can observe that atrazine was removed 
after 45 min of electrolysis (Fig. 4), while alachlor 

took more than 120 min of treatment to reach a 

similar degradation. 
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Figure 4. Variation of atrazine and alachlor concentrations with treatment time: () alone and () in the mixture. 

 

Energy consumption, TOC, and obtained 

removals are given in Table 2. One can observe that 

alachlor alone required more energy to be 

degraded. In none of the applied conditions the 
complete mineralization of the compounds was 

achieved, which can be attributed to the formation 

of recalcitrant DPs during electrolysis. 

Another finding is that, apparently, there is 

some kind of synergism between alachlor and 

atrazine. When those two substances were 

degraded together, alachlor removal and, mainly its 
mineralization, were increased. Also, energy 

consumption significantly decreased. The reasons 

for that behavior are not yet understood. However, 
that it is a true advantage, as alachlor and atrazine 

are usually employed together. 

Table 2. Results obtained for the removals of alachlor, atrazine and their mixture, mineralization, and energy 

consumption estimated after electrochemical degradation (120 min, 30 mA cm-2, and 0.15 mol L-1 NaCl). 

Compound Removal/% TOC/% EEO/ kWh m
-3

 order
-1

 ECTOC/kWh gTOC
-1
 

Alachlor only 93.1 71.0 12.1 0.35 

Atrazine only 100 70.4 5.0 0.20 

Alachlor-Atrazine 

(1:1) 

99.6 
82.8 7.1 0.22 

100 

 

3.3 Alachlor electrochemical degradation 

mechanism proposition 

Fig. 5 shows a proposition for the alachlor 
electrochemical degradation route. The m/z ratios 

here refer to the compounds in their protonated 

form, [M+H]+. Initially, the molecular ion that 
characterizes alachlor was identified with 

m/z = 270. Partial oxidative cleavage of the bond 

in the  ̶ OCH3 group connected to N, followed by 

dehalogenation and subsequent hydroxylation 

leads to the formation of the DP with m/z = 222. 

This compound also was identified by Pipi et al.8 
and Wang and Zhang51. In addition, this DP was 

also detected in water samples in Massachusetts3. 

According to Pipi et al.8, the formation of the 
DP with m/z = 284 is characterized by a purely 

oxidative mechanism due to hydroxyl radicals. 

Hydroxyl radicals can also convert lipophilic into 
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hydrophilic compounds. That is, from the structural 

point of view, the DP with m/z = 284 is more 
soluble in water than its parent compound due to an 

increased number of polar groups in its structure6. 

The subsequent demethylation followed by the 

addition of H+ leads to the formation of another DP 

with m/z = 2708,51. DPs with m/z = 158, 176, and 

224 were also identified in this work. These 
compounds are quinoline and indoline derivatives, 

obtained by the complex cleavage of certain bonds 

followed by cyclization8,52. 

 

 

Figure 5. Proposition of the initial mechanism for the electrochemical degradation of 

alachlor using a commercial Ti/Ru0.3Ti0.7O2 DSA anode in aqueous medium 

containing 0.15 mol L−1 NaCl. 

3.4 Atrazine electrochemical degradation 

mechanism proposition 

Fig. 6 shows a proposition for the atrazine 
electrochemical degradation route. The m/z ratios 

of the structures also correspond to the protonated 

forms, [M+H]+. 
The molecular ion of atrazine has m/z = 216. 

Dechlorination of atrazine followed by 

hydroxylation led to the formation of the DP with 
m/z = 198. This is the main degradation product of 

atrazine53. According to Chen, Yang et al54, the    

C–Cl bond in atrazine is the lengthiest one, 

approximately 1.73 Å, making it easier to undergo 

some sort of cleavage. The subsequent deamination 
with the total loss of the side chain (–NHCH2CH3), 

followed by hydroxylation forms the DP with 

m/z = 17148,54. 
Two other DPs were identified. The first one, 

with m/z = 218, was formed by atrazine 

demethylation followed by hydroxylation. The DP 
with m/z = 232 was formed due to the abstraction 

of a hydrogen atom followed by hydroxylation. 
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Figure 6. Proposition of the initial mechanism for the electrochemical degradation of atrazine 

using a commercial Ti/Ru0.3Ti0.7O2 DSA anode in aqueous medium containing 0.15 mol L-1 

NaCl. 

3.5 Lipophilicity and ecotoxicity of alachlor, 

atrazine, and their degradation products 

 
The distribution coefficients (log D, pH 7.4) of 

alachlor, atrazine, and their degradation products 

(DPs) are presented in Fig. 7. 

 
Figure 7. Calculated lipophylicity (log D at pH 7.4) of 

alachlor, atrazine, and their degradation products. 

It is possible to observe that alachlor and its DPs 

have log D > 0. This is an indication that those 

compounds preferentially dissolve in non-polar 
media, representing a risk factor for living beings 

due to their bioaccumulation potential. The log D 

of all alachlor DPs are smaller than that of alachlor 
(3.59) due to the insertion of polar groups into their 

structures during electrolysis, which contribute to 

the increase in their aqueous solubility, and to 

smaller carbon chains compared to alachlor. 
Among alachlor DPs, those formed by 

hydroxylation produced, in average, DPs with 

lower lipophilicity. DP3 is the compound with the 

lowest calculated lipophilicity (log D  1.55), due 

to the insertion of a carbonyl in one of the ethyl 
groups bonded to the aromatic ring and to the 

replacement of a methoxy group by a hydroxyl one, 

in one of the carbon chains bonded to the nitrogen 
atom. Its log D is twice as lower as that of alachlor. 

In relation to the DPs formed by cyclization, 

from DP4 (3.09) to DP5 (2.61), log D decreases by 
one order of magnitude, due to the loss of 

aromaticity in one of the rings. From DP5 (2.61) to 

DP6 (1.56), log D decreases another order of 

magnitude, due to the loss of the ethyl group 
bonded to the aromatic ring and dechlorination. 

DP3 and DP6 have similar lipophilicities. 

The lipophilicity of atrazine (2.20) is an order 
of magnitude lower than that of alachlor (3.59). 

Atrazine and its DPs have also log D > 0, indicating 

that their preferably dissolve in non-polar media. 
The log D of all atrazine DPs are smaller than that 
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of atrazine, in average one order of magnitude 

lower. The chemical features that make those 
compounds more water-soluble compared to 

atrazine are the smaller carbon chains and the 

increased number of polar groups in their 

structures. 
Figure 8 shows the estimated acute and chronic 

ecotoxicities for freshwater organisms at three 

trophic levels (fishes, daphnids and green algae) of 
alachlor, atrazine and their DPs. It is important to 

observe that acute toxicity is usually observed 

within the first 24-48 h after exposure to the 

deleterious substance(s), whereas the chronic one 
is later observed (sometimes weeks or months after 

the exposure). In this context, the lower the 

concentration of those compounds that causes 
harmful effects, the greater their ecotoxicity. 

Alachlor acute and chronic estimated 

ecotoxicities were high for all tested organisms 
(fishes, daphnids and green algae) (Fig. 8). This 

could be attributed to: (i) alachlor is a compound 

with high log D value (3.59), which is an indication 
of its ability to dissolve in fat tissues of animals 

(fishes and daphnids) and (ii) as alachlor is a 

herbicide, whose main function is to prevent 

photosynthesis from happening, it is expected to be 
quite toxic to green algae. Approximately, the DPs 

formed from alachlor are equally toxic to fishes and 

daphnids. That is probably because all degradation 
products, as well as alachlor, have high 

lipophilicity. 

Among the DPs formed from alachlor, the least 

toxic is DP6, which is the compound that presented 
the lowest lipophilicity. Therefore, increased 

concentrations of those compounds are necessary 

to harm fishes and daphnids, since they are easier 
to be eliminated by the organisms. Alachlor is 

much more toxic than atrazine (16, 4 and 26 times 

more toxic to fishes, daphnids and green algae, 
respectively). 

 

 

 

 

(a) Acute ecotoxicity 

  

(b) Chronic ecotoxicity 

Figure 8. Estimated acute and chronic ecotoxicities of alachlor, atrazine, and their degradation products, using the 

ECOSAR 1.11 software (USEPA), for three trophic levels: fishes, daphnids and green algae. Chronic ecotoxicities are 

the geometric mean between the lowest-observed-effect concentration (LOEC) and the no-observed-effect concentration 

(NOEC). 

Alachlor DP1 DP2 DP3 DP4 DP5 DP6

0

10

20

30

40

50

60

70

80

 

 

C
o

n
c
e

n
tr

a
ti
o

n
/m

g
 L

–
1

 Fishes (LC
50

)

 Daphnids (LC
50

)

 Green Algae (EC
50

)

Atrazine DP7 DP8 DP9 DP10

0

100

200

300

400

500

600

700

800

900

1000

1100

 

 

C
o

n
c
e

n
tr

a
ti
o

n
/m

g
 L

–
1

 Fishes (LC
50

)

 Daphnids (LC
50

)

 Green Algae (EC
50

)

Alachlor DP1 DP2 DP3 DP4 DP5 DP6

0

1

2

3

4

5

6

7

8

 

 

C
o

n
c
e

n
tr

a
ti
o

n
/m

g
 L

–
1

 Fishes

 Daphnids

 Green Algae

Atrazine DP7 DP8 DP9 DP10

0

3

6

9

12

15

18

21

24

27

 

 

C
o

n
c
e

n
tr

a
ti
o

n
/m

g
 L

–
1

 Fishes

 Daphnids

 Green Algae

https://doi.org/10.26850/1678-4618eqj.v44.1SI.2019.p12-25


Original article 

11            Eclética Química Journal, vol. 44, special issue, 2019, 12-25 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.1SI.2019.p12-25 

Atrazine and its DPs also have high acute 

ecotoxicities towards green algae due to their 
herbicidal action, preventing photosynthesis to 

happen. The atrazine DPs are less toxic to daphnids 

and fishes compared to atrazine, in the order DP7 

> DP8 > DP9 > DP10. This may be ascribed to the 
partition coefficients of these compounds, which 

are lower than that of atrazine, making it necessary 

to increase the DPs concentration to cause fishes 
and daphnids mortality. In addition, all of atrazine 

DPs are more toxic to daphnids than to fishes. 

Over time, the difference between the 

ecotoxicities of alachlor and atrazine decreased, so 
that their chronic ecotoxicities are similar. In 

addition, it is possible to observe that alachlor 

(atrazine) concentrations that cause chronic 
ecotoxicity are on average 10 (40) times lower than 

those that cause acute ecotoxicity. It is important to 

emphasize that atrazine and corresponding DPs 
ecotoxicity profile is quite similar, whether acute 

or chronic ecotoxicities are considered. 

 

4. Conclusions 

 

The DSA in the presence of chloride, led to high 

removals of alachlor and atrazine due to the 
formation of active chlorine species with high 

oxidant power (Cl2/HOCl/ClO-) and the generation 

of chemically adsorbed hydroxyl radicals on the 
surface of the electrode. However, in none of the 

experiments, it was possible to achieve complete 

mineralization of the organic compounds, due to 

the formation of recalcitrant DPs (some of which 
were identified in this work) and to the short 

electrolysis time (120 min). 

The identified DPs of alachlor and atrazine in 
this work have already been reported in the 

literature; however, the electrolysis was performed 

under different conditions. Based on the structures 

of the DPs identified in this work, it was possible 
to estimate their acute and chronic ecotoxicities 

towards three different trophic levels (fishes, 

daphnids and green algae) and their distribution 
coefficients (log D). Those parameters allow one to 

conclude that all formed DPs have lower pollution 

potential than their original compounds, although 
they still pose threats to the environment. 

