
 

 
Volume 44 • number 1 • year 2019

 
ISSN 1678-4618

Instituto de Química
UNESP
Araraquara

Eclética Química
Journal

Voltammetry

Voltammetric method for 
the quantification of 
cadmium using non-

commercial electrodes and 
minimal instrumentation

Electrochemical remediation 
of industrial pharmaceutical 

wastewater containing 
hormones in a pilot scale 

treatment system

Ecotoxicity

Chromium speciation in 
leather samples: an 

experiment using digital 
images, mobile phones and 

environmental concepts

Digital

A review on the state-of-the-art advances for 
CO2 electro-chemical reduction using metal 

complex molecular catalysts



 

UNIVERSIDADE ESTADUAL PAULISTA 

Reitor 

Sandro Roberto Valentini 

Vice-reitor 

Sergio Roberto Nobre 

Pró-reitor de Planejamento Estratégico e Gestão 

Leonardo Theodoro Büll 

Pró-reitora de Graduação 

Gladis Massini-Cagliari 

Pró-reitor de Pós-Graduação 

João Lima Sant’Anna Neto 

Pró-reitora de Extensão Universitária 

Cleopatra da Silva Planeta 

Pró-reitor de Pesquisa 

Carlos Frederico de Oliveira Graeff 

 

INSTITUTO DE QUÍMICA 

Diretor 

Eduardo Maffud Cilli 

Vice-Diretora 

Dulce Helena Siqueira Silva 



 

 

Editorial Team 

iq.unesp.br/ecletica 

 

| Vol. 44 | n. 1 | 2019 | 

 

 
 

 

 

Editorial Team 
 
 

Editors 
Prof. Assis Vicente Benedetti, Institute of Chemistry Unesp Araraquara, Brazil (Editor-in-Chief) 

Prof. Arnaldo Alves Cardoso, Institute of Chemistry Unesp Araraquara, Brazil 

Prof. Antonio Eduardo Mauro, Institute of Chemistry Unesp Araraquara, Brazil 

Prof. Horacio Heinzen, Faculty of Chemistry UdelaR, Montevideo, Uruguay 

Prof. Maysa Furlan, Institute of Chemistry Unesp Araraquara, Brazil 

Prof. Maria Célia Bertolini, Institute of Chemistry Unesp Araraquara, Brazil  

Prof. Paulo Clairmont Feitosa de Lima Gomes, Institute of Chemistry, Unesp Araraquara, Brazil 

 

Editorial Board 
Prof. Jairton Dupont, Instituto de Química, Universidade Federal do Rio Grande do Sul, UFRGS, RS, Brazil 

Prof. Enric Brillas, Facultat de Química, Universitat de Barcelona, Spain 

Prof. Verónica Cortés de Zea Bermudez, Escola de Ciências da Vida e do Ambiente,Universidade de Trás-

os-Montes e Alto Douro, Vila Real, Portugal 

Prof. Lauro Kubota, Instituto de Química, Universidade Estadual de Campinas, Unicamp, SP, Brazil 

Prof. Ivano Gerardt Rolf Gutz, Instituto de Química, Universidade de São Paulo, USP, SP, Brazil 

Prof. Massuo Jorge Kato, Instituto de Química, Universidade de São Paulo, USP, SP, Brazil 

Prof. Francisco de Assis Leone, Faculdade de Filosofia, Ciências e Letras, Universidade de São Paulo, 

Ribeirão Preto, USP-RP, SP, Brazil 

Prof. Roberto Santana da Silva, Faculdade de Ciências Farmacêuticas, Universidade de São Paulo, Ribeirão 

Preto, USP-RP, SP, Brazil 

Prof. José Antônio Maia Rodrigues, Faculdade de Ciências, Universidade do Porto, Portugal 

Prof. Bayardo Baptista Torres, Instituto de Química, Universidade de São Paulo, USP, SP, Brazil 

 

 

Technical Staff 
Gustavo Marcelino de Souza 

 

 

 

 

 

 

 

 

 

 

 

 

Eclética Química Journal 2019 

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


 

 

Editorial 

iq.unesp.br/ecletica 

 

| Vol. 44 | n. 1 | 2019 | 

 

 
 

 

Editorial 

 

 

The Editor is very happy to announce the first issue of Eclética Química Journal 

of 2019, hoping from now on the dawn of a new era for EQJ. This issue contains a review 

on the state-of-the-art advances for CO2 electro-chemical reduction using metal complex 

molecular catalysts. For this purpose, the authors claimed that in order to increase metal 

complexes molecular catalysts application, it is imperative to overcome their poor 

stability which is a significant challenge. Following this review, the readers can find a 

description of a new method for the elimination of residual drugs from pharmaceutical 

and domestic sources, based on electrocoagulation techniques, consisting of a pilot 

prototype development and its application to remove these contaminants and decrease 

significantly the toxicity of treated water. In sequence, the quantification of cadmium 

with an acceptable repeatability and good accuracy was presented employing 

noncommercial electrodes and minimal instrumentation, which can be accessed by many 

laboratories with scarce economic resources. In the last article, a new and simple method 

for Cr speciation and Cr(VI) determination in leather samples is described using the 

capture of digital images with a mobile phone and their processing with a free app called 

PhotoMetrix, and the results are compared to the reference methods. 

The Editor and his team thank all authors for their valuable contributions, and 

reviewers for their outstanding collaboration. 

 
 

 

Assis Vicente Benedetti 

Editor-in-Chief of EQJ 
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1. Introduction 

 

The increasing level of atmospheric CO2 

concentration and fossil resources diminishing are 
sources of global environmental problems, hence, 

restoring environmental paradigm requires: 

atmospheric CO2 level monitoring and renewable 
energy sources exploration for alternative uses CO2 

to value-added products1-3. For instance, CO2 

conversion for other uses (e.g., fuel or chemical 

feedstock compounds) could fundamentally reduce 

CO2 emissions and fossil fuel consumption causing 
climate change and other related environmental 

problems1. Moreover, the reliability of 

electrocatalytic reduction of CO2 method has been 
reported, because: (i) operates under ambient 

conditions and (ii) could exert electricity produced 

from renewable energy sources2. Selective 
photocatalytic CO2 reduction to CO is one 

promising process because CO is an essential 

feedstock chemical for liquid hydrocarbons and 

methanol production4. Several materials (e.g. 

ABSTRACT: Significantly, global warming which is caused by CO2 

emission and energy shortage are global problems resulting from artificial 
photosynthesis because it required many functions (light harvesting, Z 

water, and oxidation scheme). Therefore, photocatalytic systems 
development for CO2 reduction is germane in this field. Metal complexes 
molecular catalyst have become prevalent homogeneous catalysts for 
carbon dioxide (CO2) photocatalytic reduction since it was initially 
known as CO2 reduction catalysts in the 70s and the 80s, while utmost 
part involved macrocyclic cobalt(II) and nickel(II) complexes. This 
review article presents a broad understanding on some active catalysts 
recently reported as a metal complex molecular catalytic schemes for CO2 

reduction, alongside catalytic activity, stability, selectivity under electro-
reduction, and photoreduction circumstances. The progress of in situ 
spectroelectrochemical methods, typically supported via theoretical 
calculations, helped to access this know-how by providing information 
which enabled researchers to acquire more in-depth perception into 
unveiling the catalytic reaction and mechanisms intermediates. 

http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v44.1.2019.p11-39
mailto:louismuzong@gmail.com
mailto:louis@nanoctr.cn
https://orcid.org/0000-0002-0286-2865
https://orcid.org/0000-0001-5773-1806
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metals - Cu, Au, Ag, and Zn)5-8, metal oxide 

semiconductors – ZnO, SnO2
9, 10, metal 

dichalcogenides – MoS2 and WSe2
11, 12, and 

transition-metal-based molecular complexes: Mn-, 

Fe-, Co-, Ni-, Cu-, Ru-, and Re-based complexes13-

15, have been utilized for catalyzing electro-
reduction of CO2 to liquid fuel hydrocarbons. It has 

been widely known and generally accepted that 

there are three significant steps in photocatalysis: 
solar light harvesting, charge separation and 

transportation, and surface reactions. By using the 

CO2 reduction catalysts, significant progress has 

been made in optimizing the first two steps as they 
involve the same issues in solar-driven water 

splitting and CO2 reduction reaction systems16-22. 

The primary difference between these two 
photoconversion systems is the surface reaction of 

charge carriers (electrons for reduction and holes 

for oxidation). Scientists have devoted an 
enormous effort in order to improve the efficiency 

of the third step in solar water splitting, much more 

than in CO2 photoreduction23, 24.  

Generally, two types of materials 
(homogeneous metal complexes [coordination and 

organometallic complexes] and solid materials) are 

revealed in recent CO2 reduction catalyst studies. 
At the same time, while acknowledging the 

significance of former approach, our interest in this 

review would address the mechanisms and benefits 
of metal complex molecular catalysts; a common 

model for fine-tuning reactivity by ligands 

synthetic modifications. Molecular catalysts 

attributes must include the ability to store multiple 
reducing equals over-mediated multi-

electron/multi-proton transformations essential for 

catalytic CO2 reduction. This can be achieved 
either by reducing the metal center, which then 

obliges a proficient ligand field to stabilize the 

reduced metal ions or by lessening the ligand 

scaffold, with the metal operating as a mediator for 
electron relay25-28. Nonetheless, it is challenging to 

transform a “conventional” catalyst into an 

electrochemical type owing to preconditions and 
design rules/set26, 27. Notably, the catalyst 

conduction band edge requires a suitable range, 

while the catalyst reduced form is adequately 
stable, and the chemical step is obtainable under 

the desired electrolysis conditions. Expectedly, the 

operating state of homogeneous electrocatalyst 

should adjoin the thermodynamic reaction 
potential of the proposed catalysis, while fast 

chemical step kinetics is mandatory for rapid 

turnover frequency. For metal-organic compounds, 

these factors are adjustable consequent to 

anticipated electrolysis conditions of an 
appropriate metal choice and ligand tuning 

optimization. In the last few decades, remarkable 

advancement has been achieved both in the 

electrocatalytic performance optimization as well 
on mechanistic aspects. 

 

2. Background of molecular catalyst 

 

2.1 Principles 

 

Most electrochemical reactions are conducted 
in a pair, indicating that reaction at the anode 

(anodic reaction) is paired with a reaction 

occurring at the cathode (cathodic reaction) in the 
photoelectrochemical cell (PEC). The co-reaction 

of two electrochemical, separately provides 

valuable, important product or intermediate for 
chemical synthesis, and constitutes a universal 

sustainable production plan for chemicals29. Past 

studies have recorded weighty examples for paired 

electro-organic syntheses29-31. However, the most 
prevalent paired process is chloro alkali 

electrolysis. Such a method can be practical to 

recover the energy efficiency and the atom 
economy in comparison to distinctly conducted 

processes. Achieving a maximum Faradaic 

efficiency (200%) is realizable since the passed 
electric charge is primarily used twice. However, 

in CO2 reduction, the conventional approach for 

up-scaled reactors is the coupling to water 

oxidation (oxygen evolution reaction, OER)32-36. 
Electrocatalysts sensu lato are perfect electron 

transfer agents that function near the 

thermodynamic potential of the intended driven 
(products/substrates). Because, the overpotential is 

the difference between the applied potential 

(Vapplied) necessary to produce certain current 

density at a time t, and the thermodynamic 
potential (Eo) of the studied system, direct 

electrochemical CO2 reduction on virtually all 

electrode surfaces requires a tremendous over-
potential, which consequently decreases the 

conversion efficiency because the amount of 

voltage applied is greater as compared to the 
thermodynamic required voltage. Interestingly, at 

this state, both thermodynamic and kinetic 

considerations are essential. Apparently, the 

function of catalysts is to minimize overpotentials 
and for that, their development is based on the 

following requirements: (a) to possess formal 

potentials (Eo (Catn+/0), well matched to reactions 

https://doi.org/10.26850/1678-4618eqj.v44.1.2019.p11-39
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[Eo] (products/substrates), and (c) appreciable 

constants rate, for substrates chemical reduction to 
products at the present state. In addition, the 

heterogeneous rate constant for electrocatalyst 

reduction at the electrode surface must be high37. A 

general method for an electrocatalytic system is 
presented in Figure 1. 

 

 
Figure 1. Diagrammatic illustration of a paired electrolysis relating 

cathodic CO2-to-CO conversion catalyzed with a Re complex and 

anodic synthesis of a 2-substituted benzimidazole mediated by ceric 

ammonium nitrate38. Modified by the authors. 

 

2.2 Carbon dioxide coordination Chemistry 

 

2.2.1 Electronic structure of CO2 

 
The electrocatalytic CO2 reduction is activated 

by the interactions of the active form of the catalyst 

and the substrate molecule through a process of 
activation. Carbon dioxide (16e- molecule), 

belongs to D∞h symmetry group with linear 

geometry at the ground state or gaseous phase. 
Regardless the molecular nature (nonpolar 

molecule and chemical stability), it encompasses 

two polar bonds, with two orthogonal orbital (π) 

sets. Previously CO2 is assumed to be a poor ligand, 
however topical scientific studies on CO2 has 

improved this understanding which are the display 

of various coordination mode and several 
coordination sites in its complexes. The carbon 

atom (LUMO orbital), has a Lewis acid character 

and can be described as an electrophilic center, 

while the oxygen atoms (HOMO orbitals) are weak 
Lewis bases and defined as nucleophiles39. 

Noteworthy, most CO2 catalytic reactions involve 

a concurrent acid-base activation, with the carbon 
atom and one of the oxygen atoms tangled in the 

interface with the metal40. The two double bonds 

include π electrons that can interrelate per 
transition metals electrons in a Dewar – Chatt –

Duncanson bonding scheme Figure 241. When the 

CO2 LUMO orbitals are engaged (through electron 

transfer), the least energy state and a bent geometry 

are equivalent, reflected in the bond length 

increase, bond angle decrease, and a negative 

charge determined by the degree of CO2 adsorption 

and activation. 
 

 
Figure 2. Schematic representation of (a) the Dewar–

Chatt–Duncanson model and (b) the reversed Dewar–

Chatt–Duncanson model41. Reprinted with permission 

from Goedecke, et al., The Dewar–Chatt–Duncanson 

model reversed—Bonding analysis of group-10 

complexes [(PMe3)2M–EX3] (M = Ni, Pd, Pt; E = B, 

Al, Ga, In, Tl; X = H, F, Cl, Br, I), Can. J. Chem. 87 (10) 

(2009) 1470-1479, © Canadian Science Publishing. 

 

2.2.2 Carbon monoxide binding modes 

 
There are four basic CO2 coordination 

approaches [(C, O), and binding modes [Figure 3, 

ref. 39]. The coordination mode involves a 
significant charge transfer between a metal orbital 
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and the antibonding CO2 orbital. This bonding 

mode is made easier via additional weak 
interaction between one or two CO2 oxygen atoms 

with a Lewis acid center positioned in the metal 

coordination domain and more partial with 

nucleophilic (electron-rich) metals. The ɳ1-CO2 
complexes are not strong; mostly, their isolation 

entails glove box or Schlenk techniques, exclusion 

of oxygen and water 40-42. Following past records of 
Herskovitz43, 44 on ɳ1 complexes, it becomes 

requisite to pressurize the system with CO2 in order 

to attain complexes (iridium and rhodium). 

Nevertheless, ligand displacement does not occur 
in the forming process of these compounds. In the 

(C, O) bonding mode, there is a double bonding 

structure involving bond from the CO2 orbital to an 
empty metal orbital, alongside a “back-bonding” 

from a filled dxy metal orbital to the empty CO2 

orbital. Aresta and Nobile45 reported the ɳ2 

complex [Ni(CO2)(PCy3)2] made by reaction of 

Ni(PCy3)3 or [Ni(PCy3)3]N2, in toluene, with CO2 
at atmospheric pressure and obtained as toluene 

solvate. The ɳ1 (O) end-on coordination mode is 

ideal with electron poor metals, and the CO2 

molecule may persist as linear or bent weakly. The 
(O, O) coordination mode can be defined as a metal 

carboxylate with an ionic bond and regularly 

encountered with alkali or alkaline-earth metals or, 
with metal surfaces in the CO2 adsorption, for 

instance. Also, ɳ2-CO2 complex synthesis was 

conveyed by Karsch46 from the reaction of 

Fe(PMe3)4 with CO2 in pentane; a second product, 
Fe(PMe3)3(CO)(CO3) was likewise attained. 

Recently, features of the complex Fe(CO2)(depe)2, 

fully characterized by Komiya et al.47, buttressed 
the formulation of the first compound (Karsch46). 

