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ABSTRACT 
Electrowinning is an energy demanding process, in which the electrolysis accounts for the 
major part of the energy consumption. The anodic reaction in the electrolysis of zinc from 
sulphate based electrolytes is oxygen evolution, which has a standard potential of 1.23 V at 
25 ºC. The lead anodes used in zinc electrowinning today have a high overpotential for 
oxygen evolution and the operating anode potential is as high as 2 V vs NHE. Since the lead 
anodes are not stable some of the lead can dissolve and incorporate in the zinc metal on the 
cathode. The lead anodes are also undesired because of health concerns. By introducing 
formic acid or methanol oxidation as anode reaction, the anode potential could be lowered 
significantly. This would reduce the energy consumption and also enable the use of new 
types of electrodes. 

The general aim of this thesis was to investigate how depolarised anodes for methanol and 
formic acid oxidation can be used in electrowinning processes.  

Several electrodes were shown to be suitable as anodes in zinc electrowinning. A high 
activity was obtained with porous electrodes, whereas a platinum coated titanium was the 
most stable electrode. The choice of electrode will however always be a compromise 
between activity, stability and costs. All electrodes were deactivated with time and the best 
method for reactivation tested in this study, was periodic current reversal (PCR). 

An operating procedure was established for methanol and formic acid oxidation on high 
surface area electrodes, Pt-TySAR®. With the use of PCR at process current density, a 
potential lower than 0.7 V vs NHE could be maintained for 36 hour in synthetic electrolyte. 
The use of formic acid oxidation resulted in lower potentials than the use of methanol 
oxidation. 

The activities for methanol and formic acid oxidation in industrial electrolyte were very low 
and chloride impurities were shown to cause the major part of the activity reduction. Even 
small amounts of chloride (10-6-10-5 M) affected the activity of the electrodes. The chloride 
impurities are considered as the main problem to overcome in order to introduce the 
oxidation of formic acid or methanol in the zinc electrowinning process. 

 

 
 



SAMMANFATTNING 
Electrowinning, elektrokemisk metallframställning, är en energikrävande process, där 
elektrolysen står för den största delen av energiförbrukningen. Anodreaktionen i elektrolys 
av zink från sulfatbaserade lösningar är syrgasutveckling vilken har en standardpotential på 
1.23 V vid 25 ºC. De blyanoder som används i zinkelectrowinning idag har hög överpotential 
för syrgasutveckling och anodpotentialen i processen är nästan 2V rel NHE. Blyanoderna är 
inte stabila i svavelsyra vilket gör att bly kan lösas upp och fällas ut på katoden och ge en 
oren zinkmetall. Man vill även av hälsoskäl ersätta dagens blyanoder. Genom att introducera 
myrsyra eller metanol oxidation som anodreaktion, kan anodpotentialen sänkas avsevärt. 
Detta skulle minska energikonsumtionen och även möjliggöra användandet av en ny, 
miljömässigt bättre, typ av elektrod. 

Det övergripande målet för detta arbete var att studera hur depolariserande anoder för 
metanol- och myrsyra-oxidation kan användas i electrowinning processer.  

Flera elektroder visade sig vara lämpliga för att användas i zinkelectrowinning. De porösa 
elektroderna hade en hög aktivitet medan platiniserad titan var den mest stabila elektroden. 
Val av elektrod kommer alltid att vara en kompromiss mellan aktivitet, stabilitet och kostnad. 
Alla elektroder blev mindre aktiva med tiden och den bästa metoden för att reaktivera 
elektroderna, var att periodiskt vända strömmen (PCR). 

Ett driftssätt togs fram för metanol- och myrsyra-oxidation i zinkelectrowinning-processen. 
En ny typ av elektrod, Pt-TySAR®, med en stor aktiv yta användes för detta. Vid försök 
under 36 timmar in syntetisk elektrolyt med den strömtäthet som används i processen hölls 
potentialen hela tiden under 0.7 V rel NHE genom att periodiskt vända strömmen. 
Oxidation av myrsyra resulterade alltid i en lägre potential än oxidation av metanol. 

Aktiviteten för metanol- och myrsyra-oxidation var mycket låg i processelektrolyt och 
kloridföroreningar visade sig ligga bakom den största delen av aktivitetsminskningen. Även 
låga halter av klorid (10-6-10-5 M) påverkade elektrodernas aktivitet för metanol- och myrsyra-
oxidation. Kloridföroreningarna utgör troligen det största hindret vid en introduktion av 
myrsyra- eller metanol-oxidation  i zinkelectrowinning-processen. 
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1. INTRODUCTION 

1.1. Zinc electrowinning 
Zinc is the fourth most produced metal after iron, aluminium and copper. It is used in many 
different applications and the major part is used for galvanizing of steel. Zinc can be produced in a 
pyrometallurgic or an electrolytic process. Today, about 90% of the world production of zinc comes 
from the electrolytic process, i.e. electrowinning. This is a method for extracting metals through 
electrolysis [1,2]. 