In this context, the present study showed that 

the electrochemical degradation is effective and 

can be used for the treatment of residues of 
pesticides in formulations containing alachlor and 

atrazine. 
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1. Introduction 

 

Alloys and composites of zinc (Zn) and copper 

(Cu) commonly called brass have excellent 

properties such as mechanical strength, 
malleability and resistance against corrosion; in 

addition, they are considered to be weakly harmful 

to the environment1,2. On the other hand, 
molybdenum (Mo) compounds and oxides are also 

relevant in terms of their excellent resistance 

against corrosion and electrocatalytic activities3-10. 
Therefore, an alloy/composite composed of Cu, Zn 

and Mo may have applicability as corrosion 

resistant coating and electrocatalytic material. 

Methods that use thermal energy, such as thermal 
spraying11 and melting metal in a vacuum or inert 

atmosphere12, are utilized to get these materials, but 

both methods are costly and expend a great deal of 
energy13. A reasonable option is electroplating 

because it is a generally simple technique, 

inexpensive and broadly utilized in the production 

of composites, metallic coatings, alloys and 
semiconductors on different substrates14,15. 

Recent research shows the possibility of Mo 

deposition with Zn and Cu14,16-18. In these studies, 
the Zn-Mo composite is proposed as a corrosion 

resistant coating with low danger and 

environmentally friendly, in contrast to other 
anticorrosive alloys containing cadmium and 

chromium. One of the announced methods for 

getting this material was by potentiostatic 

deposition at -1.4 V, where an amount of 70% m/m 
Mo was incorporated on the surface of the 

coating14. Kazimierczak et al., in another study, 

ABSTRACT: Alloys and composites that contain molybdenum 

have been studied due to their excellent properties, such as 
corrosion resistance and catalytic activity. In this work, the 
parameters for Cu-Zn-Mo system electrodeposition were 
studied, such as deposition potentials and concentration of 
electroactive species. The deposition potentials were examined 
using cyclic voltammetry and anodic linear stripping 
voltammetry (ALSV), the deposit morphology was evaluated 
using scanning electron microscopy (SEM) and 

crystallographic characterization was carried out for X-ray 
diffraction (XRD). The voltammetry studies indicated co-
deposition of the metals in potentials more negative than -1.2 
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obtained Zn-Mo coatings with up to 14% Mo and 

showed that the deposits with more than 1% Mo 
had amorphous or nanocrystalline characteristics16. 

In their turn, Cu-Mo compounds can be used as 

heat sinks or heat diffusers in electronic devices. 

Gotou et al.17 studied this system and obtained 
coatings with up to 22% m/m Mo with amorphous 

features, regardless of the amount of Mo in the 

coatings. Thus, a few studies have reported on Cu-
Mo and Zn-Mo binary composites; however, there 

has been no report of Cu-Zn-Mo ternary system 

obtained by electrodeposition. As previously 

mentioned, the combination of these three elements 
could be interesting as a corrosion resistant coating, 

as with the case of  Zn-Cu19-21 and Zn-Mo14,16,18 

alloys and composites. In addition, the introduction 
of Mo in these coatings should significantly 

improve the electrocatalytic properties for water 

electrolysis because the presence of Mo in the iron 
group’s alloys and composites has been described 

as responsible for the reduction of the overpotential 

of the hydrogen evolution reaction10,22-24. 

One of the issues in the electrodeposition of 
ternary systems is the stability and solubility of the 

salts used to formulate the deposition baths, which 

can be achieved by inserting specific complexing 
agents25. However, aggressive and toxic complexes 

such as cyanides and chlorides are commonly used 

in the deposition baths of Zn and Cu alloys26. In the 
perspective of environmental problems, it is 

proposed to utilize a complexing agent that 

stabilizes the electroactive species and is minimally 

aggressive and toxic. A complexing agent that fits 
this proposition is citrate; it is nontoxic and forms 

electroactive complexes with Cu (II) and Mo (VI) 

over a wide pH range and with Zn (II) at acidic 

pH14,27,28. 
Considering these facts, the objective of this 

study was to propose a bath for electrodeposition 

of the ternary system with Cu (II), Zn (II) and Mo 

(VI) ions and to verify the conditions for the 
occurrence of the co-deposition of these three 

elements. For this, several molar ratios of the ions 

in the deposition bath were studied using sodium 
citrate as complexing agent, and morphological, 

compositional and crystallographic 

characterizations of the coatings were performed. 

 
2. Experimental 

 

The chemicals used were CuSO4·5H2O (> 
99%), ZnSO4.7H2O (> 99%), Na2MoO4 (> 99%) 

and sodium citrate (Na3C6H5O7 > 99%), all 

analytical grade and without any purification. The 
electrolytic baths were prepared by the dissolution 

of sodium citrate in ultrapure water treated in the 

Milli-Q system (18.2 MΩ cm-1), followed by the 

addition of the salts of the metal ions. According to 
the work of Kazimierczak et al.16 and Slupska and 

Ozga29, which correlated the predominant Cu (II), 

Mo (VI) and Zn (II) species with respect to citrate 
concentrations and pH in the baths. For that all 

species to be electroactive in the baths the pH of 

the electrolyte should be between 3 and 5.5. 
Therefore, the pH of the electrolytic baths in this 

work was adjusted to 4 with sulfuric acid. The 

chemical composition of all baths is shown in 

Table 1. 
 

 

 
 

Table 1. Chemical composition of the deposition baths used. 

Baths [Mo(VI)]/ 

mol L
-1

 

[Zn(II)]/ 

mol L
-1

 

[Cu(II)]/ 

mol L
-1

 

[Citrate]/ 

mol L
-1
 

[Mo(VI)]:[Zn(II)]:

[Cu(II)] 

1 - 0.04 0.02 0.1 0:2:1 

2 0.04 - 0.02 0.1 2:0:1 

3 0.04 0.04 0.02 0.1 2:2:1 

4 0.06 0.04 0.02 0.1 3:2:1 

5 0.08 0.04 0.02 0.1 4:2:1 

 

A platinum disk of 0.1 cm2 was used as the 

working electrode in the voltammetric studies. It 
was sanded in 0.25 μm diamond paste and then 

remained in sonication for 5 min in isopropyl 

alcohol before being rinsed with deionized water. 

The coatings were also produced in 1010 carbon 

steel. For this, steel plates with exposed area of 

2.6 cm2 were used as working electrodes. The 
plates were treated with 5% sulfuric acid solution 

to remove the iron oxides. Then, they were rinsed 

with distilled water and sanded with sandpaper 

until the granulometry reached 600, and finally 
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they underwent basic degreasing in NaOH 

3.0 mol L-1 for 2 min. An Ag(s)|AgCl(s)|Cl- 
(saturated KCl) electrode and a high surface area Pt 

grid were used as reference and auxiliary 

electrodes, respectively. 

The voltammetric studies were performed in the 
potentials range of 1.5 to -1.5 V with a scan rate of 

50 mV s-1, three cycles were performed in each 

measurement. The deposition potentials were 
evaluated through cyclic voltammetry at different 

cathodic inversion potentials in the range of -1.0 to 

-2.0 V with a scan velocity of 50 mV s-1. 

Electrochemical stripping analyses in the range of 
-1.0 to 1.0 V were obtained for the coatings 

deposited in -1.6, 1.75 and -2.0 V in the binary 

baths of Mo (VI) and Cu (II) (bath 4) and Zn (II) 
and Cu (II) (bath 5). The stripping analyses were 

carried out in 0.1 mol L-1 sodium citrate solution at 

pH 4. The depositions were performed at constant 
potential in the range of -1.2 to -2.0 V for 1800 s. 

All measurements were performed at 25° C. The 

morphologies of the coatings were evaluated using 

scanning electron microscopy (SEM) with high-
resolution field emission using an FE-SEM, ZEISS 

SUPRA 35, and the composition was analyzed 

through X-ray dispersive energy (EDX) 
spectroscopy using a FEI-XL30-FEG with an 

Oxford Instruments-Link ISIS 300 detector. The 

structural characterizations were performed using 
an X-ray diffractometer (Rigaku-DMax2500PC) 

with Cu Kα = 1.5406Å, 40 kV voltage, theta-2theta 

configuration and a scan angle of 20-80º with a 

scanning speed of 2°/min. 
 

3. Results and discussion 

 

3.1. Voltammetric studies 

 

The cathodic voltammograms for the baths with 

2:2:1, 3:2:1 and 4:2:1 molar ratios of Mo(VI): 

Zn(II): Cu(II) on Pt are shown in Fig. 1. The peak 
c1 at 0.15 V and c2 at -0.1 V could be attributed to 

underpotential deposition (UPD) and bulk 

deposition of copper from the non-complexed Cu2 

+ ions, respectively30. This is possible because the 

concentration of citrate (0.1 mol L-1) in these baths 

was less than the total metal-ion concentration, 

which is evidence of the occurrence of Mo (VI), Zn 
(II) and Cu (II) noncomplexed species. It was also 

observed that peaks c1 and c2 presented higher 

cathodic currents when the concentration of 
molybdate was increased in the baths. Since the 

molybdenum(VI) citrate complexes are more 

stable that copper (II) citrate complexes in the pH 
used, the increase of the concentration of MoO4

2+ 

ions led to a higher concentration of free Cu2+ ions 

in the bath31,32. The increase of the Mo (VI) 

concentration caused a considerable increase in the 
peak current c3 in the region of -0.8 V, which was 

attributed to the deposition of molybdenum 

oxides/hydroxides (Fig. S1b). The peaks c4 and c5 
were due to the reduction of Cu (II) and Zn (II) 

complexed with citrate, respectively (Fig. S1). The 

curves in Fig. 1 indicate that the cathodic current in 

potentials more negative than -1.25 V increased 
more significantly in the bath with a higher 

concentration of MoO4
2- (curve 3). This current is 

due to the evolution of H2, which is facilitated by 
the higher amount of Mo oxides/hydroxides 

deposited that is a catalytic species for hydrogen 

evolution reaction (HER)33. In conclusion, an 
increase of MoO4

2- concentration in the baths 

facilitates the deposition of molybdenum species; 

however, it leads to a higher evolution of hydrogen, 

which can lead to lower deposition efficiency and 
poor structure of the coatings. 

 

Figure 1. Cathodic voltammograms on Pt for baths Mo: 

Zn: Cu of molar ratios (1) 2: 2: 1 (bath 6), (2) 3: 2: 1 

(bath 7) and 4: 2: 1 (bath 8) at T = 25 °C. 

 
To find the best cathodic deposition potentials, 

a study was performed on different inversion 

cathodic potentials in the 2:2:1 Mo: Zn: Cu bath 

(bath 6), as shown in Fig. 2a. From -1.3 V, the 
currents were very high due to the HER (graph 

inserted in Fig. 2a), which made it difficult to 

visualize the processes; therefore, the study 
focused on the more positive potential regions. 
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Figure 2. (a) Voltammograms on Pt for bath 3 of 2:2:1 molar ratio of Mo: Zn: Cu at inversion potentials -1.0V (line 1), -

1.2 V (line 2), -1.6 (line 3), -1.75 V (line 4) and -2.0 V (line 5). (b) Stripping voltammetry curves for the coatings obtained 

on Pt in the bath 1 at -1.6, -1.75 and -2.0 V (b) stripping voltammetry curves for the coatings obtained on Pt in the bath 2 

at -1.6, -1.75 and -2.0 V at T = 25 °C. 