 

 

 
Figure 3. CO2 coordination modes to a single metal center39-42. 

 

2.3 Recent Advances of CO2 Reduction using 

Molecular Catalyst 
 

2.3.1 Iron-based Molecular Catalyst 

 

As previously explained, electrochemical CO2 
reduction to hydrocarbon fuel plays a significant 

part in climate change and energy cycle48. For 

instance, in the Fischer-Tropsch process carbon 
monoxide and hydrogen can be converted to liquid 

fuels. Molecular catalysts (homogenous or 

heterogeneous) in electrochemical or 
photochemical conditions are typically useful in 

the field49. In past years, iron porphyrins and metal-

organic structures have received vast attention for 

electrocatalytic and photo electro-catalytic CO2 

reduction50. Applications of various modern 

methods and modification through synthesis to 

enhance the reactivity and product selectivity 

afforded homogeneous electro-catalysts to be one 
of the preferred approaches. Past results of Taheri 

et al.51 on “an iron electrocatalyst for selective 

reduction of CO2 to formate in the water” stated 

that with low applied overpotential, formate is 
produced with a high current density and Faradaic 

efficiency (96%). Besides, those studies explicated 

catalysis mechanism by means of cyclic 
voltammetry, and structurally categorized a key 

reaction intermediate, that is the reduced hydride. 

Combination of investigational data in 
MeCN/H2O (95:5) and aqueous solution point to a 

mechanism for CO2 reduction where the 

electrocatalyst (Fig. 4) is reduced from 1− to 12− and 

then protonated to produce (H−1)−. A further 
selective reaction of (H−1)− with CO2 to yield a 

C−H bond resulted in formate. 
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Figure 4. Projected Mechanism for Reduction of CO2 

to Formate by 1- in the Existence of Protons51. 

Reprinted with permission from Taheri et al., An iron 

electrocatalyst for selective reduction of CO2 to 

formate in water: including thermochemical insights, 
ACS Catalysis 5 (12) (2015) 7140-7151. ACS Catal. 

2015, 5, 7140−7151. Copyright (2015) American 

Chemical Society.  

 

Ambre et al.52 explored the “molecular 
engineering for effectual and discriminating iron 

porphyrin catalysts for the electrochemical 

reduction of CO2 to CO”. Here, ester groups (para, 

meta, and ortho positions) of Fe-porphyrin were 
introduced and set iron porphyrins Fe-pE, Fe-mE, 

and Fe-oE. The electrochemical reduction of CO2 

to CO by these catalysts was studied. The Faradaic 
efficiency [(FE) - exclusive 65% and quasi-

exclusive 98%] for CO was accomplished by Fe-

mE and Fe-oE in CO2 saturated electrolyte with 
addition of 2 mol L-1 H2O, after 2 h bulk 

electrolysis. Also, the meta-substituted derived 

(FE-mE) is extremely selective for CO production 

giving FE (65%) lacking competitive H2 
production while the para substituted (Fe-pE) 

generated only H2 (FE, 84%) as a key product of 

bulk electrolysis. 
The cyclic voltammograms (CVs) results of 

these Fe porphyrins specify that Fe-pE, Fe-mE, and 

Fe-oE in DMF exhibited distinctive iron 
porphyrins redox behaviors. Notably, the E(FeI/0) 

of Fe-oE is apparently more negative than those of 

Fe-pE and Fe-mE, perhaps consequence of its 

dipole. Therefore, the Fe0 species of Fe-oE is the 
most robust reducing catalyst between these four 

Fe porphyrins. Congruently, Savéant and co-

workers also discussed that the reduction of CO2 is 
simplified by Fe(0) species at Fe(I)/Fe(0) redox 

wave under CO2 atmosphere53-55. 

Further, Rao et al.56 studied the “visible-light-

driven methane formation from CO2 with a 
molecular iron catalyst”. They observed 

functionalization of iron tetraphenylporphyrin 

complex with trimethylammonio groups, which is 

the most common, competent and selective 
molecular electrocatalyst for CO2 conversion to 

CO57-59. This catalyst is also able to catalyze the 

eight-electron CO2 reduction to methane upon 
distinguishable light radioactivity at ambient 

temperature and pressure. In addition, the catalytic 

system functioned in an acetonitrile solution 

covering a photosensitizer and sacrificial electron 
donor and works stably over several days. Direct 

CO2 photoreduction reaction produces CO as the 

principal product, nonetheless, a two-pot method 
that first reduces CO2 to CO and then reduces CO 

to methane with a selectivity (ca. 82%) and 

quantum yield (0.18%). Figure 5 presents 
conceivable mechanism illustration based on 

obtained results and experimental considerations, 

including the assumption of formyl 

intermediate60, 61, which could be steadied through 
space interactions between the 

trimethylammonium group's positive charges and 

fractional negative charge on the CHO species 
bounded to the metal. 

 

 
Figure 5. Illustration of the mechanism for CO2 

reduction to CH4
56. Reprinted with permission from Rao 

et al., Visible-light-driven methane formation from CO2 

with a molecular iron catalyst, Nature 548 (2017) 74-

77. Spinger Nature and Copyright (2017) Clearance 

Center. 

 

The description of the suggested mechanism 

includes; the reduction of proceeding Fe3+ 
porphyrin (top left) with three electrons to the 

catalytically active Fe0 species. The CO2 is reduced 

with Fe0 species, regenerating FeI due to electron 
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transfer from the excited photosensitizer (right-

hand side cycle). The resulting CO binds to Fe2+ 
and further lessened with six electrons (transferred 

from the excited sensitizer) and protons to make 

methane, from a guessed FeI-formyl (FeICHO) 

intermediate (left-hand side cycle).  
Lately, Pan and co-workers62 experimented the 

“active sites of CO2 reduction on nitrogen-

coordinated and atomically isolated iron and cobalt 
catalysts." They observed that Fe−N4 sites are 

inherently extra efficient than Co−N4 sites in 

M−N−C catalysts for CO2 reduction to CO with 

high FE, more positive onset potential, and ample. 
Likewise, they computationally acknowledged 

(Figure 6) that the edge-hosted (M−N2+2−C8) sites 

bridging two armchair-like graphitic layers were 

dynamic moiety for the CO2RR. Unambiguously, 
the M centers and C atoms, floppy bonds and 

following N are the vigorous *CO and *OH adsorb 

sites in the C−O bond cleavage throughout the 
CO2RR, correspondingly. 

 

 

 
Figure 6. Atomic structure of M−N4−C10 and M−N2+2−C8 (M=Fe or Co) active sites. (b) Calculated free energy 

evolution of CO2 reduction to CO on M−N2+2−C8 sites under useful electrode potential (U) of 0 V and −0.6 V. (c) 

The initial and final state for the COOH dissociation reaction on M−N4−C10 and M−N2+2−C8 sites. In the figure, 

the gray, blue, yellow, red, and white balls represent C, N, M, O, and H atoms, respectively62. Reprinted with 

permission from Pan et al., Unveiling Active Sites of CO2 Reduction on Nitrogen-Coordinated and Atomically 

Dispersed Iron and Cobalt Catalysts, ACS Catal. 8 (4) (2018) 3116-3122. Copyright (2018) American Chemical 

Society. 

 

The positional secondary organization 
dependence sphere groups on the reactivity of a 

conserved chief iron porphyrin core for 

electrochemical CO2 reduction were investigated 
by Nichols et al.63. Thereby, four positional 

isomers (Figure 7) were synthesized, changing the 

position of the second-sphere amide group ortho- 

and para-, likewise proximal and distal, to the 
porphyrin plane. 

In an atmosphere of CO2 and in existence of 

phenol (acid source), CO2 reduction catalytic 
responses suggestive is examined using cyclic 

voltammetry for all catalysts. Comparatively, when 

phenol (100 mmol L-1) was used, Fe–ortho-1-

amide display a catalytic onset that is somewhat 
more positive than Fe–ortho-2-amide, while both 

evinces meaningfully higher catalytic responses 
than the equivalent para-functionalized positional 

un-functionalized Fe-TPP. 

For a better understanding of CO2 reduction 

catalyzed by this series of amide-functionalized 
porphyrins, the pragmatic constants rate 

determined by FOWA were reviewed as a function 

of phenol and CO2 concentration. All four 
functionalized catalysts reveal first-order 

dependence on phenol concentration under pseudo-

first order circumstances. Fe–ortho-2-amide has 
the most momentous experimental constants rate of 

all catalysts studied. Nonetheless, displays non-

linearity at higher phenol concentrations, probably 

as a result of catalyst inhibition or local depletion 
of CO2. The Fe–ortho-1-amide has the next highest 

values (Kobs), trailed by Fe–para-2-amide while 
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Fe–para-1-amide is the least. To appraise the 

catalytic efficacy, it is mandatory to examine the 
overpotential (ɳ) vs. log (TOF) relationships 

exhibited by the catalytic Tafel plot64. Operative 

catalysts function with higher TOFs at lower 

overpotentials (upper left portion of such plots. Fe–
ortho-2-amide demonstrate higher TOFs above all 

over potential values than Fe–ortho-1-amide that 

exhibits higher TOFs compared to Fe-TPP and 
both para-substituted porphyrins. The values at the 

peak of the curves depict the maximum turnover 

frequency realizable at large over potential. It 

crucial to emphasize the difference in E0cat values 
amongst catalysts when aiming to resolute optimal 

second-sphere pendant location queries. 

Previously65, 66, the electrochemical CO2 reduction 
driving force is habitually pretentious by electron 

retreating or bequeathing substituents on the 

porphyrin aryl rings (E0cat). In such event, a linear 

scaling relationship among log(TOFmax) and its 
observations (E0cat), moreover, larger TOFs is 

achieved wherever there are catalysts with high 

negative values (E0cat). Nonconformity arises when 
second-sphere interactions either inhibit or 

promote catalysis, as previously recorded for 

electrostatic effects67. 

 

 
Figure 7. Positional isomers of amide-functionalized iron tetraphenylporphyrins63 

 

 

2.3.2 Zn-based Metal Complex Molecular Catalyst 
 

In terms of price, abundance, and toxicity of the 

metal center, the use of zinc-based systems is of 

significant interest. Hence, it is amazing that only 
a handful examples of zinc catalyzed 

hydrosilylation of CO2 have been reported in 

literature: two cationic, N-heterocyclic carbene 
(NHC) zinc complexes, a dicationic NHC-

stabilized zinc hydride cluster, including the 

tris(thiopyridyl) methane based [Tptm] ZnH and 

the tris[(1-isopropylbenzimidazol-2-
yl)dimethylsilyl] methane-based [TismPriBenz] 

ZnH complexes catalytically reacted with CO2
68-72. 

The synthesis and evaluation of two new Zn(II) 
complexes for their ability to stimulate and reduce 

CO2 have been stated by Donovan et al.73. The 

electrochemical characteristics of 
dichloro[phenyldi(2-pyridyl)phosphine-κ2-N,N’] 

zinc(II) and dichloro[diphenyl-(2-

pyridyl)phosphine-κ1-N]zinc(II) complexes are 

contrasted with cyclic voltammetry. 
To explore the reactivity of these complexes 

(dichloro[phenyldi(2-pyridyl)phosphine-κ2-N,N’] 

zinc(II) and dichloro[diphenyl-(2-

pyridyl)phosphine-κ1-N]zinc(II)) with CO2, 

samples of each complex were exposed to bubbling 
CO2 as 0.20 mol L-1 solutions in THF. Afterward, 

the solid materials isolated from these solutions 

were placed on KBr windows via solvent 

evaporation at CO2 room temperature. 
Comparatively, the results showed that 

dichloro[phenyldi(2-pyridyl)phosphine-κ2-N,N’] 

zinc(II) complex lacks a continuous CO2 adduct 
form since no changes were observed in the IR 

spectrum while dichloro[diphenyl-(2-

pyridyl)phosphine-κ1-N]zinc(II) complex showed 

a novel stretching band (1726 cm-1) after 30 min at 
room temperature reaction time. This implies the 

formation of a novel compound species, 2-CO2. 

Cyclic voltammetry was used to confirm if 
dichloro[diphenyl-(2-pyridyl)phosphine-κ1-

N]zinc(II) complex could reduce the overpotential 

required to reduce CO2
74. In the ambient CO2 

atmosphere, the reduction peak onset shifted 

anodically (approximately 0.6 V) when a potential 

negative bias was utilized to dichloro[diphenyl-(2-

pyridyl)phosphine-κ1-N]zinc(II) complex. There is 
concordance between the voltammogram and the 

IR data as it advocates the existence of CE 

mechanism. Intriguingly, carbon monoxide 
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evolution was ascertained in the mass spectra 

acquired before and after bulk electrolysis. The 
electrolysis cell headspace was determined for gas 

composition in an airtight syringe and injected into 

a GC/MS instrument. The attained spectrum prior 

to controlled potential electrolysis (CPE), showed 
the superseding peak (44 m/z) assigned to CO2 with 

the other negligible peaks in the spectrum result. 

Besides, the CO2 obtained was an insignificant 
product in the mass spectrum and topmost (28 m/z 

is leading) after 4 hours of CPE. Summarily, it is 

evident that dichloro[diphenyl-(2-

pyridyl)phosphine-κ1-N]zinc(II) complex is the 
first organometallic Zn complex that improves the 

CO2 electrochemical conversion to CO and sinking 

the required overpotential (approximately 0.6 V). 
Moreover, this transformation is earned at a glassy 

carbon electrode; more desirable compared to 

expensive Pt or Pd alternatives often used for 
electrocatalysis of this kind. 

Wu et al.75 reported heterogeneous 

zinc−porphyrin complex (zinc (II) 5,10,15,20-

tetramesitylporphyrin) as an electrocatalyst that 
consigns a relatively high turnover frequency (14.4 

sites−1s−1) and a Faradaic efficiency (95%) for CO2 

electro-reduction to CO at −1.7 V vs. usual 
hydrogen electrode in an organic/water mixed 

electrolyte. The PorZn electrodes were studied for 

electrochemical CO2 reduction at different 
potentials in a CO2-saturated solvent system 

including 0.1 mol L-1 tetrabutylammonium 

hexafluorophosphate hexafluorophosphate 

(TBAPF6) in DMF/H2O. The fractional current CO 
production densities and matching Faradaic 

efficiencies at various potentials are represented 

(Figure 8A, left). Positive potentials above −1.4 V 
vs. SHE, resulted in H2 as the only product. CO2 

conversion to CO observation begins at −1.4 V, 

with a CO 22% Faradaic efficiency. Notably, 

applications of more negative potentials are 
corresponded to increase in both the current density 

and CO Faradaic efficiency. The supreme CO 

Faradaic efficiency (95%, −1.7 V vs. SHE) with a 
current density (ca. 2.1 mA/cm2). Equally, the CO 

Faradaic efficiency and total current density can be 

reserved (at least 4 hours at −1.7 V, Figure 8B, 
left). Certain that Zn metal is an active recognized 

catalytic for electrochemical CO2 reduction to 

CO76-78, it is important to ignore the metallic Zn 

formation, and its catalyzing reaction. 
To observe oxidation state vagaries and Zn 

center electronic structure in electrochemical CO2 

reaction situations, in situ and operando XAS 

extents was conducted with the reaction cell 

previously reported79. This method has been 
magnificently used to scrutinize the Co oxidation 

state in a solid-state (cobalt−porphyrin-based 

catalyst material) in electrocatalysis80. No obvious 

variations in the Zn K-edge X-ray absorption close 
to edge structure (XANES) spectra are detected as 

the active electrode potential is tuned from open 

circuit voltage (OCV, −1.7 V vs. SHE) (Figure 8A, 
right) and thereafter to +0.2 V vs. SHE, depicting 

no changes of Zn center oxidation state in the 

PorZn catalyst at the tested potential range. The 

high-quality data afforded us a clearer 
understanding of the PorZn local structures. As 

presented in Figure 8B (right), slight variations in 

the Zn coordination number and bond distances are 
recorded at the examined potentials and during 

electrolysis. The inconsequential alterations in the 

Zn local structure could be attributed to the 
reduction of the porphyrin ligand or binding of 

molecules on the Zn site. This shows that the Zn 

center is influential to the PorZn catalytic activity, 

despite that it is still redox-innocent during 
electrocatalysis. 

The PorZn porphyrin ligand is therefore likely 

to be the impetus for the two-electron reduction of 
CO2 to CO. The PorZn CV in saturated electrolyte 

shows a reduction wave that begins near −1.4 V vs. 

SHE, corresponding with the CO2 reduction to CO 
observation at the potential. The cyclic 

voltammograms in Ar-saturated electrolyte exhibit 

a comparable wave linked with PorZn reduction, 

perhaps joined with protonation81-84. The utmost 
surprising alteration among the two CVs is the 

reversing wave pattern. The CV in CO2-saturated 

electrolyte presents anodic wave that is weak 
(about −1.45 V) equivalent to the reduction wave 

(about −1.6 V). In contrast, the CV in Ar-saturated 

electrolyte presents three anodic waves (about 

−1.53 V, −1.17 V, and −0.43 V vs. SHE). Similar 
event (three anodic waves) was recorded in an 

investigation of zinc(II) 5,10,15,20-

tetraphenylporphyrin studied at the same scan 
rate83. Following precedent literature83, these 

anodic waves are presumed to conform with 

subsequent oxidation and deprotonation of the 
reduced porphyrin ring. For deeper understanding 

in PorZn-catalyzed CO2 reduction, Wu and co-

workers conducted PorZn chemical reduction 

using solution under inert situations and adopt one 
or two equals of sodium naphthalene in 

tetrahydrofuran (NaNap, ca. −2.4 V vs. SHE in 

THF85) as the reducing agent. The reduced PorZn 
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species display absorption bands at 710, 820, and 

920 nm in the UV−Vis spectra, which are features 
of transiently generated zinc−porphyrin 

compounds with reduced ligands81, 86. Upon 

exposure of the reduced PorZn species to air, the 

rapid PorZn renaissance was reported in the 
UV−Vis spectroscopy. Thus far, the wavering of 

these reduced species has precluded full 

characterization. This experiment discloses the first 

molecularly structured Zn-based catalyst for 
electrochemical CO2 reduction to CO with 

significant product selectivity. The Zn(II) center, 

implies redox-inactive though intrinsic to the 

catalysis, which separates the studied catalyst from 
transition metal-based molecular catalysts 

previously reported. 

 

 
Figure 8: (Left) Electrochemical CO2 reduction catalyzed by the PorZn electrode in 0.1 mol 

L-1 TBAPF6 DMF/H2O solution. (A) CO Faradaic efficiencies and CO partial current densities 
at different potentials averaged from three measurements. (B) CO Faradaic efficiencies and 

total current densities after 5, 60, 120, 180, and 240 min of electrolysis at −1.7 V vs. SHE. 

(right) (A) Zn K-edge XANES spectra and (B) Fourier transforms of Zn K-edge EXAFS 

spectra of the PorZn catalyst electrode at different potentials (V vs. SHE)75. Reprinted with 

permission from Wu et al., Electroreduction of CO2 Catalyzed by a Heterogenized Zn-

Porphyrin Complex with a Redox-Innocent Metal Center, ACS Central Science 3 (8) (2017) 

847-852. Copyright (2017) American Chemical Society. 

 

Wang et al.87 studied aqueous 

electrocatalytic reduction of CO2 of several 
synthesized ZIF–8 nanomaterials, having 

uncommon properties e.g., large surface area, 

uniform pore size, well-defined morphology, and 
strong coordination. Upon CO2 electrochemical 

reduction, ZIF–8 nanocomposites are substantiated 

to be effective and proposed (ZIF–8 metal nodes) 

as active catalysis sites. The synthesis of CO2 
reduction electrochemical employing the 

nanomaterials (ZIF–8) braced on glassy carbon 

(GC) electrodes was assessed using CV in 0.5 mol 
L-1 NaCl aqueous solution. CV traces of different 

ZIF–8 materials in Ar and CO2 exhibit magnified 

current and positively shifted beginning potential 

of catalysis in CO2 for both nanomaterials (ZIF–

8SO4 and ZIF–8NO3) For ZIF–8SO4, the positive 
potential shift is ca. 400 mV and ZIF–8AC presents 

slightly less current in CO2 compared to Ar. 

Notwithstanding, the current of ZIF–8AC decreases 

a bit, yet distinguishable from other two materials 
(ZIF–8SO4 and ZIF–8NO3) at the surface loading 

uniformity. Further, when combined with 

electrolysis results, ZIF–8AC demonstrated high 
current for hydrogen evolution, and not CO2 

reduction. 

The Controlled-potential electrolysis (CPE) 
were observed under CO2 to understand the 

https://doi.org/10.26850/1678-4618eqj.v44.1.2019.p11-39


Original review 

20                            Eclética Química Journal, vol. 44, n. 1, 2019, 11-39 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.1.2019.p11-39 

 

distribution of product and the FE. The potential 

utilized current between –1.4 V and –1.9 V vs. SCE 
using similar electrode. For gaseous analysis and 

liquid phase products, gas chromatography (GC) 

and nuclear magnetic resonance spectroscopy 

(NMR) was applied. Three discoveries were 
reported: (i) all ZIF-8 materials, (ii) important 

products (H2 and CO) and (iii) only a small amount 

of formate in the liquid phase was discovered. The 
used potential increase the FE for CO primarily 

increases till maximum attainment, and then 

lessening with further utilized potentials Various 

CO Faradaic efficiency were obtained (highest = 
ZIF–8SO4[65.5%], ZIF–8NO3[69.8%] & ZIF–8AC 

[57.7%] at –1.8 V vs. SCE, however, ZIF–8SO4 

displays the most extensive potential range 
appropriate for CO production (–1.5 to –1.9 V vs. 

SCE. The current densities of H2 and CO products 

for ZIF-8 materials at –1.8 V vs. SCE has been also 
investigated87. The heightened partial CO current 

density justified that ZIF–8SO4 is a highly efficient 

catalyst for CO2 reduction compared to ZIF–8NO3 

and ZIF–8AC.Many synthesized ZIF–8 
nanocomposites were proven to be impressive CO2 

reduction catalysts. Through zinc sources 

regulation, ZIF–8 chemical reactivity can be 
modulated, and ZIF–8SO4 generates excellent CO 

selectivity. Likewise, the electrolyte performs a 

vital role for high CO selectivity. The Cl– anion 
improves and yields the best CO2 reduction 

reactivity, probably due to superficial anion 

exchange and small hydrated range. These 

observances propound ZIF-8s as effective 
electrocatalysts for CO2 reduction. 

 

2.3.3 Mn-based Metal Complex Molecular 
Catalyst 

 

The most persistent manganese oxidation state 

occurs in +2, +4, and +7 of the compounds 
complete range formed by manganese. The Mn+7 

oxidation state is sturdy, frequently lessened to 

Mn+2. The oxidation state of Mn+1 is less common, 
but normally ensues within manganese-based 

organometallic complexes; d6 MnI tricarbonyl 

complexes have become important in the catalysis 
field88, 89. Typically, complexes like the archetypal 

fac-[Mn(bpy) (CO)3Br] uncover a HOMO 

controlled by a Mn 3d-orbital and a diimine-based 

LUMO. The electronic and photophysical 
character state of analogous MnI complexes can be 

better adjusted through diimine ligand chemical 

structure modification hence adapting the LUMO 

energy. Application of manganese as a catalyst is 

due to chemical similarities with rhenium (same 
group, oxidation states, and geometries). 

Nonetheless, manganese is 1.3 million times more 

abundant in the Earth’s crust than rhenium90. 

There are several reviews on transition metals 
and manganese-based systems for CO2

91-94 until 

recent review (Sinopoli et al.90) which unveiled the 

efficiency, feature and strategy of Mn carbonyl 
schemes for CO2 electro- and photoreduction. In 

the same way, Stanbury and colleagues95 reported 

in a comprehensive survey of all the Mn carbonyl 

systems reported as being active catalysts for CO2 
reduction, based on activity, stability, and 

selectivity under electro-reduction and 

photoreduction circumstances. In their review, they 
uncovered that Mn-based carbonyl complexes 

display an elevated capacity for CO2 catalysis 

through electro-, photo- or photo electro-reduction, 
with activities (TON, TOF) that can contend with 

the Re analogs. 

Fei et al.96 reported the post-synthetic 

metallation of a robust Zr(IV)-based metal-organic 
framework (MOF) with open bpy metal-chelating 

linkers to obtain isolated Mn(bpy)-(CO)3Br 

moieties in the MOF. Most significantly, in 
conjunction with [Ru(dmb)3]

2+ as a redox 

photosensitizer and 1-benzyl-1,4-

dihydronicotinamide (BNAH) as a propitiatory 
reducing agent, the resultant [UiO-67 

Mn(bpy)(CO)3Br] was realized to be immensely 

active and selective for the photocatalytic reduction 

of CO2 to formate with a turnover number (TON) 
of 110 through 18 h of catalysis. 

The suggested mechanism for the 

photocatalytic reaction is presented in this review 
(Figure 9). In these reactions, BNAH assists as the 

conciliatory reducing agent, reducing the excited 

Ru(II) photosensitizer and starting the 

photocatalytic reaction. There is an electron 
transmission from the reduced photosensitizer to 

the Mn catalyst, forming an absorbable Mn(0) 

during catalysis. The UiO-6797-99 large pores, are 
copious to allow electron transfer amongst the 

Ru(II) photosensitizer and the Mn complex within 

the MOF, as the Ru(II) photosensitizer have the 
strength to allow the interior of UiO-67. TEOA 

plausibly improves the reaction by contributing a 

yielded proton and electron (i.e., a hydrogen atom) 

for the time of catalysis through a Hofmann-type 
degradation process (Figure 9)100. It is unaffirmed 

whether or not TEOA harmonizes the Mn center in 

the course of this process; nevertheless, co-joining 
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of CO2 with the metal center is aided by TEOA, 

constituting an O-bound Re−OC(O)OCH2CH2NR2 
complex, this was made known in past studies with 

Re bipyridine catalysts101. Fei and co-workers 

propose TEOA giving one proton and one electron 

to the catalytic reaction, devising a Mn(I)−H 
complex. CO2 can insert into the Mn−H bond, 

making a Mn(I)−OC(O)H complex. Formate (or 

formic acid after further protonation) can then be 
liberated from the Mn center renewing the starting 

Mn(I) complex. These conclusions are from the 

bulk of previously published work on 

photosensitized catalysis impelled by sacrificial 
reducing agents102-107. 

 

 
Figure 9. Suggested mechanism for the formation of formate from the 

photocatalytic reaction with UiO-67-Mn(bpy)(CO)3Br96. Reprinted with 

permission from Fei et al., Photocatalytic CO2 Reduction to Formate Using a 

Mn(I) Molecular Catalyst in a Robust Metal–Organic Framework, Inorg. 

Chem. 54 (14) (2015) 6821-6828. Copyright (2015) American Chemical 

Society. 

 

According to Franco et al.108, the first pure 

organometallic fac-[MnI(CO)3(bis-MeNHC)Br] 

complex with the revolutionary operation for 
selective electrocatalytic CO2-to-CO reduction, 

overreaching 100 turnovers CO with outstanding 

FE yields (ηCO~95%) in anhydrous CH3CN. 
During similar state, CV was used determined 

maximum turnover frequency (TOFmax) of 2100 s-

1, thus, evidently greater than the values described 

for other Mn-based catalysts. 
Experimental results account for the direct 

transformation of the [MnI(CO)3(bis-MeNHC)Br] 

species (Figure 10), into five-coordinate 
[Mn(CO)3(bis-MeNHC)]

–
, the core product formed 

upon reduction. Importantly, the energy of the 

experimental CO stretching of [Mn(CO)3(bis-
MeNHC)]

–
 show a powerfully localized negative 

charge over the Mn atom persistent with the bis-

MeNHC ligand redox innocence. In fact, Kohn-

Sham orbitals of [Mn(CO)3(bis-MeNHC)]+ to 
[Mn(CO)3(bis-MeNHC)]• and [Mn(CO)3(bis-

MeNHC)]
–
 indicate that the reduction occurs 

particularly over the metal center. The HOMO 

orbital geometry ([Mn(CO)3(bis-MeNHC)]
–
) is 

openly accessible to undertake a nucleophilic 

attack in contrast with [Mn(CO)3(py-MeNHC)]
–
. 

To summarize, the first family of organometallic 
NHC-based tricarbonyl MnI complexes active for 

electrocatalytic CO2 reduction to CO was reported 

by Franco and co-workers108. Here, bis-MeNHC = 

methylene bis(N-methylimidazolium) ligand and 
py-MeNHC = N-methyl-N’-2-pyridilimidazolium 

ligand. Pyridine ring replacement with a NHC unit 

exceptionally influences the catalytic operation, to 
improve the TOFmax and selectivity for CO 

production of well-established C^N ligand-based 

Mn systems significantly. Additionally, the unique 
bis-NHC catalyst successfully and selectively 

adapts CO2 to CO in an anhydrous aprotic organic 

solvent; differentially, the traditional bpy-based 

systems mainstream are unveiled to be inert 
without regard to definite proton source109-114. 
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Figure 10. Proposed mechanism of CO2 reduction to CO by fac-[MnI(CO)3(bis-MeNHC)Br] complex 108. 

 

Reuillard et al.115 stated the assemblage of the 
complex [MnBr(2,2'-bipyridine)(CO)3] attached to 

a carbon nanotube electrode over a pyrene unit. 

Molecular catalyst check allows electrocatalytic 
CO2 reduction during entire aqueous conditions 

with a catalytic onset overpotential of η = 360 mV, 

and restrained potential electrolysis produced 
turnovers at η = 550 mV greater than 1000. The 

product selectivity is adjustable by catalyst 

amendment loading on the nanotube surface. 
 

 
Figure 11. Proposed mechanism of fac-[MnBr(bpypyr)(CO)3] immobilized on a 
CNT sidewall, concentration-dependent dimerization or Mn−H formation, and 

intermediate-dependent reduction of CO2 to CO or HCOOH115. 

 

The complex [MnBr(bpy)(CO)3] (bpy = 2,2'-

bipyridine) is a noble metal-free model catalyst for 
CO2 reduction consequent to the all-around and 

direct structure of the bpy ligand30. This catalyst 

displayed high activity (turnover frequency up = 

480 s−1) in MeCN, and its catalytic mechanism has 

been studied greatly by wavering the nature of the 

substituents on the bpy ligand116-122. The Mn 
catalyst was presently integrated onto CNTs 

utilizing Nafion123, onto p-Si through 

polymerization124, and onto TiO2 via a phosphonate 

anchoring group125. The former system showed a 
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record turnover number (TON) for the Mn catalyst 

of 112 in MeCN125. The grafted Mn catalyst form a 
dimer on the electrode surface125, as indicated by 

the UV−Vis spectra electrochemistry (SEC). It has 

also been enumerated in solution upon 

electrochemical reduction for this class of 
catalyst126. Despite the observations of these 

studies, yet, the reported activity is limited to 

organic solvents and low TONs (maximum of 101) 
in aqueous conditions123. The pyrene unit allowed 

stable immobilization onto CNTs. The compound, 

electrocatalytic activity, was the first study 

approaching the CO2 reduction in the 
homogeneous organic solution (MeCN + 5% H2O) 

and then in completely aqueous solutions after 

being heterogenized on the CNT surface. Using 
CPE and CV, the Mn catalyst modified electrodes 

were explored. The Mn complex surface loading 

was disclosed to have a unique effect on the 
selectivity toward CO or HCOO− production (Fig. 

11). The different catalytic intermediates involved 

were investigated in situ through the application of 

transmission UV-VIS and surface-sensitive IR 
SEC in the impaired total reflection (ATR) mode. 

Selectivity toward either CO or HCOO− at various 

surface loadings, accurate formation assignment of 
one or the other catalytic intermediate is 

important116, 122, 124. 

 
2.3.4 Ni-based Molecular Catalyst 

 

Nickel, a non-precious metal (group VIIIB), is 

considered the best possible alternative instead of 
palladium or platinum for molecular catalysts127, 128 

owing to its simply achievable oxidation states 

(e.g., Ni0, NiI, NiII, NiIII, and NiIV). The CO2 
reduction performed by nickel catalysts repeatedly 

required the NiII reduction to NiI, which is linked 

with the distortion of geometrical from a tetra-

dentate, square planar coordination mode fitting for 
NiII to a tetrahedral one model for NiI 129-131. 