 

In the inversion potentials at -1.0 (line 1) and   -

1.2 V (line 2), only a cathodic and an anodic peak 
in the range of potentials of -0.25 to 0.25 V were 

identified as being attributed to deposition and 

dissolution of Cu. From the potential of inversion 

of -1.6 V, a peak (a2) attributed to the dissolution 
of zinc or zinc-rich phase appeared, and for the 

more negative potentials (-1.75 and -2.0 V), larger 

anodic currents were presented, showing the 
favoring of the deposition of zinc at more negative 

potentials. The oxidation peaks in the range of 0 to 

0.52 V potentials (a1, a2 and a3) that appeared for 
the inverse potentials -1.6 (line 3), -1.75 (line 4) 

and -2.0 V (line 5) are attributed to the dissolution 

of copper and copper-rich phases. It can be 

concluded from the voltammetric studies that zinc-
rich Cu-Zn phases and Cu-Mo composites can be 

electrodeposited at highly negative potentials 

simultaneously with the HER from the proposed 
baths. 

The phases related to the anode peaks in the 

region of potentials of 0.0 to 0.52 V (a1, a2 and a3) 

cannot be identified only by the voltammograms in 
Fig. 2a. Therefore, electrochemical stripping 

analyses were performed for deposits obtained in 

the Zn(II): Cu(II) (bath 4) and Mo(VI): Cu(II) (bath 
5) binary baths. The coatings were deposited in -

1.6, -1.75 and -2.0 V for 5 min on Pt; these curves 

are shown in Fig. 2b and c, respectively. The 

stripping curves for the coatings obtained in the 
bath containing only Zn (II) and Cu (II) presented 

a shoulder followed by a peak with high anodic 

current, which was attributed to the dissolution of 
Cu and Cu-Zn phases. This result enables 

affirmation that peaks a1 and a2 observed in the 

voltammograms of Fig. 2a were due to the 
dissolution of Cu-Zn phases formed in potentials 

more negative than -1.2 V. The attribution of this 

anodic process to the dissolution of the Cu-Zn is 

coherent because this process occurs in more 
negative potentials in comparison to the potential 

dissolution of the Cu, motivated by the presence of 

Zn atoms. 
Figure 2b shows the stripping curves for the 

coatings obtained in the bath containing only Mo 

(VI) and Cu (II). In this voltammogram, one 

shoulder can be observed followed by the a1* peak 
attributed to the dissolution of Cu and a2* peak 
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shifted to more positive potentials attributed to the 

phase dissolution or intermetallic compound 
formed between Cu and Mo. The shift of the a2* 

peak to more positive potentials compared to the 

oxidation of Cu is coherent because Mo has 

passivating characteristics. In turn, this result 
indicates that the anodic process a3 in the 

voltammograms of Fig. 2a is due to dissolution of 

Cu-Mo phases. The stripping curves confirm the 
assumption that Cu, Mo and Zn containing 

intermetallic compounds can be formed from that 

bath at potentials more negative than the Zn 

reduction potential, together with HER. 
 

3.2. Physical characterization 

 

Aiming for future applications, the coatings 

were also produced in 1010 carbon steel and 

characterized by their morphologies, chemical 
compositions and crystalline structure. The amount 

of the Mo, Cu and Zn in the coatings obtained at -

1.5 V on 1010 steel in the 2:2:1, 3:2:1 and 4:2:1 

molar ratios of Mo: Zn: Cu are shown in Fig. 3. The 
amount of Cu was the largest of the three metals in 

the system, varying between 30 and 40% at/at, 

showing that copper is deposited preferentially in 
this deposition conditions. However, the increased 

deposition of Mo-oxidized species with increasing 

MoO4
2- concentration in the baths directly affected 

Cu deposition by reducing its content in the 

coatings. Large amounts of Zn were also deposited, 

and all coatings that exhibited 20 to 28% of these 

metal coatings had less than 10% of Mo; on the 
other hand, they had considerable amounts of 

oxygen (more than 30% at). From Fig. 3, it is clear 

that an increase of the Mo content in coatings leads 
to an increase in the oxygen content, which is 

independent of the Cu or Zn, indicating that the Mo 

in the coatings is in the form of oxides. To 

understand the influence of the deposition potential 
on the coatings’ chemical composition, 

electrodepositions were performed in a potential 

range of -1.2 to -1.9 V in the 4:2:1 molar ratio (bath 
5) on steel 1010. These data are presented in Fig. 4a 

without the oxygen contents. It is noticed that the 

higher Mo contents were deposited at potentials 
more positive than -1.4 V. However, in comparison 

to the Cu and Zn contents, the amount of Mo 

remained almost constant in all deposition 

potentials, showing that the applied overpotential 
has little influence on its electrodeposition. On the 

other hand, both Cu and Zn deposition are strongly 

dependent on the overpotential applied. At the 

potentials more positive than -1.4 V the coatings 

consisted of approximately 70 to 75% of Cu and 
between 13 and 15% of Zn, but in more negative 

potentials, the Zn deposition was favored, 

becoming the major component with 

approximately 54% in -1.9 V. Based in Fig. 1, it is 
possible to infer that copper deposition occurs via 

kinetically activated regime until the potential near 

-1.2 V, followed by a diffusion process at more 
negative potentials. It is agreement the fact that a 

smaller amount of copper was electrodeposited in 

more negative potentials. On the other hand, the 

electrodeposition of zinc was favored in potentials 
more negative than -1.2 V due this process is 

activated kinetically. This shows that, depending 

on the excess potential applied, it is possible to 
obtain coatings with different compositions. For 

more positive potentials, Cu rich coatings and for 

more negative potentials, Zn rich coatings are 
obtained. 

 

 
Figure 3. Composition for the coatings obtained in the 

baths of 2:2:1 (bath 3), 3:2:1 (bath 4) and 4:2:1 (bath 5) 

molar ratio of Mo: Zn: Cu at -1.5 V on 1010 steel 

substrate. 

https://doi.org/10.26850/1678-4618eqj.v44.1SI.2019.p26-35


Original article 

31            Eclética Química Journal, vol. 44, special issue, 2019, 26-35 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.1SI.2019.p26-35 

 

 
Figure 4. (a) Composition for the coatings obtained in 

the bath 5 of molar ratio Mo: Zn: Cu 4:2:1 in the range 

of deposition potentials of -1.2 to -1.9 V. (b) molar ratio 

between the metals in the coatings obtained in the bath 

5 in the range of deposition potentials of -1.2 to -1.9 V 

on 1010 steel substrate.  

 

The profiles of the atomic ratios between the 

metals in the coatings are shown in Fig. 4b. 
Comparing the profiles of the Zn/Cu and Zn/Mo 

atomic ratios indicates that in the coatings obtained 

over the entire range of deposition potentials, the 

ratio values grew following the same pattern. The 
values of the Zn/Cu ratio in the most positive 

potentials were less than 1.0 (higher Cu content) 

and remained thus until the potential of -1.6 V, 

where the Cu and Zn contents were similar. In the 
most negative potentials, Zn electrodeposition was 

favored, and the Zn/Cu ratio values were greater 

than 1.0 (higher Zn content). The profile observed 

for the Zn/Mo ratio was similar to that observed in 
Zn/Cu, indicating that the behavior of Mo and Cu 

deposition in relation to Zn deposition is similar; 

that is, in more positive potentials, Cu and Mo 
deposition is favored, and a smaller amount of Zn 

is deposited. According to the Cu/Mo ratio profile, 

there was a small dependence between Cu and Mo 

on their deposition, as evidenced by the smaller 
variation of these values in comparison with the 

Zn/Mo and Zn/Cu ratios. 

The coating surface morphologies obtained in 
the -1.5 V potential are shown in Fig. 5a. They 

presented a relatively compact structure with small 

agglomerated particles forming larger cauliflower-
like structures; the small, smooth agglomerates on 

these structures are attributed to the oxides of Mo. 

The coating obtained in the 3:2:1 bath (Fig. 5b) 

showed structures similar to that of the 2:2:1 film 
but with a greater number of smooth structures 

between and on the grains. In contrast, the coating 

obtained in the 4:2:1 bath (Fig. 5c) presented less 
compactness and uniformity in its structure. The 

variation of the coating obtained in the bath with 

the higher concentration of Mo can be explained by 
taking into account the greater evolution of 

hydrogen that occurs with the electrodeposition of 

the coatings. This meant that the growth on the 

substrate was not uniform and compact. The 
greatest hydrogen evolution from bath 5 is proven 

by the cathodic voltammetry shown in Fig. 1, in 

which the cathodic current at -1.5 V related to HER 
for this bath was considerably higher compared to 

the currents obtained in the other baths at the same 

potential. 

 

https://doi.org/10.26850/1678-4618eqj.v44.1SI.2019.p26-35


Original article 

32            Eclética Química Journal, vol. 44, special issue, 2019, 26-35 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.1SI.2019.p26-35 

 

 
Figure 5. Surface morphologies obtained by SEM for coatings obtained at -1.5 V in baths with Mo: Zn: Cu molar 

ratio of (a) 2:2:1 (bath 3), (b) 3:2:1 (bath 4) and (c) 4:2:1 (bath 5) on 1010 steel substrate. 

 

The crystal structures were evaluated using X-
ray diffraction (XRD) and are shown in Fig. 6. The 

phases were identified with the aid of the 

crystallographic data patterns. 
 

 
Figure 6. X-ray diffraction patterns for coatings 

obtained at -1.5 V in baths of Mo: Zn: Cu molar ratios 

of 2:2:1 (bath 3, black line), 3:2:1 (bath 4, red line) and 

4:2:1 (bath 5, blue line) on 1010 steel substrate.  
 

For all coatings, two phases of the Cu-Zn alloy 
were identified, β-Cu-Zn (PDF # 65-6066) and γ-

Cu-Zn (PDF # 65-6566). The equilibrium phase 

diagram for Cu-Zn alloys shows that Cu-rich 
phases, such as α-Cu-Zn (99-70% Cu) and β-Cu-

Zn (with up to 48% Zn), and Zn-rich phases, such 

as γ-Cu-Zn (Cu5Zn8, with up to 66% Zn) and ε-Cu-
Zn5, are possible to obtain through 

electrodeposition21. 

The identified β-Cu-Zn and γ-Cu-Zn phases are 

consistent with composition data shown in Fig. 3, 
where all coatings contained 30 to 50% Cu and 25 

to 35% Zn. However, no peaks of Mo or oxidized 

species of this metal were observed, although these 
coatings had up to 8% of Mo, indicating that the 

electrodeposited Mo species are totally amorphous. 

On the other hand, diffraction patterns showed 

significant irregularity in background intensity, 
most evident in the range of 2θ from 50º to 53º. 

This irregularity was attributed to the diffraction of 

plane (200) of the Cu with low crystallinity, which 
might have been caused by the introduction of 

amorphous Mo into the lattice of this metal. 

According to Gotou et al.17, molybdenum can be 
introduced into the crystal lattice of the copper, 

causing an enlarging of lattice space and leading to 
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an amorphous structure. Therefore, the Cu-Zn-Mo 

coatings obtained in this work were a mixture of 
Cu-Zn intermetallic phases and copper-

molybdenum amorphous composites, as well as 

Mo oxides with fully amorphous characteristics. 