Similarly, OER, the NiII oxidation to NiIII typically 

allows the structural shift from a square planar to a 
tetragonal or octahedral geometry132, 133. Therefore, 

the rich redox properties connected with many 

coordination geometries concede the ligand logical 
form scaffolds to harmonize with nickel (II) 

centers, contributing to the nickel complexes with 

precise catalyst operations133-138. Moreover, nickel 

is an active center in natural enzymes, the well-
known {NiFe} hydrogenases for the reversible 

conversion hydrogen, proton139, 140, and the {NiFe} 

CO dehydrogenases (CODHs) for the reversible 

transformation between CO2 and CO141, 142. These 

findings further compelled the scientist (mostly 
energy conversion catalysis), to develop molecular 

catalysts based on nickel complexes. In spite many 

insightful reviews on spotlighted earth-abundant 

metal complexes as catalysts for the HER143-151, 
OER152-154 and CO2 reduction155-162, however, 

details on the Ni-based molecular catalyst is yet to 

be available in the literature. More recently, Wang, 
Jia-Wei et al.163 reported a systematical review on 

the recent developments in the utilization of nickel 

complexes as molecular catalysts for water 

splitting and CO2 reduction. In summary, nickel 
cyclam complexes display high efficiency and 

selectivity. Nonetheless, other nickel-based 

catalysts display moderate activity, and selectivity, 
while the solvent used, is restricted to non-aqueous 

solvents. 

Niu et al.164 has designed and synthesized a 
spongy nickel-organic heterogeneous catalyst 

through the photochemical pathway. The catalyst 

possesses crystalline network architecture with a 

high imperfections concentration and active in CO2 

conversion to CO, with ~1.6 × 104 mol h−1 g−1 
production rate. During the reaction, no measurable 

H2 is generated, resulting to approx. 100% selective 

CO production over the evolution of H2 and the 

evolution of CO from these five Ni-organic 
catalysts in a photocatalytic 6 h response. The 

spongy Ni(TPA/TEG) (L) composite results to be 

the highest activity, and the CO amount is 95.2 
mmol after a 2 h reaction, yielding to a CO 

production rate (15,866 mol h−1 g−1), that is many 

times greater than other samples. The total CO 

volume produced on the spongy Ni(TPA/TEG) 

catalyst in 6 h attains 136.9 mol, giving a turnover 

of 11.5 for the 6 h reaction. By investigating the 
CO yield in 2 h on different amounts of 

Ni(TPA/TEG) catalyst, a roughly linear 

relationship was obtained between the number of 

CO evolved and the catalyst amount. However, 
kinetically, it was found that the CO production 

rate decrease is proportional to increase in the 

catalyst amount, where 1.0 mg of the 
Ni(TPA/TEG) catalyst results to CO production 

rate of ~26,620 mol h−1 g−1 in a similar solution. 

Thus, implies that more electrons generated from 

the photosensitizer molecules may perhaps have 

been transferred to the active catalytic sites. Also, 
the reusability of the spongy Ni(TPA/TEG) 

catalyst upon each 2 h of photocatalysis have been 

tested, where the catalyst retained its activity and 
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selectivity after recycling. In addition, it also 

displays outstanding architectural stability with no 
apparent detectable structural change after 24 h of 

photocatalysis. For further confirmation of the 

origin of as-produced CO, isotopic 13CO2 was used 

as feedstock gas for the photocatalytic reduction 
and the products were examined by gas 

chromatography-mass spectrometry (GC-MS). 

The study confirms that the detected CO originates 
from the CO2 gas source; with the important signal 

at a mass/charge ratio (29) on the mass spectrum 

corresponding to 13CO. 

Consequence of the previous result, Niu and co-
workers proposed the mechanism for the 

photocatalytic CO2 reduction reactions on the 

spongy Ni(TPA/TEG) catalyst (Fig. 12). Based on 
visible light irradiation, the [Ru(bpy)3]

2+ 

(photosensitizer) is excited and then reductively 

snuffed out by the sacrificial electron donor 
[TEOA, 65-167], resulting to the reduced species 

of [Ru(bpy)3]
2+ (Fig. 12). Afterward, the 

[Ru(bpy)3]
2+ reduced species could maybe transfer 

an electron to the spongy Ni(TPA/TEG) catalyst, 
which later engages in CO2 molecules reducing 

fixed on the catalyst (Fig. 12). The yield tests of 

CO production in the solution with different 
Ni(TPA/TEG) amounts for 2 h, revealed that the 

CO production rate decreases with increase in the 

catalyst amount, indicating that the electron 
transfer from [Ru(bpy)3]

2+ to the catalyst may be a 

rate-determining step for the CO2 reduction 

reaction, however, limited diffusion scenario may 

have occurred in this heterogeneous catalytic 

system168. Thereafter, the derivative CO can be 
reduced to liquid fuels by means of proton-coupled 

multi-electron reaction processes (Fig. 12). In the 

electrolyte with a pH value of ~8, it was also 

suggested conversion pathways resulting to the 
HCOOH, CH3COOH, and CH3CH2OH formation 

through proton-coupled one-, four-, and eight-

electron steps, respectively. 
In the mechanistic CH3COOH formation route, 

CO is perpetually hydrated to 

CHO→CHOH→CH2OH→CH3OH, which bonds 

with the adsorbed CO to form CH3COOH. With a 
focus on the CH3CH2OH formation, the 

dehydroxylation of the as-formed CHO may 

possibly be a crucial rate-limiting step to produce 
additional C that can be protonated 

CH→CH2→CH3
169, and the C–C coupling in the 

space separating CH3 and multi protonated CO 
could result in the CH3CH2OH formation170. 

Frequently, the hydroxyl ions (OH−) are obtained 

for the CHO hydroxylation at pH 13, which select 

the HCOOH formation. Whereas, the facilitated 
CHO hydroxylation may suppress the kinetics of 

the CO multi protonation and CHO 

dihydroxylation, yielding a lower amount of 
CH3COOH and CH3CH2OH at pH 13. The CH3OH 

appearance may present a weak C–C coupling in 

the space separating CH3OH and CO at pH 13 
(resulting to CH3COOH at pH 8), hence, may be 

considered for the next CO2/CO reduction catalyst 

design171.

 
Figure 12. Proposed mechanisms for the photocatalytic reduction of CO2 to CO and of CO to other liquid products. 

Visible light reduction of the photosensitizer [Ru(bpy)3]2+, which transfers an electron to the Ni(TPA/TEG) catalyst to 

convert CO2 to CO and to Ni(TPA/TEG)-(Ag/Rh) catalysts for the generation of HCOOH, CH3COOH, and CH3CH2OH 

from further reduction of CO164. 
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Kuehnel et al.172 investigated a series of self-

assembled nickel terpyridine complexes as 
catalysts for the CO2 reduction to CO in organic 

media. Immobilization on CdS quantum dots 

allows these catalysts to be functional in purely 

aqueous solution, and photo catalytically reduces 
CO2 with > 90% selectivity in UV-filtered 

simulated solar light irradiation (AM 1.5G, 100 

mW cm–2, λ > 400 nm, pH 6.7). The QD-BF4 
adjustments were performed in - situ through an 

additional stock solution of a self-assembled Ni 

complex to a suspension of QDs in TEOA aqueous 

solution (0.1 mol L-1). This finally results into 
H2O:CH3CN solution composition including 99:1 

for [Ni(terpy)2]
2+and [Ni(terpyS)2]

2+, and 99.5:1 for 

[Ni(terpyC)2]
2+ and [Ni(terpyP)2]

2+. Catalyst 
attachment was affirmed by UV-vis spectroscopy 

with the anchoring group that involves dependent 

catalyst loading (Figure 13A). Considerably, the 

highest loading was accomplished with the thiol 
derivative, [Ni(terpyS)2]

2+, while other anchors 

were measured with lower affinity (Figure 13B). 

The determination of main catalyst peaks in the 

UV-vis and ATR-IR spectra of [Ni(terpyS)2]
2+–

adjusted CdS QDs immobilized on a mesoporous 

SnO2 electrode show that the catalyst maintained 

its intact chemical structure on the QD surface 
(Figures 13C). Cyclic voltammetry showed that the 

anchored catalyst retained its electrochemical 

response, additional supporting functional integrity 

on the QD surface (Figure 13D). Therefore, 
transmission electron microscopy unveiled that 

anchoring of the catalyst does not affect the particle 

morphology. 
 

 

 
Figure 13. Hybrid photocatalyst assembly from CdS QDs and [Ni(terpyX)2]2+. A) Difference in UV-vis absorption of a 

[Ni(terpyS)2]2+ solution before and after stirring with CdS QDs; B) Adsorption efficiency of different [Ni(terpyX)2]2+ 

complexes; C) UV-vis spectra of CdS-[Ni(terpyS)2]2+ hybrid photocatalyst immobilized on a mesoporous SnO2 electrode 
and comparison with CdS-BF4 and [Ni(terpyS)2]2+ in solution (spectra scaled and stacked for clarity); D) Cyclic 

voltammetry of CdS-[Ni(terpyS)2]2+ photocatalyst immobilized on a SnO2 electrode172. Reprinted with permission from 

Kuehnel et al., Selective Photocatalytic CO2 Reduction in Water through Anchoring of a Molecular Ni Catalyst on CdS 

Nanocrystals, J. Am. Chem. Soc. 139 (21) (2017) 7217-7223. Copyright (2017) American Chemical Society.  

 

The photocatalytic activity of the congregated 
CdS-[Ni(terpyX)2]

2+ hybrids were investigated in 

CO2-saturated water under simulated solar light 

irradiation in the presence of TEOA (sacrificial 
electron donor). While the parent CdS-

[Ni(terpy)2]
2+ catalyst void of an anchoring group 

mainly yielded H2 and only traces of CO, the 
functionalized derivatives displayed higher 

activities towards CO2 reduction. [Ni(terpyS)2]
2+ 

revealed both the highest CO2 reduction activity, 
product selectivity series (92.2% after 4 h 
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compared to 10.2% and 3.9% for [Ni(terpyP)2]
2+ 

and [Ni(terpyC)2]
2+, respectively). 

Surprisingly, the selectivity observed does not 

exhibit the electrocatalytic activity in the 

homogeneous phase, however, correlates with the 

adsorption efficiency of each complex to CdS. This 
behavior affirms that molecular catalyst interfacing 

with the nanoparticle is important to all-inclusive 

photocatalytic activity in aqueous solution. At the 
optimized state, about 20 Ni-based turnovers were 

obtained with CdS-[Ni(terpyS)2]
2+ in 24 h visible 

light illumination. The CO selectivity continues to 

exist (> 90%) for the first 8 h prior to slowly 
decrease that mostly produce H2 after 24 h. Ion-

coupled plasma optical emission spectroscopy 

(ICP-OES) of QDs isolated from the reaction 
medium iterates the reducing selectivity co-occurs 

with a gradual [Ni(terpyS)2]
2+ loss of the QD 

surface, differentially, the CdSBF4 particles remain 
unchanged. UV-Vis spectra display a slight 

redshift of the first absorption, presenting limited 

particle aggregation with no significant 

photocorrosion. In addition, fresh catalyst after 20 
h recovers the CO generation activity and subdue 

H2 evolution, while the Ni(BF4)2 addition only 

promotes H2 evolution. Conversely, lessening the 
initial catalyst:QD ratio reduced the CO selectivity, 

moreover, it did not significantly affect the 

maximum TONCO (with respect to 
[Ni(terpyS)2]

2+), where it can be inferred that a 

TONCO of ~20 represents the catalyst stability 

limit. 

 

3. Conclusions and future perspectives 

 

This general overview of the recent research on 
metal complex molecular catalysts for CO2 

reduction shows their contributions to the growing 

and dynamic field that gaining new insights into 

science at an ever-increasing rate. In order to 
increase metal complexes molecular catalysts 

application, it is imperative to overcome their poor 

stability which is a significant challenge. We 
suggest that one of the possible means to achieve 

this stability could be to ensure complexes 

heterogeneous, through their substrate’s 
immobilization. Notwithstanding, the limited 

examples we have presented in this review, (e.g., 

porous structures, or covalent grafting on 

electrodes through ligand functionalization), 
suggest that the concept is realizable. Succinctly, 

the advancing knowledge acquired in several 

reduction mechanisms might give-way for more 

efficient selective and prolong metal complex 

molecular catalysts development. Additionally, 
most metal complexes molecular catalysts are light 

sensitive and suffer from photostability issues in 

any of these two ways; (i) by ligand 

photodissociation reactions and (ii) 
photoisomerization. This particular problem is an 

important obstacle towards the efficient metal 

complex photocatalysts for CO2 reduction 
advancement. Unarguably, more improvements are 

still required, and other pathways for CO2 catalytic 

reduction may perhaps offer ample fruitful 

opportunities. 
 

5. Acknowledgments 

 
This research did not receive any specific grant 

from funding agencies in the public, commercial, 

or not-for-profit organization. However, the 
authors are grateful to Mr. Abebe Reda of the 

University of Chinese Academy of Sciences, 

National Centre for Nanoscience and Technology, 

Beijing, China for his support and assistance. 
 

6. References 

 

[1] Qiao, J., Liu, Y., Hong, F., Zhang, J., A 

review of catalysts for the electroreduction of 

carbon dioxide to produce low-carbon fuels, Chem. 

Soc. Rev. 43 (2) (2014) 631-675. 

https://doi.org/10.1039/c3cs60323g. 

[2] Liu, G., Hoivik, N., Wang, K., Jakobsen, 

H., Engineering TiO2 nanomaterials for CO2 

conversion/solar fuels, Sol. Energ. Mat. Sol. C. 

(105) (2012) 53-68. 

https://doi.org/10.1016/j.solmat.2012.05.037. 

[3] Costentin, C., Robert, M., Savéant, J.-M., 
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1. Introduction 

 
The residual drugs disposal from 

pharmaceutical and domestic sources is 

encompassed among the anthropogenic actions of 
greater environmental impact1. Hence inefficient 

wastewater treatment, emerging pollutants such as 

drugs and their metabolites are able to reach water 
bodies and soil, therefore leading to environmental 

and health hazards2. 

Residual drugs are usually found in the 

environment at concentrations of μg L-1 (ppb) or ng 

L-1 (ppt)3, this chronic exposure to subtoxic doses 

of the drug may result in a number of undesirable 
effects on both the human organism and the 

environment4. Studies demonstrate the relationship 

between residual drugs and health problems, which 
vary upon the class, mental disorders, sexual 

dysfunctions5 (Santos et al. and resistance to 

antibiotics6 are some illustrative examples). 
In this context, owing to the widespread 

occurrence, synthetic hormones are considered 

major threats. Moreover, such compounds present 

high stability, being invulnerable to common 

ABSTRACT: The elimination of residual drugs from pharmaceutical and 
domestic sources is a growing concern, as they are able to reach water 
and soil resources and can present environmental and health risks even in 

very low concentrations. Traditional water and wastewater treatment 
systems have not been efficient in the removal of these compounds, 
evidencing the importance of the development of new remediation 
methods. In view of the applicability and versatility of electrocoagulation 
techniques in the removal of pollutants, the aim of this work is to evaluate 
the parameters:  biochemical oxygen demand (BOD), chemical oxygen 
demand (COD), color, turbidity, algestone acetophenide (AAc) and 
estradiol enanthate (EEn) using a pilot treatment system, as well as 

phytotoxicity and Brine shrimp toxicity. The study showed good removal 
efficiency, comprising remarkable remediation performance assayed  
 

through BOD (61.5%), COD (58.6%), color (83.1%), turbidity (96.7%), AAc (77.0%) and EEn (56.7%) after 30 minutes. For toxicity, 
raw effluent was considered more phytotoxic for lettuce and cucumber seeds when compared to treated effluent.  The results suggest that 
the pilot prototype was promising, providing an increase in both the germination potential and the root growth of the seeds (Lactuca 
sativa and Cucumis sativus) and a significant decrease in the acute toxicity to Artemia salina. 
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remediation methods, leading to their 

omnipresence in pharmaceutical wastewaters7, 8. 
The synthetic hormones AAc and EEn are 

worldwide consumed drugs used as contraceptive 

and anti-inflammatory agents9. Once these steroids 

are metabolized in the body, their metabolites are 
excreted through the urine/feces and dumped in 

Wastewater Treatment Plants (WWTP)10 Though 

steroids like AAc and EEn have been mostly 
omitted by environmental legislation, they 

represent a real risk to the environment and human 

healthy11. Therefore, great effort has been done in 

order to improve the efficiency of current 
remediation processes12. 

The presence of steroids and their metabolites 

in aquatic and terrestrial environments can be 
explained by their non-biodegradable nature, 

recalcitrance, and by continuous release in 

environment, which is nonetheless much superior 
than their removal, henceforth characterizing them 

as “pseudo-persisted”. Thus, conventional 

biological and chemical treatments become 

ineffective13, 14. Another limiting factor of 
biodegradation is related to the interconversions 

between steroids caused by some 

microorganisms15. 
The use of different advanced oxidation 

processes (AOP) involving Fenton, photocatalysis, 

UV-H2O2, ozone, ozone-UV, plasma-based 
processes and sonolysis as promising technologies 

to deal with some environmental problems has 

been intensely investigated worldwide by 

numerous researchers16, 17. Even though AOPs 
appear to be promising and attractive options, 

handicaps like as high costs (energy, inputs), 

sustainability (resource use, carbon footprint), by-
product formation and experimental level still 

prevent them from being widely used18, 19. 