 
4. Conclusions 

 

In this work was studied the parameters for 
electrodeposition of the system Cu-Zn-Mo in 

citrate baths. The voltammetric profiles indicate 

that binary phases of Cu-Zn and Cu-Mo can be 

formed in potentials more negative than -1.2 V 
together with hydrogen evolution. The 

morphologies of the coatings obtained in the 

potential of -1.5 V were compact and presented 
small agglomerated particles forming larger 

cauliflower structures, and Mo, Cu and Zn in these 

coatings ranged from 5 to 8%, 30 to 40% and 20 to 
28%, respectively. Compositional analysis and 

XRD patterns showed that no ternary phases were 

formed, but rather a mixture of intermetallic Zn-Cu 

phases and Mo-Cu amorphous composite, as well 
as Mo oxides with totally amorphous 

characteristics. 
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The electrochemical behavior of the individual 

ions (Mo (VI), Zn (II) and Cu (II)) as well as for 

the ternary bath in the 2:2:1 molar ratio of 

Mo:Zn:Cu (bath 3) on Pt was studied by cyclic 

voltammetry and are shown in Fig. S1. 

 

 
Figure S1. Cyclic voltammograms obtained on Pt in (a) 0.1 mol L-1 of sodium citrate, (b) 20 mmol L-1 of CuSO4, (c) 40 

mmol L-1 of Na2MoO4, (d) 40 mmol L-1 of ZnSO4 and 0.1 mol L-1 of citrate and (e) 2:2:1 molar ratio bath (40 Mo (VI) + 

40 Zn (II) + 20 Cu (II) mmol L-1). 

 
The voltammogram of a solution without the 

metal ions (Cu (II), Zn (II) and Mo (VI), only with 
sodium citrate, is shown in Fig. 1Sa. The 
voltammogram shows no clear anode and cathode 
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peaks, only a high cathodic current in potentials 

after -1.0 V due to the hydrogen evolution reaction 
(HER). 

In the voltammogram obtained for Cu (II) bath 

(Fig. S1b) the cathodic processes (c1, c2, and c3) 

in approximately -0.22, -0.96 and -1.15 V were 
attributed to the reduction of Cu (II) from different 

complexes formed between copper and citrate. At 

the concentration of citrate and pH used, the 
[CuH2Cit]- and [Cu2HCit2]

3- complexes are the 

predominant species, with low free Cu2+ ions. In 

the anodic branch, there is a shoulder followed by 

a peak (a1) in the region of potentials of 0.15 to 0.4 
V both attributed to the dissolution of metallic 

copper deposited in the cathodic sweep1. 

In the voltammogram for Mo (VI) in citrate 
(Fig. S1c), two cathode processes can be noted, one 

in the region of -0.6 V (c4) and another in -1.27 V. 

As metallic molybdenum can’t be electrodeposited 
in solutions of its salts, only in the presence of 

certain metal ions that induce its co-deposition2-4, 

the process c4 is characteristic of the deposition of 

oxides/hydroxides of Mo. At the concentration of 
citrate and pH close to those used in this work, the 

Mo (VI) species are predominantly in the 

complexed form [MoO4H4Cit]2-, and the proposed 
reaction for the formation of Mo oxides from this 

species is shown in the Eq. S15 The small peak at -

1.27 V was attributed to the evolution of hydrogen 

in profusion. During the anodic scan, no process is 
observed, this phenomenon is attributed to the 

passivating characteristics of the deposited 

molybdenum oxides. 

 
3- + - 2-

4 (aq) (aq) 2(s) 2 (aq)MoO Cit  + 3H + 2e MoO + 2H O + HCit→  (1) 

 

The cathodic sweep in the voltammogram for 

Zn (II) in citrate (Fig. S1d) shows a current plateau 

starting at -0.45 V (c5) and a peak at -1.25 V (c6). 
In the presence of citrate at pH 4.0 the ZnHCit- 

complex is the major species and the processes c5 

and c6 corresponding to the reduction of Zn (II) 
from this complex and the bare Zn2+ ions, 

respectively1. In the anodic sweep, only a peak at -

1.0 V attributed to the dissolution of 
electrodeposited Zn is observed. 

Figure S1 shows the voltammogram obtained 

for the bath containing Mo(VI):Zn(II):Cu (II) in the 

2:2:1 molar ratio (bath 5). The cathode peak at -
0.15 V (c7) can be attributed to the deposition of 

Cu-rich species because it is in the same potential 

region of the c1 peak. In the cathodic sweep, two 
other peaks appear at -1.0 V (c8) and -1.3 V (c9), 

which compared to Fig. S1b and d, were attributed 

to Cu (II) reduction from the complexes formed 
between Cu (II) and citrate and the reduction of Zn 

(II), respectively. As for the reduction of Mo (VI), 

does not appear any definite peak in the presence 

of the three ions, however, a slight shoulder 
between the c7 and c8 peaks can be observed that 

is attributed the deposition of oxides/hydroxides of 

molybdenum. In the anodic scanning the peak of 
0.16 V (a3) is attributed to the intermetallic phase 

oxidation containing in a higher proportion Cu with 

the other metals (Zn and Mo), since this process 

when compared to that of the voltammogram 
containing only Cu ions) (Fig. S1b) is shifted to 

more negative potentials. On the other hand, the 

anodic peak (a4) at -0.71 V was attributed to the 

dissolution of Zn-Cu intermetallic phases rich in 

Zn, since it appears close to the zinc oxidation 
region displaced to more positive potentials when 

compared to the Zn (II) oxidation peak only in 

citrate (Fig. S1d). 
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1. Introduction 

 

Whey is one of the by-products of high added 
value in the dairy industry, by the expressive 

volume generated as well as by its composition, 

containing important nutrients. In this process1, 
there is no total feedstock conversion in final 

product, hence, for each kilogram of cheese 

produced, an average of 10 liters of whey is 

generated. The milk whey consists, basically, of 94 
to 95% water, 3.8 to 4.9% lactose, 0.8 to 1.0% 

protein and 0.7 to 0.8% of minerals2. In terms of 

Chemical Oxygen Demand (COD), the content of 
organic compounds is around 60,000 mg L-1

 
3. 

According to some authors4-6, there are 

numerous current alternatives for the use of fresh 
milk whey and its components. Among the 

alternatives, it can be mentioned, for example, 

animal feed, production of ricotta, dairy drink, 

whey powder production, which can be also used 
in the pharmaceutical industry. 

One of the main stages to produce 

biotechnological products is drying out the whey 
using a spray dryer equipment. The presence of 

lactic acid in whey (containing lactate ions) 

promotes products that are more susceptible to 

moisture absorption7, because of the hygroscopic 
behavior. This phenomenon allows the formation 

of powdered agglomerates that cannot be tolerated 

in this process. 
The membrane separation processes (MSP) go 

through clean technology which play an important 

role in the separation of whey components8, such 
as proteins and lactose with subsequent drying. 

ABSTRACT: Due to the biotechnological value of 
whey, this work aims at applying the ultrafiltration 

(UF) and subsequently the electrodialysis (ED) 
techniques in pilot scale plant. Whey (5% 
concentration) was treated twice by the UF 
technique, with a pressure of 4 bar (flow mode 
20 L h-1). The permeate obtained was submitted to 
the ED process, in which 12 V were applied for 4 h. 
In order to evaluate the UF, parameters as turbidity, 
color, TOC and pH were measured. Regarding the 

ED technique, parameters as pH, conductivity, 
calcium, sodium and lactic acid concentration were 
evaluated. The electrodialysis unit was operated  
 

on a constant voltage, and tested the range was from 3 to 12 V. After the UF and ED processes, the pH remained unchanged. Thereafter 
the UF treatment, the initial turbidity was reduced by 99.9%. In terms of parameter reduction after ED, the calcium concentration was 
decreased in 36.0% soon after UF and ED treatments, and the lactic acid concentration in 80.0%. These results point to the possible 
combination of UF and ED to treat the whey and signals the potential of further using the resulting solutions as inputs in new applications 
in the food industry such as lactose. 
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Such components both contribute to the 

environment improvement and provide gains to 
industries. In addition, they are more valued when 

segregated. 

Ultrafiltration (UF) is an alternative and 

attractive method, since it does not use heat as well 
as a phase change. This technique is usually 

applied to retain macromolecules and has been 

widely used in the dairy industry for the recovery 
of important components and compounds9,10. The 

UF allows the concentration variance among 

different compounds, due to the protein retention 

and selective permeation of lactose, minerals, 
water and compounds of low molar mass. 

Electrodialysis (ED) is an electrochemical 

technique and shows benefits when compared to 
traditional processes, since it does not require 

phase change or addition of chemical reagent, as 

well as its operational cycle is continuous. It has 
been widely used in water and wastewater 

treatment for the removal of ions, for example, 

ionic species in solution are transported in 

compartments of a cell through ion-selective, 

anionic and cationic membranes by the action of an 
electric field. In addition to this, electrodialysis is 

an alternative11,12, method of lactose separation and 

concentration, when whey solutions are used. 

In this context, the aim of this study is to 
investigate the potential applicability of combining 

ultrafiltration and ED techniques (in a pilot scale 

system), in order to remove lactic acid (LA) and 
other ions from whey, focusing on 

biotechnological applications. 

 

2. Materials and methods 

 

The research consisted in the recovery of whey 

(5% concentration) and the purification treatment 
was carried out twice by the UF technique, in a 

pilot scale plant (flow mode 20 L h-1), and the 

permeate obtained was submitted to the ED process 
in a prototype pilot scale (Fig. 1). 

 

 
Figure 1. Schematic diagram of ultrafiltration and electrodialysis treatments. 

 
In the ultrafiltration experiments, the volume of 

permeate was evaluated, and it was collected to 

determine the flux. In addition, the whey was 

ultrafiltered under varied conditions, i.e., pH 
ranging from 5.9 to 7.0 and transmembrane 

pressure (TMP) ranging between 3.5 and 5.0 bar. 

After this evaluation, the TMP was maintained at 4 
bar and pH 5.9. The UF membrane was AG1812, 

made of polyethersulfone, manufactured by GE 

Water. The molar weight cut-off was 200 kDa, and 

permeation area was 0.37 m2. The UF experiments 

were conducted in batch processing. In this 

process, the concentrate stream return to the begin, 

like total recirculation mode. The whey was 

ultrafiltered two times. 
After UF treatments, the permeate obtained was 

submitted to the ED process, in which 12 V were 

applied for 1 h (for evaluation) and 4 h (total 
treatment time), in an acrylic cell containing five 

compartments (total volume of 7 L). In this system, 

the cathode was a titanium plate and the anode, a 

70TiO2/30RuO2 plate (189 cm2). The 
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electrodialysis cell was operated on a constant 

electrochemical potential, and the potential range 
was 3 to 12 V. The area per ion exchange 

membrane (AMV and CMV Selemion) was 

63.61 cm2. 

 
2.1 Analysis of limiting current in ED process 

 

Initially, the limiting current in ED process has 
been determined using a CaCl2 solution for 

comparison with the results of Na+ ions, according 

to the Tanaka14, in a cation-exchange membrane, to 

simulate Ca2+ ions present in whey. In this 
evaluation, a constant current source ICEL PS-

7000 was used to apply successive increments of 

electrical current each two-minute intervals, in a 
cell containing 0.1 mol L-1 CaCl2 solution. The 

cationic membrane potentials were measured 

(multimeter MINIPA ET-2081) using a multimeter 
connected to two reference electrodes 

(Ag/AgCl/KClsat) with Luggin capillary placed at 

the membrane’s interfaces (in a three-compartment 

acrylic cell). In this experiment, the cathode was a 
titanium plate and the anode a 70TiO2/30RuO2 

plate (8.9 cm2). At the end of each interval data of 

applied current, potential of the system and 
membrane were recorded. 