Therefore, the use of renewable energy sources to 

supply processes, the development of less 
expensive hardware and electrodes and more 

versatile systems are needed to diffuse and launch 

the industrial application of these technologies20, 21. 
Hence biodegradation and AOPs limitations to 

promote steroids removal in waterbodies effluents, 

methods such as electroremediation by 
electrocoagulation (EC) are becoming increasingly 

used due to their wide applicability, low cost and 

high efficiency. Electrocoagulation is constituted 

by three main steps: (1) oxidation/reduction 

reactions at electrode surface, (2) generation of 
coagulating agents from aluminum or iron (steel) 

electrodes immersed in the aqueous solution, (3) 

adsorption of soluble or colloidal pollutant 

particles on coagulants, and removal by 
sedimentation and/or flotation. These processes 

can efficiently mop up pollutants, which would be 

otherwise unable to undergo degradation through 
biological remediation methods22, 23. 

Owing to electrocoagulation techniques 

applicability in treatment of industrial wastewater, 

the aim of this work is to assess the improvement 
of BOD, COD, color and turbidity parameters of 

treated pharmaceutical wastewater, as well as the 

removal of synthetic hormones AAc and EEn using 
a pilot electrocoagulation treatment system. In 

order to evaluate the effluents toxicity, tests 

concerning phytotoxicity and acute toxicity with 
Artemia salina were henceforth performed. 

 

2. Materials and methods 

 
2.1 Pilot Scale Treatment System (PSTS) 

 

The pilot scale prototype consisted in square 
aquarium, made in acrylic material, presenting the 

following dimensions: 38 cm long, 24 cm wide and 

30 cm high, in which 16 stain steel 1020 electrodes 
(20 x 27 x 6.35 cm each) with 1,728 cm2 of total 

surface were equally distributed (Figure 1). 

The raw effluent sample used was collected in 

pharmaceutical industry, dedicated to the 
production of hormonal drugs in Goiânia-Brazil, 

and the initial treatment conditions were: electric 

current 14.9-15.4 A (Direct Current – DC); applied 
potential of 26.5-26.8 V. The inversion of polarity 

between cathode and anode was performed every 

20 minutes. Temperature and electrical parameters 

were monitored during the treatment 
regimen/experiment at 10, 20 and 30 minutes. The 

temperature shifts were monitored in an Infrared 

Temperature Tester Thermometer GM300 
(Benetech, Shenzhen Jumaoyuan Science And 

Technology Co., Ltd, Shenzhen, China), whereas 

the current and potential with a Digital Clamp 
AC/DC Voltmeter F203 (Chauvin Arnoux Metrix, 

France). 
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Figure 1. Pilot scale treatment system. 

 

Electrical conductivity, color, BOD, COD, pH, 

and turbidity were monitored in this study since 

they are good indicators of wastewater quality. The 
tests were performed according to the techniques 

recommended by the Standard Methods for the 

examination of Water and Wastewater24. 

Some characteristics of synthetic hormones 
studied are summarized in Table 1. 

 

Table 1. Some characteristics of the synthetic hormones studied. 

 Acetophenide Algestone25 
Estradiol Enanthate26 

Structure 

  
Solubility (mg L-1) 

(Estimated by Log 
Kow) 

0.02864 0.006894 

Log Kow 5.53 7.40 

The experiment was performed in triplicate (T1, 
T2 and T3) from the same industrial effluent 

sample and no additions of chemical compounds 

were made for correction purposes. 
 

2.2 Mass Spectrometry Analysis 

 
Mass spectrometry (MS) analysis was carried 

out in a mass spectrometer microTOF III (Brucker 

Daltonics, Bremen, Germany) equipped with a 

commercial ESI source (Brucker Daltonics, 
Bremen, Germany). Samples were methanol-

diluted to a (1:1000) ratio, followed by 

acidification with 0.1% formic acid. The resulting 
solution was directly injected with a flow rate of 4 

μL min−1, all analyses were performed in the 

positive full scan mode (m/z 100–1000). ESI(+) 

source conditions were as follows: nebulizer 
nitrogen gas temperature and pressure of 2.0 bar 

and 200 °C, capillary voltage of -4 kV, transfer 

capillary temperature of 200 °C; drying gas of 4 L 
min−1; end plate offset of -500V; skimmer of 35V 

and collision voltage of -1.5V. Each spectrum was 

acquired using 2 microscans per second for one 
minute. The resolving power (m/Δm50% 

16.500,00, where Δm50% is the peak full width at 

half-maximum peak height). Mass spectra were 

acquired and processed with Data Analysis 
software (Brucker Daltonics, Bremen, Germany). 

A quantification method by MS was also 

designed focusing the assessment of pilot scale 
treatment system efficiency. To avoid matrix 

effect, calibration curves for AAc using gestodene 

as secondary standard were constructed. The 
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quantification was possible through calculation of 

the relation between gestodene and AAc, therefore 
measuring the intensity in several defined 

concentration for wastewater and treated water. 

To develop calibration curves, 1 mg mL-1 AAc 

and gestodene stocks solutions in methanol were 
prepared and subsequently diluted to 

concentrations: 0.5; 2.0; 3.5; 5.0; 6.5 mg L-1. In 500 

μL of water sample was added the appropriate 
volume of the stock solution and finally was added 

the 0.1% formic acid to helped in ionization 

process. 

Chemicals used were all of ACS grade, and 
purchased from Sigma-Aldrich, they were used 

without any further purification. MS and High 

Performance Liquid Chromatography (HPLC) 
grade solvents were purchased from J.T. Baker. 

 

2.3 Ecotoxicity Tests 
 

The ecotoxicity tests were performed only on 

the sample that presented the best result of removal 

of estrogenic compounds. 
 

2.3.1 Phytotoxicity Tests 

 
Lettuce (Lactuca sativa) and cucumber 

(Cucumis sativus) seeds were purchased from an 

agriculture local supplier. The seed germination 
and root elongation test on filter paper was 

performed according to the US Environmental 

Protection Agency27 seed germination/root 

elongation toxicity test. Before the test, the seeds 
were sterilized with 0.1% sodium hypochlorite 

solution for 10 min and then rinsed several times in 

distilled water to prevent fungal growth. Ten seeds 
of each species were exposed on filter paper 

(Whatman 2) containing 2.5 mL of raw or treated 

effluents at 6.25, 12.5, 25, 50 and 100% (v/v) and 

placed in a Petri dish. Distilled water was used as 
negative control and zinc sulfate heptahydrate 

(ZnSO4.7H2O; 10 mg mL-1) as positive control. 

Three plates per concentration were prepared and 
incubated in complete darkness in a growth 

chamber at 25 ± 1 ºC for 120 h.  

After this exposure time, the number of 
germinated seeds was counted, and the length of 

the root measured. Tests were only considered 

valid if 80% of control seeds had germinated and 

the roots size was at least 5 cm long. The 
percentage of relative seed germination was 

calculated by dividing the number of seeds 

germinated in the exposed groups by the number of 

seeds geminated in the negative control. The 

percentage of relative root elongation was 
calculated by dividing the mean root length in raw 

or treated effluents exposures by the mean root 

length in the negative control.  

 
2.3.2 Brine shrimp toxicity assay 

 

The brine shrimp bioassay was performed based 
on the Meyer28 method and OECD Guideline 20229 

with modifications. Brine shrimp (Artemia salina) 

nauplii were obtained by hatching dehydrated cysts 

in artificially prepared seawater (3.5% commercial 
marine salt [Blue Treasure®] in deionized water) at 

27 ± 1 °C, under continuous light and aeration for 

48 h. For the test, 20 nauplii divided into 4 groups 
of 5 organisms each, were exposed to 2 mL of raw 

and treated effluents at 6.25; 12.5; 25; 50 and 100% 

(v/v). All test solutions were prepared in artificial 
seawater. Microplates were incubated in the dark in 

a climatic chamber for 48 h at 27 ± 1 °C. Artificial 

seawater was used as the negative control and 

10 mg L-1 dodecyl sulfate sodium salt (SDS) as the 
positive control.  

After 24 and 48 h, the number of dead nauplii 

(immobility) in control and exposed groups was 
counted. The percentage of immobility induced by 

the effluents was compared with that of the control 

group. The test was considered valid if the 
immobilization rate was less than 10% in the 

negative control group29. 

 

2.3.3 Statistical analysis 
 

Ecotoxicity tests were evaluated using ANOVA 

and Dunnett’s post hoc test using the GraphPad 
Prism program. Each experimental value was 

compared with its corresponding control. 

Statistical significance was accepted at p < 0.05. 

Toxicity was expressed as effective (EC50) and 
lethal (LC50) concentrations with their 95% 

confidence limits. 

 
3. Results and discussion 

 

3.1 Physicochemical Data and Removal Efficiency 
 

The electrics conditions in treatment system are 

showed on Table 2. 
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Table 2. Electrical conditions during the tests with the pilot system. 

Time 

(min) 

Temperature (°C) Voltage (V) Current (A) 

T1 T2 T3 AV SD T1 T2 T3 AV SD T1 T2 T3 AV SD 

0 28.0 27.9 28.2 28.0 0.2 26.8 26.5 26.6 26.6 0.2 15.4 14.9 15.3 15.2 0.3 

10 29.0 28.5 28.9 28.8 0.3 25.5 25.1 25.4 25.3 0.2 26.0 24.0 25.5 25.2 1.0 

20 31.0 30.0 30.6 30.5 0.5 26.5 26.1 26.2 26.3 0.2 7.0 6.3 6.8 6.7 0.4 

30 32.0 31.0 31.8 31.6 0.5 30.0 28.9 29.8 29.6 0.6 13.0 12.0 12.7 12.6 0.5 

T1 = Test nº 1; T2 = Test nº 2; T3 = Test nº 3, AV = Average; SD = Standard Deviation. 

 

In the EC with inversion of polarity, the 
electrode that behaves as a cathode for a certain 

time, will behave like anode after the inversion of 

polarity, in this case, at 20 minutes. This inversion 

decreases the passivation, increasing electrode 
lifespan by up to three times, at the same time, 

reducing the resistivity of the system, thus, the 

cathode starts to release more OH- species in the 
solution, increasing the pH and the pollutant 

removal efficiency30. 

Despite being under the same initial conditions 

a small variation of voltage and current (DC) was 

observed between the tests (T1, T2 and T3) 
probably due to electrode degradation between one 

test and another and/or small variations in the 

composition of the stock effluent. 

A variation in voltage and current was also 
observed during each test. This has occurred due to 

a variation on the composition of effluent during 

the assays, as shown at Table 3. Also, these 
parameters were monitored to assess the 

electrochemistry removal process. 

 

 

Table 3. Physicochemical parameters evaluated during the pilot tests. 

Time 

(min) 

Test 

nº 

Electrical 

Conductivity 

(μS cm
-1

) 

Color 

(mg L
-1

 

CaCO3) 

BOD 

(mg L
-1

 

O2) 

COD 

(mg L
-1

 

O2) 

pH 
Turbidity 

(NTU) 

0 

T1 

3170.0 2550.0 14342.0 35360.0 5.4 385.0 T2 

T3 

AV 3170.0 2550.0 14342.0 35360.0 5.4 385.0 

SD 0 0 0 0 0 0 

10 

T1 3431.0 5700.0 8670.0 22320.0 10.8 520.0 

T2 3216.0 5900.0 9120.0 23055.0 10.2 550.0 

T3 3330.0 5800.0 8950.0 22679.0 10.6 530.0 

AV 3325.7 5800.0 8913.3 22684.7 10.5 533.3 

SD 107.6 100.0 227.2 367.5 0.3 15.3 

20 

T1 3713.0 650.0 8790.0 22350.0 11.8 19.5 

T2 3564.0 690.0 9240.0 23205.0 11.5 32.0 

T3 3689.0 670.0 8910.0 22780.0 11.7 27.0 

AV 3655.3 670.0 8980.0 22778.3 11.7 26.2 

SD 80.0 20.0 233.0 427.5 0.2 6.3 

30 

T1 4393.0 430.0 5525.0 14650.0 11.9 12.6 

T2 4139.0 490.0 5930.0 15120.0 11.6 25.0 

T3 4216.0 450.0 5660.0 14840.0 11.8 19.0 

AV 4249.3 456.7 5705.0 14870.0 11.8 18.9 

SD 130.2 30.6 206.2 236.4 0.2 6.2 

Avarege Removal 

Eff. (%) - 82.1 60.2 57.9 - 95.1 
T1 = Test nº 1; T2 = Test nº 2; T3 = Test nº 3; AV = Average; SD = Standard Deviation. 
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A significant decrease of BOD (61.5%), COD 

(58.6%), turbidity (96.7%) and color (83.1%) after 
30 minutes was noticed for the best result (T1). On 

the other hand, it was possible to observe the 

increase in electrical conductivity, pH and sludge 

production. The generation of sludge occurred due 
to the use of iron anodes and its consequent 

generation of iron hydroxides, thus playing the 

same role of flocculation in conventional 
coagulation treatment systems22. 

When the steel anode is used Fe2+ is dissolved 

in the effluent from the anodic oxidation of Fe, 

while H2 gas is generated in the cathode from the 
reduction of protons in acid medium and/or 

reduction of water in alkaline medium. Insoluble 

Fe(OH)2 precipitates at pH > 5.5 remaining in 
equilibrium with Fe2+ to pH 9.5 or with monomeric 

species such as Fe(OH)+, Fe(OH)2 and Fe(OH)3
- at 

high pH values. In the presence of O2 the dissolved 
Fe2+ is oxidized to insoluble Fe(OH)3 coagulating 

at pH > 1.0. The insoluble flakes can be in 

equilibrium with soluble monomeric species such 

as Fe3+, Fe(OH)2+, Fe(OH)2
+, Fe(OH)3 and 

Fe(OH)4
-  as a function of pH. These species act as 

coagulants or destabilizing agents that neutralize 

charges and separate colloids and ionic products 
from the wastewater by sedimentation or electro-

flotation, henceforth producing sludge (Figure 2)22. 

The volume of sludge generated in the EC is 

reduced compared to conventional chemical 
coagulation or biological processes. However, 

hence the importance of pollutants removal, the 

sludge must be treated and discarded appropriately. 
 

 

 
Figure 2. The behavior of pH and possible species formed during the EC of Test 1. 

 

The pH effect of the effluent on the performance 

of the electrocoagulation process was evaluated 
throughout the experiments. The initial pH of 5.4 

reached 10.8 after 10 minutes with the best removal 

efficiency of BOD (39.5%) and BOD (36.9%) in 
this range. 

The initial pH of 5.4 may have facilitated the 

conversion of ferrous ions into ferric ions already 

in the early stages of electrolysis since this 
conversion occurs at pH > 4. Ferric ions (Fe3+) 

undergo hydrolysis reactions and generate 

insoluble ferric hydroxides (microflocs) which are 
suspended by removing the contaminants by 

coagulation. When the pH reaches higher values 

(pH > 11) the concentration of ferric complexes 

like Fe(OH)4
- increases. This complex can remove 

contaminants through charge neutralization and 
adsorption, i.e., these precipitates can remove only 

contaminants from the water, which are positively 

charged31. This fact explains the increase in the 
efficiency of BOD and COD removal with pH > 

11.8. 

From a physicochemical point of view, these 

results suggest that the pilot prototype was 
promising. This fact was supported by HPLC-MS 

analyzes of algestone acetophenide and estradiol 

enanthate, where the best removal rate was 77.0% 
and 56.7% respectively in the Test 1 (Table 4 and 

Figure 3). 
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Table 4. Data regarding the removal of Algestone Acetophenide and Estradiol Enanthate taken from 

HPLC-MS. 

Test 

Removal Efficiency (%) 

Algestone 

Acetophenide 

Estradiol 

Enanthate 

T1 77.0 56.7 

T2 76.1 53.2 

T3 76.7 55.2 

AV 76.6 55.0 

SD 0.46 1.76 

T1 = Test nº 1;  T2 = Test nº 2;  T3 = Test nº 3; AV = 

Average; SD = Standard Deviation. 

 

 
Figure 3. Removal rate of Algestone Acetophenide – 471.2441 m/z (A) and Estradiol Enanthate – 433.2645 m/z (B) 

 

These results can be corroborating the 

quantification method by MS. The initial and final 
concentrations of AAc and EEn were calculated, 

4.58 ppm (y = 0.0758x + 0.3487; r2 > 0.93) in 

wastewater and 0.98 ppm (y = 0.064x + 0.0063; r2 

> 0.97).  