 

2.2 Sample analysis 
 

The parameters evaluated for the UF treatments 

were: turbidity (Digimed DM TU), Total Organic 

Carbon – TOC (Shimadzu TOC-VCPH), Total 
Nitrogen (Shimadzu TNM-1), Color (Co-Pt), 

conductivity (856 Metrohm Module) and pH 

(827 pH Lab Metrohm). For the ED technique, the 

parameters evaluated were pH and conductivity. A 
HPLC Shimadzu, LC-20AT, detector DAD: SPD 

M20A, Autosampler: SIL-20A HT with 

Supelcogel C-610H; 0.8 mL min-1 H2SO4 0.05 mol 

L-1, temperature = 50 °C, λ = 207 nm, retention 
time = 9.90 min, was used to detect lactate ions6. 

Calcium ions were detected by an Atomic 

Absorption Spectrometer (Perkin Elmer PinAAcle 
900T), λ = 422.67 nm. 

 

3. Results and discussion 

 

3.1 Evaluation of ultrafiltration and ED treatments 

 

To evaluate the efficiency of UF and ED 
techniques, some initial parameters were analyzed. 

 

3.1.1 Evaluation of ultrafiltration conditions 
 

The results of water and whey flux vs. 

transmembrane pressure are shown in Fig. 2. It is 

possible to observe that the water flow increased 
linearly in function of the TMP (r2 = 0.9229), and 

for whey solutions the behavior was linear with 

different slope. The same behavior was found in 
another study13. 

The transmembrane pressure during 

Ultrafiltration process was optimal at 4.0 bar. 
Lower pressure resulted in a decreased flow, in 

function of lower driving15. Also, previous studies 

showed that higher values of pressure promote an 

irreversible fouling16. 
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Figure 2. Water and whey flux vs transmembrane pressure. Membrane AG1812, T=25 °C, feed flow rate= 20 L h−1. 

Legend: (■) water, (●) whey.  

 

The evaluation of the ultrafiltration technique 
was performed by monitoring the turbidity and 

reduction of color (Co-Pt). In Table 1, results of 

whey flux (L m-2 h-1), reduction of turbidity and 

color are shown, and in this ultrafiltration system, 
the best results were obtained using pressure at 4 

bar and pH 5.9. 

 

 

Table 1. Results of experimental conditions and turbidity and color removed after ultrafiltration process 

Conditions (pressure and pH) 
Whey 

flux/L m
-2 

h
-1

 

Reduction of 

turbidity/% 
Reduction of color/% 

4.0 bar - pH 5.9 15.69 94.81 73.81 

4.0 bar – pH 7.0 16.60 92.72 70.54 

4;5 bar – pH 5.9 18.83 99.23 67.33 

 

The pH is an important parameter to show the 

behavior of whey in the ultrafiltration plant. It is a 

precautionary measure with respect to the range of 

pH allowed to the membrane. The turbidity and 
measure of color are quality indicators of solution. 

The first one is linked to the concentration in 

colloidal substance in suspension present in the 
sample and the second one, as well as turbidity also 

is the result of the light scattering, relatively. The 

increase of the pressure, hence increase the 
removal rate of turbidity and decrease the removal 

rate of color. 

These turbidity results are in line with other 

studies17,18, when evaluate the ultrafiltration 

performance for the same endpoint, also find high 

removal rate. Though, the same dos not occur to the 
measure of color. This parameter is related to the 

quality of the treatment, according to another 

study13, higher pressure decreases the quality of the 

permeate. 
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3.1.2 Evaluation of electrodialysis conditions 

 
A typical current-potential of the membrane 

(Um) curve observed in working ED unit is depicted 

in Fig. 3, for the electrodialysis of a 0.1 mol L-1 

CaCl2 solution. For the cationic membranes 
evaluation, the second region (plateau) in the 

graphic of Fig. 3 determines a limiting current 

between 1.79 and 2.02 mA cm-2 with cell potential 
(Ecell) around 13 V. After this evaluation, the 

limiting current was also determined using the 

work solution (whey), and the results were 

comparable. 

 
Figure 3. Current-potential of the membrane (Um) curve 

observed in working ED unit, for the electrodialysis of a 

0.1 mol L-1 CaCl2 solution.  

 

In terms of the removal rate of the of Ca2+ and 

Na+ cations, applying ED treatment for 1 h (for 

evaluation this treatment), the results are in 
Table 2, and, in this evaluation, the best results 

were obtained using a voltage of 12 V. Also, after 

the ED treatment (operated with a constant 12 V), 

the initial concentration of lactate ions was reduced 
in 36.31%. The conductivity of the whey solution 

(after UF) was around 17.4 mS cm-1. 

Table 2. Percentage of ions removed from whey 

solutions after 60 min of a batch electrodialysis 
process. 

Cell 

voltage/ V 

Removal of  

Na
+
 ions/ % 

Removal of 

Ca
2+

 ions/ % 

3 5.91 4.34 

6 2.16 9.68 

12 13.00 14.63 

 

3.2 Purification and demineralization of whey by 
UF combined with ED 

 

After the initial evaluation of some parameters 
in the UF and ED techniques, the purification and 

demineralization of whey by UF combined with 

ED were investigated. Fig. 4 shows that the initial 

flow decays to approximately constant values, 
from 15.63 L m-2 h-1 (initially), to 9.5 L m-2 h-1 (after 

80 min), similar results were shown in previous 

study19,20. 

 
Figure 4. Average flux as a function of time for whey 

solutions at 4 bar. 

 

 

The phenomenon of permeation flux reduction 
must be evaluated to avoid compromising the 

application of ultrafiltration technique in real 

systems (scale up). In this study, the whey solution 
has a pH of 6.2, soluble total organic carbon (TOC) 

of 8.1 g L-1 and total nitrogen of 3.5 g L-1. 

The results of concentration in terms of anions 

(lactate ions) and cations (Ca2+), after ultrafiltration 
(twice) and electrodialysis treatment (4 h – total 

time), are shown in Fig. 5. After the electrodialysis 

process, the conductivity of the treated solution 
was around 15.69 mS cm-1 this result demonstrates 

the demineralization after ED6. 
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Figure 5. Lactic acid and ion calcium concentration 

before and after ultrafiltration and ED (4 h).  

 

After the UF and ED processes, the pH 

remained unchanged, and the initial turbidity was 
reduced by 99.93%. The calcium concentration 

was decreased in 36% in the permeate solution, the 

lactic acid concentration in 80% (after UF + ED), 
and the TOC was reduced in 56%. 

The removal of lactate ions occurs at a slower 

rate compared to other ions present in whey (when 
applied ED technique during 1 and 4 h), due to the 

more complex nature8,19. Furthermore, the final 

calcium concentration (after 4 h) was 41.13 mg L-1 

and in terms of acid lactic, the final concentration 
was 43.65 mg/100 mL; and the final acid lactic 

concentration was 43.65 mg/100 mL; and the 

decrease of electrical conductivity of the permeate 
solution is function of time and indicates the 

efficiency of the ED treatment21. 

These result points to the possible combination 
of UF and ED to treat the whey and signal the 

potential of further using the resulting solutions as 

inputs in new applications in the food industry, 

such as lactose. In addition, for the whey to be 
adequately treated by the spray dryer technique, a 

reduction of the lactic acid concentration is 

required, being an important step in the milk 
industry (specially to increase the shelf life). 

4. Conclusions 
 

The combination of both methods ultrafiltration 
(UF) and electrodialysis (ED) is useful to remove 

the lactic acid and calcium ions from whey, 

through UF (twice steps) to concentrate and purify 

lactate, before submitting the permeate in ED 
treatment (4 h). After the treatments, the initial 

turbidity was reduced by 99.93%. The calcium 

concentration was decreased in 36% in the 
permeate solution, and the lactic acid concentration 

in 80% (after UF + ED). In UF was observed the 

membrane fouling phenomenon. This phenomenon 
occurred because have been colloidal material and 

macromolecules have been depositing at the 

membrane surface area promoting a low permeate 

flux. All these in UF system have been totally 
depended of pH and transmembrane pressure. In 

the first minutes of the pilot scale operation, the 

permeate flow decreased by around 14%. In ED 
processes, it was also observed this phenomenon. 

In the same sense of UF, this phenomenon 

increases the resistance, reducing the efficiency of 
ED system, and, for this reason, removal rate of the 

ions from the studied system was modified. These 

results point to the possible combination of UF and 

ED to treat the whey and the using of resulting 
solutions as inputs in new applications, such as 

lactose. 
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1. Introduction 

 

Biofuel cells (BFCs) employ enzymes or 

microorganisms as catalysts to convert chemical 
energy into electric energy. BFCs can operate 

under milder temperatures (20-40 °C) and 

physiological pH, so they could be a strategy to 

replace traditional batteries that need large amount 
of hazardous metallic catalysts in small devices. 

Moreover, BFCs could be employed to produce 

energy from various fuel sources because enzymes 
can selectively catalyze different fuels1,2. Enzymes 

have high specific selectivity, which could dismiss 

the need for a membrane3. The first report of a 

membraneless biofuel cell (MlessBFC) dates from 
1997, when a single compartment cell was used to 

oxidize organic compounds (sugars or alcohols) 

while simultaneously reducing molecular oxygen 
(O2) at the biocathode4. 

To prepare MlessBFCs successfully, enzyme 
immobilization is a key step to obtain a stable long-

lasting device, improving electron transfer kinetics, 

and increasing power densities (PDs). In this 
context, researchers have sought to enhance 

enzymatic system robustness and activity—an 

enzymatic system must be able to survive pH, 

temperature, and reaction medium changes. This is 
not a simple task when one deals with 

biomolecules, but growing interest in this area has 

advanced knowledge in the field. A 20-day lifetime 
has been reported for a membraneless ethanol, 

oxygen enzymatic biofuel cell (EtOH,O2 

MlessEBFC) based on alcohol dehydrogenase 

(ADH) and bilirubin oxidase (BOD) as 
bioelectrodes5. Over the years, numerous 

architecture designs for MlessEBFCs have been 

developed in order to achieve higher PD values6,7. 
For instance, Deng and co-workers8 produced 

ABSTRACT: This work describes EtOH,O2 membraneless enzymatic biofuel cells 
(EtOH,O2 MlessEBFCs) that employ laccase-based biocathodes and ADH/NAD+ 
bioanode. Laccase biocathodes were prepared by immobilizing a polypyrrole film 
containing different redox mediators (ruthenium and osmium complexes). The 
bioanode for EtOH,O2 MlessEBFCs was fabricated by immobilizing multiwalled 

carbon nanotubes, NAD+-dependent alcohol dehydrogenase enzyme (ADH), poly-
methylene green, and poly(amidoamine) (PAMAM) dendrimer onto a carbon cloth 

platform. Maximum power density and current density were 21.0 ± 0.2 W cm-2 and 
0.15 ± 0.07 mA cm-2, respectively, in PBS (pH 6.5). Lifetime tests conducted for 
EtOH,O2 MlessEBFCs showed promising perspectives for their future application in 
miniaturized devices. 
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energy through oxidation of EtOH present in 

beverages by employing an EtOH,O2 MlessEBFC. 
The bioanode MB/AuNPs/PSSG-CHI-ADH was 

constructed with Meldola’s Blue (MB), ADH 

enzyme, gold nanoparticles (AuNPs), partially 

sulfonated (3-mercaptopropyl-)trimethoxysilane 
sol-gel (PSSG), and chitosan (CHI) and an 

AuNPs/PSSG-CHI–laccase biocathode. The 

authors described PD of 1.78 mW cm−2 at 680 mV 
when they used wine as fuel, which pointed out that 

this device deserves attention for alternative energy 

production. 