The results found in the literature for treatment 

by electrocoagulation of estrogens are shown in 
Table 5. 

 

Table 5. EC studies for hormones removal (best conditions). 

Hormone 
Removal 

efficiency (%) 
Electrodes Time (min) Voltage (V) Reference 

Algestone 

Acetophenide 

77.0 Steel 30 26.8  This study 

Estradiol Enanthate 56.7 

Estrone 61.0 Aluminium 20 98.0  32 
 17β-Estradiol 63.0 

17α-Ethinylestradiol 64.0 

Estriol 56.0 

17α-Ethinylestradiol 22.7 Aluminium 40 5.0  33 

 

Understanding the physicochemical properties 

of steroidal compounds is crucial to predicting their 
fate in the aquatic or terrestrial environment. The 

distribution of organic pollutants between water 

and natural solids is often considered as a process 

of partitioning between the aqueous and organic 
phases. The water partition coefficient (Kow) is the 

ratio between the concentration of a compound in 

n-octanol and the water under equilibrium 
conditions at a given temperature. Compounds 

with high molecular weight and log Kow > 5, such 

as AAc and EEn (Table 1), are easily adsorbed to 

sediments and can be removed mainly by 
coagulation34.  
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Every treatment system can generate toxic 

byproducts and monitoring both the primary 
compound and its degradation products is a 

complex and often unfeasible task. The use of 

toxicological assays can be considered a simple 

and efficient way to monitor these 
contaminants35, 36. In this sense, toxicity tests were 

performed in the sample that presented the best 

compounds removal result (T1). 
 

3.2 Phytotoxicity  

 

Short-term toxicological tests are useful tools 
for predicting ecotoxicological risks, estimating 

acute toxicity, and establishing maximum 

acceptable concentrations of chemicals and by-
products released into the environment37, 38. In the 

ecotoxicological assessment, phytotoxicity tests 

play an important role because plants are the basis 
of terrestrial and aquatic ecosystems, also acting as 

primary producers in the food chain39, 40. Seed 

germination and root elongation test being the 

simplest one, however is sensitive and 

representative of the action of the toxicant at the 
first interface of the developing plant (seed) and its 

environment40-42. However, there is a lack of data 

on the effects of effluents generated by the 

pharmaceutical industry on seed germination and 
root elongation. 

The effects of raw and treated effluents on seed 

germination and root length are presented in Figure 
4. Both effluents induced significant effects on 

seed germination (Fig. 4A) and root elongation of 

L. sativa (Fig. 4B). Raw effluent inhibited the 

development of all species tested in a 
concentration-dependent manner (Fig. 4B and 4D). 

Only raw effluent at 100% (v/v) significantly 

reduced the seed germination rate of C. sativus and 
considering treated effluent had no significant 

effect on C. sativus germination (Fig. 4C). Treated 

effluent was less toxic for root length when 
compared to raw effluent, with effect significantly 

only at 100% (v/v) (Fig. 4D). 

 
Figure 4. Seed germination and root length of Lactuca sativa (A and B) and Cucumis sativus 

(C and D) exposed to different concentrations of raw and treated effluents. Error bars represent 

± standard deviation of 3 replicates. Asterisk (*) represents statistical difference (p < 0.05) 

from the respective negative control (NC). 

 

The potential toxicity of raw and treated 

effluents was expressed as the EC50 value (Table 

6). For both species tested, raw effluent was more 

toxic than treated effluent with lower EC50 values, 

mainly in relation to root length parameter (13.15% 

and 22.80% for L. sativa and C. sativus, 

respectively; Table 6).  
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Table 6. Effects of raw and treated effluents on germination and on root length. Median effective 

concentration (EC50) values with their respective confidence intervals are presented in % v/v at 
Lactuca sativa and Cucumis sativus seed after 120 h of exposure. 

 EC50 % v/v (CI)
 

Effluents Lactuca sativa Cucumis sativus 

 Seed germination Root length Seed germination Root length 

Raw 40.36 (35.08 – 46.44) 13.15 (9.91 – 17.46) 80.62 (59.10 – 

110.00) 
22.80 (17.43 – 

29.81) 

Treated 59.16 (49.21 – 71.09) 67.32 (52.78 – 

85.88) 

>100 >100 

 
D’Abrosca43 assessed the phytotoxicity of some 

pharmaceuticals including ethinyl estradiol on 

several species. The authors observed that L. sativa 
was the most sensitive species for both tested 

endpoints, inhibiting more than 50% of seed 

germination and 25% of root elongation in the 
highest tested concentration (10-3 mol L-1). Our 

results also showed that L. sativa was more 

sensitive than C. sativus. Additionally, we 

observed a reduction in the toxicity of the raw 
effluent for both specie tested after the treatment 

(Fig. 4 and Table 6). 

 
3.3 Brine shrimp toxicity assay 

 

Artemia spp. (brine shrimp) presents several 
advantages, such as a short life cycle and 

adaptability to wide ranges of salinity, which have 

contributed to increasing the use of brine shrimps 

in ecotoxicological studies40, 44, 45. Moreover, 

ecotoxicity tests with different organisms may be 

used to determine the effect level of effluents and 
thus their environmental impacts46. 

Table 7 shows the percent of mortality 

(immobility) of A. salina nauplii after 24 h of 
exposure to raw and treated effluents. The raw 

effluent was highly toxic to A. salina nauplii with 

LC50-24 h of 0.58% whereas the treated samples 

caused no mortality after 24h of exposure (Table 
7). Raw effluent induced significant toxicity to A. 

salina nauplii in concentration- and time-

dependent manners with LC50-48 h of 0.31% 
(Table 8). However, the treated effluent also 

caused significant mortality to A. salina in highest 

tested concentrations (50% and 100%) after 48 h of 
exposure, which suggests the generation of toxic 

by-products.  

 

 

Table 7. Immobilization rate of Artemia salina nauplii after 24 h of exposure to raw and treated 

effluents and their median lethal concentrations (LC50) causing 50% of immobilization. NC: negative 

control; SD: standard deviation of four replicates. 

Concentration 

(% v/v) 

Number of immobilized 

organisms at 24 h 

 
Immobilization 

LC50 

(%v/v) 

Raw effluent 1 2 3 4 SD Total % 0.58 

NC 0 0 0 0 0.0 0/20 0  
0.01 0 0 1 0 0.5 1/20 5  

0.10 0 0 1 0 0.5 1/20 5  

1.00 5 3 4 2 1.3 14/20 70*  

5.00 4 5 5 4 0.6 18/20 90*  
10.0 5 5 5 5 0.0 20/20 100*  

Treated effluent 1 2 3 4 SD Total % >100 

NC 0 0 0 0 0.0 0/20 0  

6.25 0 0 0 0 0.0 0/20 0  
12.5 0 0 0 0 0.0 0/20 0  

25.0 0 0 0 0 0.0 0/20 0  

50.0 0 0 0 0 0.0 0/20 0  
100.0 0 0 0 0 0.0 0/20 0  

*Statistically different (p<0.05) from the respective negative control (NC). 
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Table 8. Immobilization rate of Artemia salina nauplii after 48 h of exposure to raw and treated 

effluents and their median lethal concentrations (LC50) causing 50% of immobilization. NC: negative 
control; SD: standard deviation of four replicates. 

Concentration 

(% v/v) 

Number of immobilized 

organisms at 48 h 

 
Immobilization 

LC50 

(%v/v) 

Raw effluent 1 2 3 4 SD Total % 0.31 

NC 0 0 0 0 0.0 0/20 0  
0.01 0 0 2 0 1.0 2/20 10  

0.10 0 2 1 0 0.9 3/20 15  

1.00 5 4 5 3 0.9 17/20 85*  
5.00 5 5 5 5 0.0 20/20 100*  

10.0 5 5 5 5 0.0 20/20 100*  

Treated effluent 1 2 3 4 SD Total % 53.88 

NC 0 0 0 0 0.0 0/20 0  
6.25 0 0 0 0 0.0 0/20 0  

12.5 0 0 1 0 0.5 1/20 5  

25.0 0 1 1 0 0.6 2/20 10  
50.0 3 1 2 0 1.3 6/20 30*  

100.0 5 5 4 5 0.5 19/20 95*  
*Statistically different (p<0.05) from the respective negative control (NC). 

 

Ecotoxicity evaluation with different organisms 
is useful to determine the toxic effect potential of 

pharmaceutical effluents and thus their 

environmental impacts46. Additionally, ecotoxicity 
assays for effluents are mandatory in many 

countries including Brazil47, 48. The ecotoxicity test 

proved that toxicity of the synthetic hormones 
present in the raw effluent was reduced by 

electrocoagulation technique herein employed. 

 

4. Conclusions 

 

The results obtained allowed to conclude that 

the electrochemical treatment of the hormonal 
effluent generated by pharmaceutical industries 

was efficient in the removal of the compounds 

studied, in the reduction of organic load, color and 

turbidity, as well as in the reduction of toxicity to 
lettuce and cucumber seeds and Artemia salina. 

Besides that, despite the differences between the 

used species, A. salina was more sensitive than 
seeds to detect toxicity. Therefore, the 

physicochemical analyses carried out in 

conjunction with bioassays were able to provide 
valuable information on the quality of synthetic 

hormones containing effluents, in order to reduce 

their impact on the environment. 

Electrocoagulation may be a promising method 
in the treatment process of industrial 

pharmaceutical effluents since it provides 

electrolytic, physicochemical or electrochemical 

precipitation of the sludge. Even though it does not 
entirely remove recalcitrant compounds, 

electrochemical processes can increase the degree 

of biodegradability, facilitating degradation by 
biological processes, reducing their toxicity. 
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1. Introduction  

 

Voltammetry is an electroanalytical method 

based on the measurement of the current intensity 
during an electrolysis provoked by a controlled 

variable of potential over time. Voltammogram is a 

current-potential curve that shows the current 

increase due to analyte diffusion to and reaction on 
the electrode surface. This is caused by the 

concentration gradients between the bulk solution 

and the electrode. Voltammetric analysis is simple 
and not destructive; sample treatments are 

unnecessary in many cases. Furthermore, 

voltammetry techniques allow speciation and 

simultaneous determination1-3. This method has 

been widely used in metal quantification in 
different samples4-8. 

Cadmium is one of the most monitored metals 

in the environment and wastewaters. Cadmium 
control is important due to its wide industrial 

applications, but its presence in ecosystems 

generates significant effects. This metal is used in 

batteries and as additive for plastics and glasses; it 
is also employed for galvanization and coating of 

surfaces due to its resistance to corrosion. 

Moreover, cadmium works as mordant in tincture 
and impression of textile materials, among other 

applications. However, cadmium compounds are 

toxic even in low concentrations. They may cause 

renal problems, infertility, immunologic and 
nervous affliction, cancer, and others9.  Cadmium 

ABSTRACT: A voltammetric method for the cadmium quantification 
was developed using minimal instrumentation. A manual homemade 
potentiostat for linear voltammetry was used. An Ag reference electrode 

and auxiliary and working electrodes of writing graphite were employed 
for the electroanalysis. The electrolytic conditions for the quantification 
were stablished.  Linearity, detection and quantification limits, precision 
and accuracy were evaluated. The conditions for the quantification were 
KCl 1 mol L-1 as supporting electrolyte and pH 5. The range of 
quantification was from 10-3 to 1.5∙10-2 mol L-1. The linear correlation (r), 
determination (R2) and adjusted (R2

adj.) coefficients were 0.9986, 0.9972 
and 0.9970. The detection and quantification limits were 3∙10-4  
 

mol L-1 and 10-3 mol L-1. Results showed an acceptable repeatability, with coefficients of variation from 1.5 to 5.8% depending on the 
concentration. Uncertainty associated with the cadmium concentration was in the range of 1.2∙10-4 to 7∙10-5 mol L-1, diminishing with 

the increasing of the concentration. A good accuracy was observed, with recoveries between 86.84 and 109.64%.  
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is easily bioaccumulated by fish, crustaceans and 

plants8, 10, 11. Electrochemical reduction of 
cadmium may be used for its voltammetric 

quantification. The reaction of the process is 

provided in Equation 1. 

 
Cd2+

(ac) + 2e- = Cd(s)
                                                (1) 

 

Although voltammetry is cheaper than other 
methods of instrumental analysis, commercial 

instrumentation for its development is inaccessible 

for many laboratories of low economic resources. 

Some researchers have shown that construction of 
instrumentation for electrochemical methods is 

possible, from selective electrodes12, 13 to 

potentiostats14-16. A non-commercial 
instrumentation may be considered as minimal 

when it consists of the basic components to 

generate an electrochemical process. Voltammetric 
determination of cadmium has been reported7, 

however, the quantification using non-commercial 

instrumentation has not been widely reported. 

Bearing in mind this context, the objective of this 
work is to evaluate the analytic parameters for the 

voltammetric quantification of cadmium by using 

non-commercial electrodes and a minimal 
instrumentation potentiostat reported by the 

authors17. For future application of the method, the 

concentration ranges of the determinations have 
been selected in correspondence with the common 

amount of cadmium in the solution from the 

digestion of Ni-Cd rechargeable batteries18. 

 
2. Materials and methods 

 

2.1. Electrochemical instrumentation and chemical 
reagents 

 

A homemade minimal instrumentation manual 

micropotentiostat for linear sweep voltammetry 
was employed to develop the voltammetric 

method. The scheme of the circuit is shown in the 

Figure 117. This consists of two parallel circuits. 
One allows the measurement the current between 

the working electrode and the auxiliary electrode. 

The other allows to measure the virtual potential 
between the working electrode and the reference. 

The potential sweep is made using a rheostat, 

which causes a potential fall through the 

electrolytic cell. 
 

 
Figure 1. Circuit scheme for the voltammetric method 

for cadmium quantification using minimal 

instrumentation17.  

 

Figure 2 shows the electrodes design. A 
microdisc of graphite (d=2.03 mm) for writing was 

employed as a non-commercial working electrode. 

A bar of the same material was used as auxiliary 
electrode. The reference was an Ag wire. Linear 

potential sweeps were done from -10 to -1500 mV. 

All the chemical reagents used were for analytic 
use (Uni-Chem, Serbia). 

 

 
Figure 2. Electrodes design for the voltammetric 

method for cadmium quantification using minimal 

instrumentation: (a) Working electrode, (b) Auxiliary 

and reference electrodes. 

 
2.2. Study of conditions for the voltammetric 

method for cadmium quantification 

 
Supporting electrolyte concentration and pH 

were studied for the voltammetric determination of 

cadmium. The effect of the KCl concentration over 
the limiting current was studied at 0.1, 1.0 and 2.0 

https://doi.org/10.26850/1678-4618eqj.v44.1.2019.p53-61


Original article 

55                            Eclética Química Journal, vol. 44, n. 1, 2019, 53-61 

ISSN: 1678-4618 

DOI: 10.26850/1678-4618eqj.v44.1.2019.p53-61  

 

mol L-1 19. The effect of the pH was studied at the 

values of 3, 4 and 5, in the KCl concentration fixed 
previously20. pH was fixed using an acetic 

acid/acetate buffer, which was prepared according 

to a reported methodology21. Three 

voltammograms were registered for each KCl 
concertation and pH, then, the average limiting 

current was calculated. Furthermore, simple 

Analysis of Variance (ANOVA) was used to 
compare the currents between the different values 

of KCl concentration and pH respectively. A 

cadmium solution 0.01 mol L-1 was use for the 

study. 
 

2.3. Linearity 

 
A calibration curve was built registering the 

voltammograms to reduce Cd2+ at 0.001, 0.005, 

0.007, 0.01 and 0.015 mol L-1. Diffusion current 
(difference between limiting current and residual 

current) was represented as a function of the 

concentration, and a linear regression was plotted 

to obtain the coefficients and the equation of the 
curve. The curve generated was the result of the 

mean of three currents for each concentration of 

Cd2+ 22.  
 

2.4. Detection and quantification limits 

 
In order to determine the detection and 

quantification limits, 20 voltammograms from the 

electrolysis medium (without analyte) were 

generated. The residual current was determined 
from the voltammograms, and the concentration 

associated to each value was calculated using the 

calibration plot. The detection limit was calculated 
as three times the standard deviation and the 

quantification limit was calculated as ten times the 

standard deviation23. 

 
2.5. Precision 

 

Precision was evaluated as the repeatability of 
the method. Ten voltammograms were registered at 

the Cd2+ concentrations: 3∙10-3, 5∙10-3 and 7∙10-3 

mol L-1. The variation coefficient was calculated as 
a dispersion criterion23. The uncertainty associated 

to the repeatability was estimated according to the 

reported metrologic characterization of the 

potentiostat17, where the results showed that it is 
the most significant source of uncertainty. 

  

 

2.6. Accuracy 

 
Recovery essays were conducted to estimate the 

accuracy of the method. Solutions of Cd2+ of 

concentrations: 3∙10-3, 5∙10-3 and 7∙10-3 mol L-1 

were prepared, voltammograms were registered 
and then, an amount of CdCl2 corresponding to a 

concentration of 5∙10-4 mol L-1 was added. The 

voltammograms were registered once more. 
Experiments were conducted five times, and 

ANOVA was used to compare the recoveries at 

different concentrations. Recovery percentage was 

calculated according to Equation 223.  
 

%𝑅 =
𝐴𝐴−𝐵𝐴

𝐴
∙ 100                                       (2) 

 

where: 
%R: Recovery percentage 

AA: Concentration of the solution after the 

addition 
BA: Concentration of the solution before the 

addition 

A: Concentration of the addition. 

 
2.7. Data processing 

 

Statgraphics Centurion XVI and Microsoft 
Office Excel were used to process the experimental 

data and the statistical tests.  

 
3. Results and discussion 

 

3.1. Conditions for the voltammetric method for 

cadmium quantification 
 

Figure 3 shows the behavior of the limiting 

current from the Cd2+ reduction with the changes of 
KCl concentration.  An increase of the current is 

observed from 0.1 to 1 mol L-1 of supporting 

electrolyte. From 1 mol L-1 on, the current 

maintains almost constant.  
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Figure 3. Limiting current for Cd2+ 0.01 mol L-1 

reduction as a function of the KCl concentration in the 

electrolysis medium. 

 

The Cochran test for the comparison of 
variances did not show differences statistically 

significant (p-value=0.8995 > α=0.05). As a result 

of comparing the limiting currents at each 

concentration of KCl, ANOVA showed differences 
statistically significant between them (p-

value=0.0000 < α=0.05). Table 1 shows the 

identification of homogeneous currents using a 
multiple ranges contrast through a LSD test of 

Fisher for a 95% of confidence. 

 

 
Table 1. LSD test of Fisher for the identification of homogeneous 

limiting currents to different KCl concentrations (95% of confidence). 

c(KCl) Cases Mean Homogeneous groups 

0.1 mol L-1 3 49.3 X  

1 mol L-1 3 91.0  X 

2 mol L-1 3 91.3  X 

 

 

The supporting electrolyte allows the analyte to 
reach predominantly the electrode from the bulk 

solution by diffusion. This result is mainly because 

the ions of the electrolyte assume the mass 

transport by migration. The current will be 
independent of the supporting electrolyte 

concentration when the maximum migration mass 

transport is reached1. The currents corresponding 
to 1 and 2 mol L-1 do not show differences 

statistically significant. Therefore, any of the 

homogeneous values can be selected to develop the 
voltammetric electrolysis in order to reduce Cd2+. 

KCl 1 mol L-1 was selected. 

Figure 4 shows the limiting current as a function 

of the pH of the medium. It is possible to observe 
that the three current values are similar.  

 
Figure 4. Limiting current for Cd2+ 0.01 mol L-1 

reduction as a function of the pH of the medium. 

After comparing the variances, the Cochran test 
did not show differences statistically significant (p-

value=0.6047 > α=0.05). The comparison of the 

currents using ANOVA did not show differences 

statistically significant (p-value=0.5632 > α=0.05) 
either. This result demonstrates that it is possible to 

select any of the pH values to develop the 

voltammetric method. The stability of the limiting 
current matches the species distribution diagram 

for cadmium24, where Cd2+ is stable until pH 8. 

However, several voltammetric determinations of 
cadmium are carried out at pH 58, 25; that is the 

reason why this value was selected to develop the 

method. 

 
3.2. Linearity 

 

Figure 5 shows the voltammograms for the 
reduction of cadmium at different concentrations 

using the minimal instrumentation. The sigmoid 

form of the linear voltammograms is observed and 

the limiting current increases with the 
concentration. 
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Figure 5. Voltammograms for the Cd2+ reduction 

using minimal instrumentation.  

 

Figure 6 shows the calibration plot obtained 
from the voltammograms. The linear range of the 

voltammetric method is from 10-3 to 1.5∙10-2 mol L-

1. The linear correlation coefficient (r) of the curve 
is 0.9987, which demonstrates a strong linear 

correlation between the current and the 

concentration of cadmium. The determination 
coefficient (R2) is 0.9975, demonstrating that the 

mathematic model explains the 99.75% of the 

variability between both variables. The adjusted 
coefficient (R2

adj.) is 0.9973. 

 

 
Figure 6. Calibration plot and equation for the 

voltammetric method for cadmium quantification using 

minimal instrumentation. 
 

Table 2 shows the ANOVA for the calibration 
plot for the voltammetric method for cadmium 

quantification. The p-value is inferior to the 

significance level (α=0.05), which demonstrates a 
statistically significant relationship between the 

current and the concentration. 

 
Table 2. ANOVA for the calibration plot for the voltammetric method for cadmium quantification using 

minimal instrumentation (95% of confidence). 

Source SS DF MS F p-value 

Model 20394.9 1 20394.9 5098.9 0.0000 

Residue 51.9 13 3.9   
Total (Corr.) 20446.9 14    

SS: Sum of squares, DF: Degrees of freedom, MS: Mean square 

 

A representation of the residues as a function of 
the concentration allows corroborating the linearity 

of a calibration plot. Figure 7 does not show a 

defined tendency of the residues, demonstrating the 

linearity of the curve in the range of concentrations. 
Table 3 shows the regression parameters of the 

calibration plot for the 95% of confidence. Errors 

and the p-values associated with the slope and the 
intercept are the most important. 

 

 

 
 

Figure 7. Studentized residues as a function of the Cd2+ 

concentration for the calibration plot for the 

voltammetric method for cadmium quantification using 

minimal instrumentation. 
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Table 3. Parameters of the calibration plot regression for the voltammetric method for cadmium 

quantification using minimal instrumentation (95% of confidence). 

 Minimal Square Standard Statistical  

Parameter Estimated Error T p-value 

Intercept 0.6427 0.9794 0.6562 0.5231 

Slope 7818.94 109.50 71.4071 0.0000 

The p-value of the intercept is superior to the 

level of significance (α=0.05), indicating that the 

intercept is statistically equal to zero. It 
demonstrates the adequate correction of the 

limiting current by the subtraction of the residual 

current. The slope of the calibration plot indicates 

the sensibility of the method. The value reported is 
7818.94 µA∙mol L-1, which demonstrates a high 

variation of the current with Cd2+ concentration 

changes. 

3.3. Detection and quantification limits 

 

Table 4 shows the detection and quantification 
limits of the voltammetric method for the 

quantification of cadmium using minimal 

instrumentation. The detection limit is in the order 

commonly reported for linear voltammetry (10-4 
mol L-1)1. 

 

 

Table 4. Detection and quantification limits of the voltammetric method for 

cadmium quantification using minimal instrumentation. 

Limit Value 

Detection 3∙10-4 mol L-1 

Quantification 10-3 mol L-1 

 

3.4. Precision 

 
Table 5 shows the results of the repeatability for 

three cadmium concentrations. Results of 10 essays 

and the statistical parameters as well as uncertainty 

are shown. 
 

 

Table 5. Repeatability of the voltammetric method for the cadmium quantification using minimal 

instrumentation. 

 
Concentration (mol L

-1
) 

Essay 0.003 0.005 0.007 

1 0.0033 0.0050 0.0072 

2 0.0031 0.0049 0.0073 

3 0.0030 0.0050 0.0070 

4 0.0033 0.0050 0.0073 

5 0.0030 0.0054 0.0070 

6 0.0033 0.0052 0.0072 

7 0.0035 0.0050 0.0070 

8 0.0033 0.0050 0.0070 

9 0.0033 0.0052 0.0072 

10 0.0033 0.0052 0.0072 

Mean 0.0033 0.0051 0.0071 

SD 0.00019 0.00017 0.00011 

CV 5.8% 3.3% 1.5% 

Uncertainty 1.2∙10-4 mol L-1 10-4 mol L-1 7∙10-5 mol L-1 

SD: Standard deviation, CV: Coefficient of variation 
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The deviation of the results obtained under 

similar conditions (repeatability) for voltammetric 
methods is due to fundamentally to the 

reproducibility of the electrode surface. The 

electrolysis is a surface phenomenon, and the 

surface homogeneity influences the current 
repeatability. When a new electrode surface is 

generated, it is not exactly equal to the previous 

one. Therefore, both the amount and shape of the 
active sites where the electrolysis occurs are not 

equal either. Consequently, it provokes the 

measured currents between different electrode 

surfaces to differ in some degree. Nowadays, 
vitreous carbon is the most commonly used 

material as carbon electrode due to the 

homogeneity of the surface and therefore, the good 
repeatability of the current values26. However, the 

non-commercial graphite electrode used in this 

voltammetric method shows an acceptable 
repeatability. 

Uncertainty diminishes with the increase of the 

concentration. It bears correspondence to results 
presented by other authors27, 28. This tendency is 

associated with the major magnitude of the errors 

when the concentration diminishes29. 

 
3.5. Accuracy 

 

Table 6 shows the recovery percentages for 
cadmium quantification using minimal 

instrumentation. An amount of CdCl2 was added to 

standard solutions to increase concentration in 

0.0005 mol L-1. In all cases, the recovery 
percentages were between 80 and 110%; the range 

reported by the Guidelines for Validation of 

Chemical Testing Methods23. This demonstrates a 
good accuracy for cadmium quantification by 

means of the voltammetric method with the non-

commercial electrodes and potentiostat. 

 

Table 6. Recovery percentages for the voltammetric cadmium quantification using minimal instrumentation. 

Concentration Essay AA BA A %R  

0.003 mol L-1 

1 0.0035 0.0030 0.0005 104.7 %Rmean 

101.2 

 

CV 
8.30% 

2 0.0038 0.0033 0.0005 106.9 

3 0.0038 0.0033 0.0005 100.5 

4 0.0037 0.0033 0.0005 86.84 

5 0.004 0.0035 0.0005 106.9 
 Essay AA BA A %R  

0.005 mol L-1 

1 0.0059 0.0054 0.0005 99.36 %Rmean 
99.64 

 

CV 
6.10% 

2 0.0055 0.0050 0.0005 94.37 

3 0.0059 0.0054 0.0005 100.8 

4 0.0054 0.0049 0.0005 109.2 

5 0.0056 0.0051 0.0005 94.49 
 Essay AA BA A %R  

0.007 mol L-1 

1 0.0077 0.0073 0.0005 99.52 %Rmean 

99.52 
 

CV 

6.30% 

2 0.0077 0.0072 0.0005 94.22 

3 0.0075 0.0070 0.0005 94.47 

4 0.0078 0.0073 0.0005 109.64 

5 0.0076 0.0071 0.0005 99.77 

AA: Concentration of the solution after the addition, BA: Concentration of the solution before the addition, 

A: Concentration of the addition, %R: Recovery percentages. 

 

The Cochran test did not show differences 

statistically significant between the variances of the 

recovery percentages in the three concentrations 
(p-value=0.6260> α=0.05). The comparison of the 

recovery percentages in the three concentrations 

using ANOVA did not show differences 

statistically significant (p-value=0.9183 > α=0.05). 

Thus, it demonstrates that the accuracy does not 

vary with concentration for the levels of these 

essays. 
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4. Conclusions 

 
A voltammetric method for the quantification of 

cadmium using minimal instrumentation was 

developed. Supporting electrolyte KCl 1 mol L-1 

and pH 5 were selected as working conditions. 
Regression coefficients superior to 99% showed a 

good linearity of the method using the non-

commercial electrodes and the manual homemade 
potentiostat. The limits of detection and 

quantification were in correspondence with the 

results reported for the linear sweep voltammetry. 

Results showed an acceptable repeatability. 
Uncertainty associated with the cadmium 

concentration diminished with the increase of 

concentration. A good accuracy was observed, with 
recovery percentages complying with the 

established standards. The accuracy was 

independent of the concentration for the studied 
range. 
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1. Introduction 

 

Quantitative instrumental methods based on 
atomic spectrometry are commonly used to 

determine Cr(VI), however these techniques are 

expensive and are not available in several 
universities, especially those located in developing 

countries1-3. An image for analysis can be obtained 

from a mobile phone, scanner or webcam that are 

versatile instruments and easy to operate. 

Undergraduate students enjoy interactive and 

attractive classes, and the use of these tools can be 

an interesting approach for the experimental part of 
a laboratory exercise. In recent years, several 

research groups have used mobile phones and 

scanners in laboratory classes for determination of 
metals in several samples4-6. 

Digital images can provide a large amount of 

data from the extraction of picture elements called 

pixels, where each pixel is characterized by 

different channels. The color system most 

commonly used for color images is red (R), green 
(G) and blue (B). Although RGB is the most 

frequently used color model, there are others that 

can be generated from it, such as hue, saturation 
and value (HSV); hue, saturation and lightness 

(HSL); cyan, magenta, yellow, key or black 

(CMYK) color space; and hue, saturation and 

intensity (HSI). In these models, hue (H) is 
associated with how most people recognize a color, 

for example, the differentiation between red and 

yellow. Saturation (S) is the amount of the color 
that is present in an image, for example, the 

differentiation between red and pink. Value (V), 

lightness (L), or intensity (I) are related to the 
amount of light, such as the distinction between 

dark and light red or between dark and light gray. 

Value is defined as the highest amount among R, G 

ABSTRACT: This study proposes a new and simple method for Cr 

speciation and Cr(VI) determination in leather samples using digital 
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or B, intensity as the average of R, G or B colors, 

and lightness is defined as the average of the 
maximum and minimum amounts of R, G or B7. 

In 2016, a new free app called PhotoMetrix for 

image analysis was proposed by Grasel and co-

authors8. The authors used PhotoMetrix for the 
identification of tannins according the source type 

(chestnut, valonea, quebracho, black wattle, tara 

and myrobalan). PhotoMetrix was used in module 
multivariate analysis, and images were analyzed 

using RGB histograms and HSI channels. Principal 

component analysis (PCA) was employed to verify 

separation among sample groups. In other study 
using PhotoMetrix, Helffer and collaborators9 

proposed a simple method for determination of Fe 

in supplements. The determination of Fe in these 
samples was performed in univariate mode and 

differentiation among them was performed in 

multivariate mode using PCA. 
In this sense, the present study proposed a new 

method for Cr speciation and Cr(VI) determination 

in leather samples by digital images using the 

PhotoMetrix app and a mobile phone to obtain, 
prepare, handle the data, and perform the 

calculations. This method is simple and obeys the 

principles of green chemistry as it requires 
minimum number and quantity of reagents and can 

be performed in a fast, non-destructive and 

inexpensive manner. In addition, the method can be 
applied in laboratory classes and several chemical 

concepts can be addressed with students. 

 

2. Materials and methods 

 

2.1 Experimental details 

The experiments related to image analysis, data 
processing and treatment were accomplished in an 

analytical chemistry laboratory course with 15 

students. The students were divided into groups, 

and each one was responsible for part of the 
activities. Group 1 was responsible for standard 

solutions preparation, Group 2 was responsible for 

alkaline Cr(VI) extraction in leather samples and 
Group 3 was related to data acquisition, processing, 

and results compilation and organization. A total of 

4 hours was needed to carry out the experiments. 
The results obtained by ICP OES (inductively 

coupled optical emission spectrometry) for total Cr 

determination were previously provided to the 

students. 

 

2.2 Instrumentation 

 
Digital images were obtained using the 

PhotoMetrix app version 1.0.5 using a cell phone. 

The PhotoMetrix application in the “Univariate 

Analysis” mode captures images using the camera 
of the mobile device. The images can be analyzed 

using two modes, vector RGB and multi-channel. 

In vector RGB mode, R, G, B average values are 
used to calculate the Euclidean norm of the values. 

In multi-channel mode, each color channels (R, G, 

B, H, S, V, L, I) is used individually. PhotoMetrix 

also allows the use of different spot sizes (32 x 32; 
64 x 64; 96 x 96 pixels) to obtain images. The 

mobile phone was mounted on an apparatus made 

from a wooden box (16.5 × 29.5 and 9.5 cm in 
height), with a holder to attach the phone (similar 

to those found in cars to mount a mobile phone) and 

a hole for the phone camera, as shown in Figure S1 
(see Supplementary Material). 