To increase PD, carbon-based materials, such as 
multiwalled carbon nanotubes (MWCNTs), have 

been successfully investigated9. With respect to 

electrochemical performance, MWCNTs are 
claimed to be more efficient than single-walled 

carbon nanotubes (SWCNTs). Indeed, MWCNTs 

have greater surface area and wider potential range, 
provide many active sites for biomolecule 

immobilization (which promotes faster electron 

transfer reactions along the tube axis), and display 

prominent charge transortation features10,11. 

Immobilization aiming at protein 

microencapsulation has currently gained 

researchers’ attention. In this immobilization 
mode, intrinsically conductive polymers and 

dendrimers are employed as imprisonment arrays 

so that enzymes are physically entrapped in 
membrane pores or anchored onto the electrode 

surface. Intrinsically conductive polymers are 

compounds that can carry electric current without 

incorporating conductive charges. Also known as 
conjugated polymers, their electrical, optical, 

magnetic, and electronic properties resemble the 

properties of metals and/or semiconductors. Here, 
we highlight the use of polypyrrole (polyPYR), 

which is highly chemically and environmentally 

stable, biocompatible, and biodegradable. This 

porous polymer has been widely applied in 
batteries, sensors, and anti-corrosion protective 

agents, among others. Several methodologies can 

be employed to obtain polyPYR layers, and use of 
this polymer, modified or not, has been often 

reported12-14. Our research group prepared 

enzymatic biocathode and bioanode for biofuel 
cells15,16, and an example of MlessEBFCs 

application can be found elsewhere17. PolyPYR 

and MWCNT matrixes have been employed to 

prepare glucose,O2 EBFCs based on glucose 
oxidase (GOx) and pyrroloquinoline quinone 

(PQQ) redox mediator absorbed on MWCNTs and 

polyPYR as a MWCNTs-GOx-PQQ-polyPYR 

bioanode17. PD of 1.1 W mm-2 was achieved at 

non-compartmentalized BFCs at a cell voltage of 

0.167 V in PBS (pH 7.4) for 10 mM glucose (as 

fuel), and PD of 0.69 W mm-2 was obtained at cell 

voltage of 0.151 V in human serum containing 5 
mmol L-1 glucose (37 °C)17. 

PAMAM dendrimer is another promising 

polymer belonging to the class of branched 

monodisperse polymers18,19. PAMAM has widely 
uniform structure, low molecular weight, highly 

functionalized surface and high degree of 

porosity19. 
We report the construction of a single-chamber 

EtOH,O2 biofuel cell to harvest energy from 

ethanol. Strategies to enhance ET between 

enzymes and electroactive surfaces include 
orientation and immobilization of the enzymes and 

electron mediation. For this laccase-based 

biocathode metallic redox complexes (Os and Ru) 
was entrapped in a polyPYR film as redox 

mediators and the ADH/NAD+ bioanode employed 

polymethylene green layer as mediator.  We also 
investigate the activity of the membraneless biofuel 

for a long period (11 months) in other to show their 

stability. 

 
2. Experimental 

 

2.1. Chemicals 
 

Enzyme ADH (E.C. 1.1.1.1), from 

Saccharomyces cerevisiae lyophilized powder 
(331 Units mg-1); enzyme Laccase (E.C. 1.10.3.2.), 

from Trametes Versicolor lyophilized powder (21 

Units mg-1); coenzyme nicotinamide adenine 

dinucleotide hydrate (NAD+); 2,2´-azinobis(3-
ethyl-2,3-dihydrobenzothazole-6-sulfonic acid 

(ABTS); pyrrole (PYR); and polyamidoamine 

generation 4 dendrimer (PAMAM) were purchased 
from Sigma-Aldrich in reactant grade. All reagents 

and enzymes were used without purification. 

Enzyme solutions were freshly prepared and 

rapidly immobilized on the carbon platform. 
Multiwalled carbon nanotubes (MWCNTs) 

were acquired from Cheap Tubes Inc. (diameter of 

8.0 nm, length of 10 to 30 m, and > 95% purity). 

All solutions were prepared with high-purity water 
from a Millipore Milli-Q system. Solution pH was 

measured with a pH electrode coupled to a 

Qualxtron model 8010 pHmeter. 
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2.2. Instrumentation 

 
Electrochemical investigations were conducted 

on a Potentiostat/Galvanostat AUTOLAB 

PGSTAT 30 (EcoChemie, Netherlands) at room 

temperature, (25 ± 1) oC. MlessEBFC experiments 
were carried out in a single-compartment cell (10 

mL) by using 200 mmol L-1 phosphate buffer 

solution (PBS) or acetate buffer solution (ABS) at 
pH 6.5, 1.9 mmol L-1 NAD+, and 100 mmol L-1 

EtOH as electrolyte. 

 

2.3. Bioelectrode preparation 
 

ADH bioanodes were prepared on carbon cloth 

platform (HT 1400 w, Elat CDL-Basf), to which 
MWCNTs and PAMAM were added. Further 

preparation details can be obtained elsewhere20.To 

this end, polymethylene green (poly-MG) was used 
as immobilized electrocatalyst and was obtained by 

performing twelve successive voltammetric cycles 

(−0.3 to 1.3 V vs. Ag/AgCl). After that, a PAMAM 

anchoring matrix was directly deposited onto the 

electrode surface, obtained by pippeting 50 L of 
0.025 mol L-1 commercial PAMAM solution. 

Then, 50 L of MWCNT ink (1 mg of commercial 

MWCNTs dissolved in EtOH (400 L) and 

100 mmol L-1 PBS (600 L; pH 7.4) and sonicated 

for at least 4 h) was deposited. After drying, 50 L 

of a freshly prepared enzyme solution containing 

ADH (300 L; 3.37 mg L-1) + NAD+ (100 L; 7.50 

mg L-1) + PAMAM (100 L; 0.025 mol L-1) in PBS 

(100 L; 100 mmol L-1; pH 7.4) was cast on the 

electrode surface. The casting sequence carbon 

cloth/poly-MG/PAMAM/MWCNTs/ADH was 
named MWCNTs-ADH configuration. 

The osmium [Os(bpy)2Cl2] and ruthenium 

complex [Ru(bpy)2Cl2] catalysts for laccase 
biocathode was synthesized according to the 

literature22,23. [Os(bpy)2Cl2] or [Ru(bpy)2Cl2] 

entrapment in polyPYR films (1.5% v/v PYR, 

8 mg mL-1 [Os(bpy)2Cl2] or [Ru(bpy)2Cl2] 

mediator in 100 mmol L-1 NaNO3) was 

accomplished by chronoamperometry at a fixed 

potential (0.7 V vs. SCE; 10 min). The film 
containing polyPYR and [Os(bpy)2Cl2] or 

[Ru(bpy)2Cl2] mediator was named polyPYR-Os 

and polyPYR-Ru, respectively. 
Laccase biocathodes, which employed 

[Os(bpy)2Cl2] or [Ru(bpy)2Cl2] as nanocatalyst and 

PAMAM dendrimer as enzymatic anchoring 

matrix, was prepared according to Cardoso and co-

workers15. To this end, 50 L of a stock solution, 

prepared by mixing laccase (300 L; 3.32 mg mL-

1), PAMAM dendrimer (100 L; 0.025 mol L-1), 

and acetate buffer solution (ABS; 200 L; 

100 mmol L-1; pH 4), was deposited on the 
previously modified carbon platform. 

Figure 1 displays the representative structures 

of the bioelectrodes prepared on carbon cloth 
platforms. 

 
(A) 

 
(B) 

Figure 1. Bioelectrode side schematic representations: 

A) MWCNTs-ADH Bioanode; B) polyPYR-Os-laccase 

or polyPYR-Ru-laccase Biocathode. 

 

Bioelectrodes were kept in their appropriate 

buffer solution (PBS (pH 7.4) for MWCNTs-ADH 
bioanode or ABS (pH 4.5) for polyPYR-Os-laccase 

or polyPYR-Os-laccase biocathodes) for at least 

24 h before use. After electrochemical 

experiments, the respective bioelectrodes were 
kept refrigerated in buffer solution at 4 °C for at 

least 24 h before a further test was conducted. 

pH influence on enzymatic kinetics was 
determined by assaying laccase and ADH activities 

at various pH values ranging between 3.5 and 10. 

To this end, the following 0.1 mol L−1 buffer 
solutions were employed: acetate buffer 

(NaAc/HAc) for pH 3.5-5, phosphate buffer 

(NaH2PO4/Na2HPO4) for pH 6-7, and 

tris(hydroxymethyl)aminomethane–HCl (Tris+) 
buffer for pH 8–9. Reaction was initiated by adding 

substrate to the immobilized protein, depending on 

the study that was being performed. 
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2.4. Biofuel cell tests 

 
Power density measurements were 

accomplished in an EtOH,O2 MlessEBFC described 

in the Instrumentation Section. First, the EtOH,O2 

MlessEBFC open circuit voltage (OCV) was 
measured at least 1 h before the cell test. After that, 

polarization curves at a scan rate of 1 mV s-1 were 

registered in triplicate. PD values for all 
MlessEBFCs were obtained by multiplying cell 

voltage (Ecell) by current density (Jcell) (PD = Ecell × 

Jcell). 

 
3. Results and discussion 

 

3.1. pH effect on semi- MlessEBFC 
 

To obtain maximum MlessEBFC performance, it 

is important to investigate bioelectrode enzymatic 
behavior as a function of pH because hydrogen ion 

concentration affects enzymatic activity: enzyme 

spatial conformation depends on pH values and on 

the presence of protonated/deprotonated groups in 
the enzyme catalytic site, which can modify the 

enzyme tertiary structure. pH also influences 

intrinsic/extrinsic electron transfer reaction 
strongly. The individual pH behavior of the 

immobilized enzymes employed here has 

previously been investigated in detail15,20. The 
optimum pH range for ADH/NAD+ bioanode is 

between 7.0 and 8.0, achieved by employing PBS 

as buffer24. Laccase works best in more acidic 

medium (pH 4.5), in ABS buffer solution15. 
Therefore, besides operating in different pH 

ranges, bioanode and biocathode also use distinct 

buffer solutions. 
Direct correlation between enzymatic kinetics 

and pH is important to obtain maximum 

bioelectrode performance. Nevertheless, in a 

MlessEBFC both bioelectrodes seldom operate at 
their optimum pH. To find the best pH for 

MlessEBFC operation, individual pH curves of each 

enzyme were plotted together (Fig. 2). On the basis 
of Fig. 2, pH curves intersect at pH 6.5, which was 

further employed with MlessEBFCs. Even though 

this pH value is close to physiological conditions, 
other complications may arise and diminish 

EtOH,O2 MlessEBFC PD and OCV values as 

compared to separated biofuel cells. Other factors 

may also be associated with this behavior such as 
problems with the enzyme-mediator-electrode 

electron transfer enzyme, which hinders the redox 

process underlying EtOH oxidation by ADH and 

O2 reduction to H2O by multicopper oxidase 

enzymes (laccase). 