Reference concentrations of total Cr were 

obtained with an ICP OES (iCAP 6000, Thermo 

Scientific, Waltham, MA, USA), after acid 
extraction of the samples (n=3). This instrument 

allows collection of sequential emission signals, 

using both axial and radial viewings. Argon 
(99.996%, White Martins-Praxair, Sertãozinho, 

SP, Brazil) was used as a plasma gas for ICP OES 

and additional instrumental parameters are shown 
in Table S1 (see Supplementary Material). 

Reference concentrations of Cr(VI) were obtained 

using a spectrophotometer (Thermo Fisher, 

Shanghai, China), in 540 nm wavelength and a 
quartz cuvette with 1 cm of optical path. 

 

2.3 Reagents, solutions and samples 
 

All solutions were prepared by students. 

Ultrapure water (18.2 MΩ cm resistivity) produced 

by a Milli-Q Plus Total Water System (Millipore 
Corp., Bedford, MA, USA) was used to prepare all 

the aqueous solutions. Nitric acid (HNO3) was 

previously purified using a sub-boiling distillation 
system, Distillacid BSB-939-IR (Berghof, 

Eningen, Germany), and hydrogen peroxide, 

(H2O2) 30% w/w (Synth, Diadema, Brazil), was 
used for the digestion of samples to determine total 

Cr. The analytical curve for determination of total 

Cr was prepared in the range 0.005 to 60 mg L-1. 

All glassware and polypropylene flasks were 
washed with soap, soaked in 10% v/v HNO3 for 24 

h, and rinsed with deionized water prior to use. 
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A standard stock solution containing 1000 mg 

L-1 of Cr(VI) was prepared by weighing an 
adequate mass of a primary standard, potassium 

dichromate (K2Cr2O7) (Synth, São Paulo, Brazil), 

previously dried at 160 °C for 2 h. The reagents 

sodium hydroxide (NaOH), sulfuric acid (H2SO4), 
1,5-diphenylcarbazide (DPC) and acetone were 

purchased from Merck (Darmstadt, Germany). 

The alkaline extraction of Cr(VI) was 
performed using a 0.1 mol L-1 NaOH solution. A 

5.0 mol L-1 H2SO4 solution was prepared to adjust 

the pH of the extracts. In addition, a DPC solution 

was prepared daily by dissolving 0.2 g of the 
reagent in 10 mL of acetone and diluting to 100 mL 

with deionized water. The DPC solution was then 

stored in an amber flask to avoid degradation by the 
environmental light. The calibration curve to 

determine Cr(VI) concentration by digital images 

was prepared in the range from 0.05 to 0.75 mg L-

1 and a Cr(III) solution (Qhemis, Jundiaí, SP, 

Brazil) containing 50 mg L-1was prepared and used 

in the addition and recovery tests. Seven leather 

samples were acquired from Embrapa Pecuária 
Sudeste (São Carlos, SP, Brazil) and analyzed in 

this study. The leathers were tanned with Cr salts 

(bovine samples: 1 to 4) and vegetable tannin 

(ovine samples: 5 to 7). Additional details about the 
process of leather tanned using Cr salts are 

available in publication of Dixit et al.10. 

 
2.4 Sample preparation to determine total Cr and 

Cr(VI) 

 

To determine total Cr, a reference extraction 
procedure proposed by Neiva and Pereira-Filho11 

was used. The extraction procedure for 

determination of Cr(VI) using the reference 
method by UV−Vis and proposed procedure using 

digital images is described below. The general 

procedure is represented in Figure 1. 
 

 

  

Figure 1. Pictorial for procedure of extraction to Cr(VI), for determination by digital images acquisition 

and UV-Vis determination. 

 

For Cr(VI) extraction, 100 mg of leather 

samples were weighed in Erlenmeyer flasks, and 
10 mL of 0.1 mol L-1 NaOH solution were added. 

This solution was placed on a hot plate (208-2 D, 

Nova Ética, São Paulo, Brazil) for 60 min at 90-
95 °C with sporadic shaking. When it reached 

room temperature, the solution was transferred to 

plastic tubes and centrifuged (3500 rpm for 3 min). 

A 50 µL aliquot of the supernatant solution was 

collected and diluted 200-fold. Later, 700 μL of 
0.2% (w/v) DPC solution was added and, after this, 

the pH was adjusted to 1.0 with 5 mol L-1 H2SO4 

solution until the solution changed to a pink color12. 
To verify the performance of the proposed method, 

addition and recovery experiments were employed. 

In the recovery tests, a known concentration of 
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Cr(III) and Cr(VI) was added to the samples before 

the alkaline extraction and the determinations were 
carried by UV−Vis and digital images. 

 

2.5 Hazard 

 
The students were advised to use safety goggles, 

gloves and lab vests during the experimental 

procedure and to take extreme care in acid and 
solutions preparation and manipulations. The 

Cr(VI) extraction was performed in a fume hood. 

In addition, all the Cr (VI) waste were separated for 

proper treatment and disposal. 
 

 

 
 

 

 

3. Results and discussion 

 
3.1 Optimization of the PhotoMetrix parameters 

 

Initially, some experiments were performed to 

verify the influence of spot size (number of pixels) 
in the recording of the digital images. To select the 

best spot size, the linear determination coefficient 

(R2) of the analytical curves was used. The spot 
size that presented the best R2 value of the 

analytical curves was 64 x 64 pixels. To select the 

best color parameter (vector RGB and multi-

channel), we used a standard solution of Cr(VI) at 
0.35 mg L-1, and from the analytical curve 

obtained, the standard concentration was predicted. 

The parameters obtained for vector RGB and multi-
channel histograms are presented in Table 1. 

 

Table 1. Analytical parameters obtained for the different color channels. 

The color channel B (blue) showed the best 

trueness (109%) and so was selected for the further 

experiments. In addition, channel B presented an 
R2 of 0.993 and a linear analytical curve equation 

of y = 203.404x + 106.733. After images 

decomposition it was observed that channel B 

presented the highest values when compared with 
R and G, being the most sensitive channel among 

the 8 tested. 

Figure 2a shows the analytical curve for color 
channel B, and Figure 2b show the colors of the 

standard solutions used in the analytical curve. An 

attractive feature of PhotoMetrix is that the 

analytical curves are obtained on the app (Figure 
2a). In addition, the concentrations predicted by the 

colors can be also observed in the app. The 

pink/violet coloration, shown in Figure 2b, is 

derived from the colorimetric reaction between 

Cr(VI) and the chromogenic reagent DPC. The 

overall reaction between Cr(VI) and DPC is 

presented in Equation 1. 

 

2 CrO4 
2- + 3H4L + 8H+            [Cr(III)(HL)2]

+ + 

Cr3+ + H2L + 8H2O                                            (1) 

 

The DPC (H4L) is oxidized to 

diphenylcarbazone (H2L), whereas Cr(VI) is 
reduced to Cr(III) forming the pink/violet color 

complex Cr(III) - diphenylcarbazone 

[Cr(III)(HL)2]
+, the reaction occurs in acid medium 

and the complex has maximum absorbance at 540 

nm. 
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Figure 2. a) Analytical curve in the range of 0.05 - 0.75 mg L-1; b) colors related with standards 

used in analytical curve. 
 

3.2 Validation and application 

 

The limits of detection (LOD) and 

quantification (LOQ) were calculated according 
International Union of Pure and Applied Chemistry 

(IUPAC) recommendations13. The LOD and LOQ 

of method proposed were 0.6 and 2 mg kg-1, 
respectively. These values were obtained after 

multiplying the LOD and LOQ values from the 

analytical curve by the dilution factor (20,000-
fold). The precision estimated as the relative 

standard deviation (%RSD, n=7) was determined 

from seven measurements for the extractions 

performed on a sample of leather with a 
concentration of 14 mg L-1 of Cr(VI), and the RSD 

obtained was 7.5%. To evaluate the accuracy of the 

proposed method, addition and recovery 
experiments were employed. Samples were spiked 

with standard solutions of 50 mg L-1 Cr(III) and 

50 mg L-1 Cr(VI) before alkaline extraction, and 
the obtained recoveries were in the range 98-124%. 

The results are shown in Table 2. No species 

conversion (oxidation) from III to VI was 

observed. 

 

In addition, the results obtained through the 

method developed in this research were compared 
to those obtained by a reference method using UV-

Vis, and the results of the concentrations of total 

Cr, Cr(III) and Cr(VI) are presented in Table 3. 
A statistical evaluation using two-sample t-test 

showed that there is no difference between the 

Cr(VI) values obtained with the use of the proposed 

and the reference method at the 95% confidence 
level. The concentrations of Cr(VI) determined in 

the bovine leather samples tanned with Cr salts 

showed, as expected, the highest values, varying 
from 1420 – 2100 mg kg-1. On the other hand, the 

ovine leather samples tanned with vegetable 

tannins presented Cr(VI) concentration lower than 
the LOQ of the proposed method. The samples 

analyzed show values of Cr(VI) concentration 

above the limits set by the European Union that 

established a maximum concentration of Cr(VI) of 
3 mg kg1 14. The use of vegetable tannins shows this 

treatment is in accordance with principles of green 

chemistry. 
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Table 2. Samples spiked with standard solutions of Cr(III) and Cr(VI) before alkaline extraction and % 

trueness of Cr(VI) (mean ± standard deviation; n=3). 

 
Table 3. Determination of total Cr by ICP OES and Cr(VI) in leather samples by UV-Vis and proposed method. 

 

 

The Cr(VI) values found are high and 
worrisome, since studies with sensitized 

individuals revealed that at a level of 5 mg kg-1 of 

Cr, half of the people evaluated presented allergic 

skin reactions15. Normally, leather tanning involves 
the use of Cr(III). However, there have been many 

reports that Cr(VI) has been abnormally detected in 

some leather samples, but this has been widely 
debated16. In time, the chemicals used in 

production and other environmental factors, such 

as heat and light, may cause changes and 

deformations in leather products, e.g., oxidation of 
Cr(III) to Cr(VI), a decrease in shrinkage 

temperature, fading or yellowing color, a loss of 

Leather 
samples 

Simultaneous addition 
(mg L-1) of Cr(III) and 

Cr(VI) 

Found (mg L-1) Cr 
(VI) 

% recovery (CrVI) 

Sample 1 

(bovine) 
0 18 ± 1 - 

50 76 ± 5 116 

Sample 2 

(bovine) 
0 21 ± 1 - 

50 76 ± 4 110 

Sample 3 

(bovine) 
0 14 ± 1 - 

50 67 ± 2 106 

Sample 4 

(bovine) 
0 19 ± 1 - 

50 69 ± 3 100 

Sample 5 

(ovine) 
0 - - 

50 57 ± 3 114 

Sample 6 

(ovine) 
0 -  

50 62 ± 4 124 

Sample 7 

(ovine) 
0 -  

50 49 ± 3 98 

 

Leather 

samples 

Concentration (mg kg
-1

) 

Total Cr Cr(III)  Cr(VI) 

Reference 

method 

 (ICP OES) 

Total Cr - 

Cr VI 

Proposed method  

(digital image) 

Reference method  

(UV-Vis) 

Sample 1 

(bovine) 

16419 ± 435 14609 ± 545  1810 ± 113  1728 ± 105 

Sample 2 

(bovine) 

16917± 261 14817 ± 345 2100 ± 85  2006 ± 87 

Sample 3 

(bovine) 

15091± 471 13671 ± 528 1420 ± 57 1337 ± 112 

Sample 4 
(bovine) 

20445 ± 688 18535 ± 815 1910 ± 127 1795 ± 96 

Sample 5 

(ovine) 

19 ± 2 - <LOQ <LOQ 

 Sample 6 

(ovine) 

25 ± 2 - <LOQ <LOQ 

Sample 7 

(ovine) 

10 ± 3 - <LOQ <LOQ 
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physical resistance, and odor problems due to 

oxidation of fat liquors or formaldehyde release. 
These deformations generally occur due to oxidant 

groups – free radicals, which arise depending on 

these factors. 

 
3.3 Note to faculty 

 

In technological terms, our society has changed 
substantially in the last decades. Not only did 

computers become ubiquitously part of school 

space or homes, but mobile phone also invaded the 

hands of students and teachers. It is well known in 
the literature that teacher can use tools accessible 

to students, aiming at a contextualized teaching. 

Contextual teaching draws the attention of 
students, since the reality of their day can be lived 

in the classroom. Nowadays every student has a 

mobile phone, and this may be an opportunity for 
the teacher to introduce chemical concepts from 

colorimetric experiments, in which students use 

their mobile phone as an instrument of analysis. 

This type of activity addresses the concept of 
contextualized teaching. 

In the experiments proposed in this study using 

a mobile phone, we highlight the importance of the 
used app (PhotoMetrix), which facilitates the 

development of the class and student learning. In 

this sense, the use of these tools can be a strategy 
used by teachers in experimental classes, with the 

purpose of contributing to the intellectual 

development and awakening the scientific interest 

of these students who could become future 
researchers. 

From this experiment, several chemical 

concepts can be approached in the classroom and 
are listed below: 

 

• Quantitative analysis; 

• Chemical speciation;  

• Environmental chemistry; 

• Solution preparation and construction of a 

calibration curve; 

• Sample preparation; 

• Planning and executing experiments 
through the use of appropriate chemical literature 

and electronic resources; 

• The use of statistical tools can also be 

approached from analyzing data statistically, 

assessing the reliability of experimental results, 
and discussing the sources of systematic and 

random error in experiments; 

• Validation of the analytical procedure. 

 

3.4 Students opinion about the use of Photometrix 
in experimental class 

 

Currently, many students have a mobile phone 

and are willing to install a free app, such as the 
PhotoMetrix. This approach shows that it is 

possible to use materials in the daily lives of 

students in the classroom. The utility of this 
method lies not only in its efficacy for determining 

Cr(VI) concentration via the measurement of a 

color change but also in its robustness in a range of 

factors, including lighting conditions and picture 
quality, which can vary dramatically from one 

classroom to another. In addition, the samples used 

in this experiment can be easily obtained and are 
present in the daily lives of the students. The 

students found the experiment interesting, mainly 

because they could compare the results obtained 
with PhotoMetrix with those obtained with an 

equipment, such as a UV-Vis as was performed in 

this study. 

The students’ evaluation from the experimental 
procedure was very positive, mainly due to the fact 

they used their own mobile phones in data 

acquisition and treatment. This experiment was 
performed in a course named “Qualitative and 

Quantitative Analysis in Chemistry” and at the end 

of at least 4 experimental classes performed in 
different semesters, 20 students answered some 

questions about the use of Photometrix in the 

experimental classes. Figure 2S summarizes the 

students’ opinions. 

 

4. Conclusions 

 
The proposed method for Cr(VI) speciation and 

determination in leather samples using digital 

images from mobile phones was shown to be very 

efficient. The results obtained with the proposed 
procedure demonstrated good accuracy with values 

obtained from a reference method by UV-Vis. This 

method can be used in routine analyses for 
determination of Cr(VI) in leather samples. In 

addition, the method can be used in experimental 

analytical chemistry courses. The students can be 
motivated by learning that their mobile phones can 

be used as effective analytical devices. Another 

benefit of this approach is that students can see with 

their eyes what they are measuring and understand. 
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Supplementary Material 
 

Chromium speciation in leather samples: an experiment using digital 

images, mobile phones and environmental concepts 
 

 

 
Figure 1S. a) Wooden box with a holder to attach the phone and a hole for the phone camera; b) profile of the 

interior of the wooden box with the sample; c) wooden box with the phone in the holder. 
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Question Summary 

1 – What is your opinion about the 
operation and results interpretation 
obtained from Photometrix? 

 
2 – Did you have an idea about this type of 
mobile phone application before this 
experimental class? 

 
3 – Could you use Photometrix in your 
other classes? 
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4 – Would you like Photometrix to be used 
in other experimental classes? 

 
 

5 – What is your opinion about the use of 
Photometrix and instrumental 
techniques? 

 
Figure 2S. Students’ opinions about the use of Photometrix in the experimental class. 
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Table S1. Operational parameters for ICP OES determinations. 

 
Instrument parameter Operational 

conditions 

Radio frequency applied power (kW) 1.15 

Integration time for low emission line (s) 15 
Integration time for high emission line (s) 5 

Sample introduction flow rate (mL min-1) 2.1 

Pump stabilization time (s) 5 
Argon auxiliary flow rate (L min-1) 0.5 

Argon plasma flow rate (L min-1) 12 

Argon nebulizer flow rate (L min-1) 0.7 

Replicates 3 
Element and wavelength (nm); View modes: 

axial and radial. 

Cr I (283.5) 
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