 
Figure 2. pH influence on the enzymatic activity of 

bioelectrodes containing immobilized ADH (−■−) in 

PBS and immobilized laccase (−●−) in ABS. 

 

3.2. EtOH,O2 membraneless biofuel cell: reaction 

medium influence (ABS or PBS). 
 

Eliminating proton exchange membrane (PEM) 

has several advantages. During the reaction 

process, PEM is subjected to membrane channel 
obstruction by ions present in the supporting 

electrolyte, which dries or floods membrane parts, 

and fuel crossover. To minimize the 
aforementioned problems, one strategy is to 

remove the membrane when biocatalyst specificity 

can be maintained at MlessEBFC. However, each 
bioelectrode must be evaluated for its electron 

transfer activity and enzymatic selectivity. 

EtOH,O2 MlessEBFC performance was assessed by 

analyzing OCV and power density curves obtained 
from polarization curves (results not shown). To 

investigate how PBS and ABS buffers influenced 

MlessEBFC activity, EtOH,O2 MlessEBFC 
performance was measured at pH 6.5 in both 

buffers (ABS and PBS; buffer concentration = 

200 mmol L-1). This “precaution” was necessary 

because PEM removal resulted in each enzyme 
facing a medium that was different from its ideal 

operation condition (ABS (pH 4.5) for laccase and 

PBS (pH 7.4) for ADH). 
Figure 3 shows the results for MlessEBFCs 

containing a MWCNTs-ADH anode and one of the 

following cathode configurations: polyPYR-Os-
laccase or polyPYR-Ru-laccase; either ABS or 

PBS at pH 6.5 was employed. According to Fig. 3 

MlessEBFC in PBS buffer operated at higher power 

density (PD) and current (Jcell(max)) as compared to 
MlessEBFC in ABS buffer. In PBS buffer (Fig. 3A), 
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PD and Jcell(max) respectively were 21.0 ± 0.2 W 

cm-2 and 0.15 ± 0.07 mA cm-2 for MWCNTs-ADH, 

polyPYR-Os-laccase, and 13.5 ± 0.2 W cm-2 and 

0.11 ± 0.05 mA cm-2  for MWCNTs-

ADH,polyPYR-Ru-laccase. When these systems 
were switched to ABS buffer, both PD and Jcell(max) 

decreased significantly (Fig. 3B). For this reason, 

PBS was selected as buffer for further EtOH,O2 

MlessEBFC investigations. 
 

 

 
Figure 3. Power density curves for EtOH,O2 

MlessEBFCs employing MWCNTs-ADH as bioanode 

and (−♦−) polyPYR-Os-laccase or polyPYR-Ru-laccase 

(−○−) as biocathode in (A) PBS and (B) ABS medium 

(200 mmol L-1; pH 6.5, 1.9 mmol L-1 NAD+, 100 mmol 

L-1 EtOH, n = 3). 

 
3.3. ABTS influence on EtOH,O2 MlessBFCs 

 

ABTS is one of the most common oxygen 

reduction mediators when laccase is employed in 
EBFCs. Figure 4 illustrates how ABTS influences 

EtOH,O2 MlessEBFC performance in PBS medium 

(pH 6.5) for both anode configurations investigated 

here: polyPYR-Os-laccase and polyPYR-Ru-

laccase. 

 
Figure 4. Power density curves for MWCNTs-

ADH,polyPYR-Os-laccase (−♦−) and MWCNTs-

ADH,polyPYR-Ru-laccase (−○−) in the presence of 1 

mmol L-1 ABTS (200 mmol L-1 PBS (pH 6.5), 1.9 mmol 

L-1 NAD+, and 100 mmol L-1 EtOH; n = 3). 

 

Homogeneous ABTS introduction diminishes 

Ru-mediated cathode cell PD by over 80% as 
compared to Os-mediated cathode cell. Indeed, PD 

decreased from 15.3 ± 0.2 W cm-2 to 2.7 ± 0.3 W 

cm-2 just by changing the Os complex to the Ru 

complex. Also, when results obtained in the 

absence (Fig. 3A) and in the presence (Fig. 4) of 
ABTS are compared for Os-complex in PBS, PD 

and Jcell(max) was approximately 27.5 and 23.8%, 

respectively. This decrease could be explained by 
competition between ABTS and mediators 

incorporated into the polyPYR matrix and the 

enzymatic redox sites. The best results were 

achieved for EtOH,O2 MlessEBFCs based on the 
MWCNT-ADH,polyPYR-Os-laccase system. 

These results agreed with literature data25 claiming 

that [Os(bpy)2Cl2] can bind to laccase copper 
hydrophobic T1 active site and establish a strong 

electrostatic interaction, which entraps the Os-

complex in polyPYR, shifts the polyPYR-Os 

oxidation potential (Eoxi), and facilitates electron 
transfer. Our results showed that polyPYR-Ru-

laccase did not interact in the same way as the Os-

mediator. 
Table 1 summarizes all experimental 

parameters obtained for EtOH,O2 MlessEBFCs as a 

function of the different redox mediators entrapped 
in polyPYR, in the absence or presence of 

1 mmol L-1 ABTS. 
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Table 1. Parameters obtained for different EtOH/O2 MlessEBFCs. 

MlessEBFCs OCV/V  EMAX/V  Jcell(max)/mA cm-2   PD*/W cm-2 

MWCNTs-ADH,polyPYR-Os-laccase 

(without ABTS) 
0.226 ± 0.008 0.14 ± 0.01 0.15 ± 0.07 21.0 ± 0.2 

MWCNTs-ADH,polyPYR-Os-laccase 

(with ABTS) 
0.15 ± 0.06 0.11 ± 0.04 0.11 ± 0.05 15.3 ± 0.2 

MWCNTs-ADH,polyPYR-Ru-laccase 

(without ABTS) 
0.17 ± 0.02 0.115 ± 0.006 0.11 ± 0.05 13.5 ± 0.2 

MWCNTs-ADH,polyPYR-Ru-laccase 

(with ABTS) 
0.048 ± 0.007 0.037 ± 0.008 0.072 ± 0.001 2.7± 0.3 

*Average and standard deviation for combinatorial analysis, in triplicate, for a set of three biocathodes and four 

bioanodes. 

 

On the basis of the results above (Table 1), the 
best EtOH,O2 MlessEBFCs was MWCNTs-

ADH,polyPYR-Os-laccase in 200 mmol L-1 PBS 

(pH 6.5) in the absence of ABTS. Figure 5 

illustrates the selected operation system. 

 
Figure 5. Schematic diagram of mediated electron 

transfer in EtOH,O2 MlessEBFCs based on MWCNTs-

ADH,polyPYR-Os-laccase. 

 

We have investigated and reported half-cell data 
for these electrodes configuration before15,21. For 

the biocathode half-cell15 a gas diffusion 

membrane (ELAT) consisting of 40% metal in C 

(Pt0.66Ru0.34, E-TEK commercial mixture) hot 
pressed in a Nafion NRE-212 membrane was 

employed as the anode. This configuration 

furnished at least five times higher power densities 
values than the value reported for the 

membraneless fuel cell. For the half-bioanode21 Pt 
was used as cathode, also separated by a Nafion 

membrane. This configuration furnished power 

density values as high as 0.25 mW cm-2. Table 1 

shows that the results for EtOH,O2 MlessEBFCs are 
much lower than the separated compartment cell 

indicating that besides pH effect must be a mutual 

influence of the fuel and O2 in the performance of 
the enzymatic systems. Nevertheless, despite 

differences with respect to enzyme immobilization 

method, the values measured herein are in the same 

order of magnitude (W cm-2) with some data 

reported in the literature data5,8,27,28. Considering 
the high efficiency in ethanol/acetaldehyde 

conversion and concomitant O2 reduction to H2O 

demonstrated by enzymatic systems future 
application of biofuel cells in miniaturized systems 

must be solved preparing microfluidic devices that 

operate with streams of liquid electrolytes29. In this 

configuration it is possible to operate with different 
electrolytes for anodic and cathodic compartments 

without any problem. This is our future goal to 

increase the power density. 
Table 2 lists the MWCNTs-ADH,polyPYR-Os-

laccase cell storage lifetime under optimum 

conditions (200 mmol L-1 PBS (pH 6.5), 
1.9 mmol L-1 NAD+, and 100 mmol L-1 EtOH). 

 

 

Table 2. EtOH,O2 MlessEBFCs storage lifetime for polyPYR-Os-Laccase and MWCNTs-ADH bioelectrodes. 

MlessEBFC OCV/V Jcell(max)/mA cm
-2

 PD*/W cm
-2

 

Fresly produced 0.226 ± 0.008 0.15 ± 0.07 21.0 ± 0.2 

After 5 months 0.198 ± 0.003 0.09 ± 0.02 13 ± 4 

After 11 months 0.140 ± 0.02 0.08 ± 0.02 8 ± 2 

*Average and standard deviation analysis, in triplicate, for a set of three biocathodes and four bioanodes. 
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After five months, PD and Jcell(max) decreased by 

approximately 38% (13 ± 4) W cm-2 and 0.09 ± 

0.02 mA cm-2, respectively) as compared to freshly 

prepared electrodes. These values dropped slowly 

and reached 62% and 48% (8 ± 2 W cm-2 and 0.09 
± 0.02 mA cm-2, respectively) of the initial values. 

These results attested that immobilization of the 

enzymes employed here provided a relatively stable 

medium for long-term storage tests. This result may 
be important to apply these devices in new types of 

nanofluid cells to enhance the power harvest from 

the ethanol molecule30. 
 

4. Conclusions 

 

Bioelectrodes containing the enzymes ADH and 
laccase and different redox mediators (Os or Ru) 

entrapped in polyPYR films or PAMAM dendrimer 

were tested. MWCNTs-ADH,polyPYR-Os-laccase 
employing PBS (pH 6.5) in the absence of ABTS 

performed the best. PD and Jcell(max) remained 

around 21.0 ± 0.2 W cm-2 and 0.15 ± 0.07 mA cm-

2 for freshly prepared electrodes. Electrodes retain 

38% of their activity after storage for five months 
storage in a refrigerator. The prepared EtOH,O2 

MlessEBFC generated power densities values 

comparable with literature data as well as 
considerable lifetime stability. Therefore, the results 

presented here for EtOH,O2 MlessEBFCs are 

promising and may be employed in microfluidic 

devises to enhance the activity of the system. 
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O., Visy, C., Fixation of laccase enzyme into polypyrrole, 

assisted by chemical interaction with modified magnetite 

nanoparticles: A facile route to synthesize stable 
electroactive bionanocomposite catalysts, 

Electrochimica Acta 122 (10) (2014). 

https://doi.org/10.1016/j.electacta.2013.08.175. 

[15] Cardoso, F. P., Aquino Neto, S., Crepaldi L. B., 

Nikolaou, S., Barros, V. P., Andrade, A. R., Biocathodes 

for Enzymatic Biofuel Cells Using Laccase and Different 

Redox Mediators Entrapped in Polypyrrole Matrix. 

Journal of the Electrochemical Society 161 (2014) F445–

F450. https://doi.org/10.1149/2.041404jes. 

[16] Crepaldi, L. B., Aquino Neto, S., Cardoso, F. P., 

Ciancaglini, P., Andrade, A. R., Ferrocene entrapped in 
polypyrrole film and PAMAM dendrimers as matrix for 

mediated glucose/O2 biofuel cell, Electrochimica Acta 

136 (2014) 52-58. 

https://doi.org/10.1016/j.electacta.2014.05.049. 

[17] Ammam, M., Fransaer, J., Micro-biofuel cell 

powered by glucose/O2 based on electro-deposition of 

enzyme, conducting polymer and redox mediators: 

Preparation, characterization and performance in human 

serum, Biosensors and Bioelectronics 25 (6) (2010) 

1474-1480. https://doi.org/10.1016/j.bios.2009.11.001. 

[18] Forti, J. C., Aquino Neto, S., Zucolotto, V., 

Ciancaglini, P., Andrade, A. R., Development of novel 

bioanodes for ethanol biofuel cell using PAMAM 

dendrimers as matrix for enzyme immobilization, 

Biosensors and Bioelectronics 26 (5) (2011) 2675-2679. 

https://doi.org/10.1016/j.bios.2010.05.011. 

[19] Perinotto, A. C., Caseli, L., Hayasaka, C. O., Riul 

Júnior, A., Oliveira Júnior, O. N., Zucolotto, V., 

Dendrimer-assisted immobilization of alcohol 

dehydrogenase in nanostructured films for biosensing: 

Ethanol detection using electrical capacitance 

measurements, Thin Solid Film 516 (24) (2008) 9002-

9005. https://doi.org/10.1016/j.tsf.2007.11.087. 

[20] Aquino Neto, S., Forti, J. C., Zucolotto, V., 

Ciancaglini, P., Andrade, A. R. Development of 

nanostructured bioanodes containing dendrimers and 

dehydrogenases enzymes for application in ethanol 

biofuel cells, Biosensors and Bioelectronics 26 (6) 2922-

2926 (2011). https://doi.org/10.1016/j.bios.2010.11.038. 

[21] Fenga, P. G., Cardoso, F. P., Aquino Neto, S., 

Andrade, A. R., Multiwalled carbon nanotubes to 

improve ethanol/air biofuel cells. Electrochimica Acta 

106 (2013) 109-113. 

https://doi.org/10.1016/j.electacta.2013.05.046. 

[22] Johnson, E. C., Sullivan, B. P., Salmon, D. J., 

Adeyemi, S. A., Meyer, T. J., Synthesis and properties of 

the chloro-bridged dimer [(bpy)2RuCl]22+ and its 

transient 3+ mixed-valence ion, Inorganic Chemistry 17 

(8) (1978) 2211-2215. 

https://doi.org/10.1021/ic50186a038. 

[23] Kober, E. M., Caspar, J. V, Sullivan, B. P., Meyer, 

T. J., Synthetic routes to new polypyridyl complexes of 

osmium(II). Inorganic Chemistry 27 (25) (1988) 4587-

4598. https://doi.org/10.1021/ic00298a017. 

[24] Aquino Neto, S., Forti, J. C., Zucolotto, V., 

Ciancaglini, P., Andrade, A. R., The kinetic behavior of 

dehydrogenase enzymes in solution and immobilized 

onto nanostructured carbon platforms, Process 

Biochemistry 46 (12) (2011) 2347-2352. 

https://doi.org/10.1016/j.procbio.2011.09.019. 

[25] Meredith, M. T., Minteer, S. D., Biofuel Cells: 

Enhanced Enzymatic Bioelectrocatalysis, Annual 

Review of Analytical Chemistry 5 (2012) 157-179. 

https://doi.org/10.1146/annurev-anchem-062011-

143049. 

[26] Cardoso, F. P., Aquino Neto, S., Ciancaglini, P., 

Andrade, A. R., The use of PAMAM dendrimers as a 

platform for laccase immobilization: Kinetic 

characterization of the enzyme, Applied Biochemistry 

and Biotechnology 167 (7) (2012) 1854-1864. 

https://doi.org/10.1007/s12010-012-9740-6. 

[27] Ramanavicius, A., Kausaite, A., Ramanaviciene, A., 

Enzymatic Fuel Cells: From Fundamentals to 

Applications, Biosensors and Bioelectronics 20 (10) 

(2005) 1962-1967. 

https://doi.org/10.1016/j.bios.2004.08.032. 

[28] Das, M., Barbora, L., Das, P., Goswami, P., Biofuel 

cell for generating power from methanol substrate using 

alcohol oxidase bioanode and air-breathed laccase 

biocathode, Biosensors and Bioelectronics 59 (2014) 

184-191. https://doi.org/10.1016/j.bios.2014.03.016. 

[29] Hashemi, S. M. H., Neuenschwander, M., 

Hadikhani, P., Modestino, M. A., Psaltis, D., Membrane-
less micro fuel cell based on two-phase flow, Journal of 

Power Sources 348 (2018) 212-218. 

https://doi.org/10.1016/j.jpowsour.2017.02.079. 

[30] Escalona-Villapando, R. A., Martínez-Maciel, A. C., 

Espinosa-Ángeles, J. C., Ortiz-Ortega, E., Arjona, N., 

https://doi.org/10.26850/1678-4618eqj.v44.1SI.2019.p46-54
https://doi.org/10.1002/chem.201300873
https://doi.org/10.1002/chem.201300873
https://doi.org/10.1002/chem.201300873
https://doi.org/10.1002/chem.201300873
https://doi.org/10.1002/chem.201300873
https://doi.org/10.1002/chem.201300873
https://doi.org/10.1016/j.electacta.2013.08.175
https://doi.org/10.1016/j.electacta.2013.08.175
https://doi.org/10.1016/j.electacta.2013.08.175
https://doi.org/10.1016/j.electacta.2013.08.175
https://doi.org/10.1016/j.electacta.2013.08.175
https://doi.org/10.1016/j.electacta.2013.08.175
https://doi.org/10.1016/j.electacta.2013.08.175
https://doi.org/10.1149/2.041404jes
https://doi.org/10.1149/2.041404jes
https://doi.org/10.1149/2.041404jes
https://doi.org/10.1149/2.041404jes
https://doi.org/10.1149/2.041404jes
https://doi.org/10.1149/2.041404jes
https://doi.org/10.1016/j.electacta.2014.05.049
https://doi.org/10.1016/j.electacta.2014.05.049
https://doi.org/10.1016/j.electacta.2014.05.049
https://doi.org/10.1016/j.electacta.2014.05.049
https://doi.org/10.1016/j.electacta.2014.05.049
https://doi.org/10.1016/j.electacta.2014.05.049
https://doi.org/10.1016/j.bios.2009.11.001
https://doi.org/10.1016/j.bios.2009.11.001
https://doi.org/10.1016/j.bios.2009.11.001
https://doi.org/10.1016/j.bios.2009.11.001
https://doi.org/10.1016/j.bios.2009.11.001
https://doi.org/10.1016/j.bios.2009.11.001
https://doi.org/10.1016/j.bios.2010.05.011
https://doi.org/10.1016/j.bios.2010.05.011
https://doi.org/10.1016/j.bios.2010.05.011
https://doi.org/10.1016/j.bios.2010.05.011
https://doi.org/10.1016/j.bios.2010.05.011
https://doi.org/10.1016/j.bios.2010.05.011
https://doi.org/10.1016/j.tsf.2007.11.087
https://doi.org/10.1016/j.tsf.2007.11.087
https://doi.org/10.1016/j.tsf.2007.11.087
https://doi.org/10.1016/j.tsf.2007.11.087
https://doi.org/10.1016/j.tsf.2007.11.087
https://doi.org/10.1016/j.tsf.2007.11.087
https://doi.org/10.1016/j.tsf.2007.11.087
https://doi.org/10.1016/j.bios.2010.11.038
https://doi.org/10.1016/j.bios.2010.11.038
https://doi.org/10.1016/j.bios.2010.11.038
https://doi.org/10.1016/j.bios.2010.11.038
https://doi.org/10.1016/j.bios.2010.11.038
https://doi.org/10.1016/j.bios.2010.11.038
https://doi.org/10.1016/j.electacta.2013.05.046
https://doi.org/10.1016/j.electacta.2013.05.046
https://doi.org/10.1016/j.electacta.2013.05.046
https://doi.org/10.1016/j.electacta.2013.05.046
https://doi.org/10.1016/j.electacta.2013.05.046
https://doi.org/10.1021/ic50186a038
https://doi.org/10.1021/ic50186a038
https://doi.org/10.1021/ic50186a038
https://doi.org/10.1021/ic50186a038
https://doi.org/10.1021/ic50186a038
https://doi.org/10.1021/ic50186a038
https://doi.org/10.1021/ic00298a017
https://doi.org/10.1021/ic00298a017
https://doi.org/10.1021/ic00298a017
https://doi.org/10.1021/ic00298a017
https://doi.org/10.1016/j.procbio.2011.09.019
https://doi.org/10.1016/j.procbio.2011.09.019
https://doi.org/10.1016/j.procbio.2011.09.019
https://doi.org/10.1016/j.procbio.2011.09.019
https://doi.org/10.1016/j.procbio.2011.09.019
https://doi.org/10.1016/j.procbio.2011.09.019
https://doi.org/10.1146/annurev-anchem-062011-143049
https://doi.org/10.1146/annurev-anchem-062011-143049
https://doi.org/10.1146/annurev-anchem-062011-143049
https://doi.org/10.1146/annurev-anchem-062011-143049
https://doi.org/10.1146/annurev-anchem-062011-143049
https://doi.org/10.1007/s12010-012-9740-6
https://doi.org/10.1007/s12010-012-9740-6
https://doi.org/10.1007/s12010-012-9740-6
https://doi.org/10.1007/s12010-012-9740-6
https://doi.org/10.1007/s12010-012-9740-6
https://doi.org/10.1007/s12010-012-9740-6
https://doi.org/10.1016/j.bios.2004.08.032
https://doi.org/10.1016/j.bios.2004.08.032
https://doi.org/10.1016/j.bios.2004.08.032
https://doi.org/10.1016/j.bios.2004.08.032
https://doi.org/10.1016/j.bios.2004.08.032
https://doi.org/10.1016/j.bios.2014.03.016
https://doi.org/10.1016/j.bios.2014.03.016
https://doi.org/10.1016/j.bios.2014.03.016
https://doi.org/10.1016/j.bios.2014.03.016
https://doi.org/10.1016/j.bios.2014.03.016
https://doi.org/10.1016/j.jpowsour.2017.02.079
https://doi.org/10.1016/j.jpowsour.2017.02.079
https://doi.org/10.1016/j.jpowsour.2017.02.079
https://doi.org/10.1016/j.jpowsour.2017.02.079
https://doi.org/10.1016/j.jpowsour.2017.02.079
https://doi.org/10.1016/j.ijhydene.2018.04.016
https://doi.org/10.1016/j.ijhydene.2018.04.016


Original article 

54  -         Eclética Química Journal, vol. 44, special issue, 2019, 46-54 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.1SI.2019.p46-54 

 

Arriaga, L. G., Ledesma-Garcia, J., Evaluation of hyrid 

and enzymatic nanofluidic fuel cells using 3D carbon 

structures, International Journal of Hydrogen Energy 43 

(26) (2018) 11847-11852. 

https://doi.org/10.1016/j.ijhydene.2018.04.016. 

https://doi.org/10.26850/1678-4618eqj.v44.1SI.2019.p46-54
https://doi.org/10.1016/j.ijhydene.2018.04.016
https://doi.org/10.1016/j.ijhydene.2018.04.016
https://doi.org/10.1016/j.ijhydene.2018.04.016
https://doi.org/10.1016/j.ijhydene.2018.04.016
https://doi.org/10.1016/j.ijhydene.2018.04.016