A general description of the zinc electrowinning process is given in figure 1. The ore is separated 
into different metal concentrates. Zinc concentrate consists mainly of zinc sulphides, since this is the 
most common form of zinc in the ores. The sulphides need to be converted into oxides before they 
dissolve in acid. This is done by heating the sulphides with air at a temperature of 950˚C, i.e. 
roasting. The oxides are then leached with sulphuric acid. Today, it is possible to leach some of the 
concentrate directly without previous roasting, but this is only used in some electrowinning plants 
[1,2]. Before electrolysis, impurities need to be removed from the solution. One important step is 
the iron removal which is followed by several other purification steps. In the electrolysis zinc is 
precipitated onto aluminium cathode sheets. The zinc is then stripped from the aluminium plates, 
followed by smelting, alloying and casting to the final product. 

 
 

Figure 1. Zinc electrowinning process  

1.1.1. Electrolysis 

The electrolysis is an energy demanding process and can account for more than 60% of the total 
energy demand in the production of zinc metal from the ore. A tankhouse consists of many 
electrolysis cells and figure 2 shows a schematic picture of one cell.  A typical electrowinning cell is 
rectangular and consists of 20-50 anodes and a similar number of cathodes placed in parallel. They 
lie on busbars which supply them with electricity. Electrolyte is fed at one end of the cell and the 
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electrolyte level is regulated with a small overflow at the other end [3]. The electrolyte contains zinc 
(50-75 g/l Zn2+) and sulphuric acid (125-175 g/l H SO2 4) as well as small amounts of impurities like, 
Mn, Cl, Mg,Na, Si etc. [3,4]. The temperature is 30-40°C and the current density 400-650 A/m2, 
resulting in a cell voltage of 3.3-3.5 V [3]. With a current efficiency of 90% on the cathode the 
typical energy consumption becomes 3.3 kWh/kg zinc [5]. The cathode and anode reactions are 
given in equation 1 and 2. 

 
Figure 2. Schematic figure of an electrolysis cell in zinc electrowinning 
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The zinc is precipitated on aluminium sheets whereas oxygen evolution takes place on lead based 
anodes. A lot of work has been made during the years to optimise the lead anodes, but still the 
overpotential for oxygen evolution is high and the operating anode potential is around 2 V vs NHE 
[6]. Another disadvantage with these anodes is that lead can dissolve and contaminate the zinc 
product. Lead is also undesired because of health concerns. In recent years, dimensionally stable 
electrodes (DSA®) have been studied for their use in zinc electrowinning e.g. Ref 7. They have a 
low overvoltage for oxygen evolution, but are easily deactivated by manganese dioxide that 
precipitates on the surface. The manganese in the zinc electrolyte comes to some extent from the 
ore but is often added to the electrolyte as oxidising agent in order to remove iron from the solution. 
The potential for the formation of manganese dioxide is very close to the potential for oxygen 
evolution and manganese dioxide will always be formed when oxygen is evolved. The above 
mentioned methods will never result in a lower anode potential than the reversible potential for 
oxygen evolution. 
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A significant reduction of the energy consumption could be achieved by completely change the 
anode reaction. Oxidation of carbon, sulphur dioxide, hydrogen and methanol have been 
investigated in literature, but have not resulted in any implementation in industry, since they often 
require changes in cell design and operating procedure [8]. The present study will focus on the 
oxidation of organic compounds, namely methanol and formic acid. 

Already in 1970, Veerecken et al. [5,9] suggested the usage of methanol oxidation as anode reaction 
in zinc electrowinning. Their study showed that methanol oxidation on platinised electrodes took 
place at 0.9 V vs NHE in acidic solution. The oxidation rate decreased with time, which was 
assumed to be due to platinum oxide formation.  In a patent from 1981, Vining et al. [10] present a 
method for electrowinning with methanol consuming anodes. To prevent poisoning of the platinum 
catalyst by carbon monoxide the current was periodically reversed. A research group in Japan did 
solve the problem with carbon monoxide poisoning by exposing the electrodes to air for 1 hour 
every 48:th hour [11]. With this method a potential between 0.6 and 0.7 V vs NHE was maintained 
for 3000h with a current density of 400 A/m2. The electrodes used in this test were made by 
titanium rods coated with platinum alloyed with iridium and ruthenium. The best result, i.e. a low 
potential for a high current density during a long period of time, was obtained by Watanabe et al. 
who developed a porous platinum ruthenium electrode [12], where methanol vapour was fed from 
the backside of the electrode. The cell was operating at 1250 A/m2 for four days with a constant 
potential of 0.5 V vs NHE without any poisoning of the catalyst. The use of this type of anode in 
electrowinning would though demand a complete redesign of the electrode and cell. 

1.1.2. Economical and environmental aspects 

An important issue when introducing a new anode concept in zinc electrowinning industry is of 
course the economics of the process. The usage of oxidation of organic compounds in 
electrowinning implies investment in new electrodes with precious metal coatings. The life time and 
loss of catalyst from the electrodes need to be accounted for as well as possible changes in process 
design. In order to make the new anode process profitable, all investment costs together with the 
costs for formic acid or methanol consumption need to be compensated by the reduced energy 
costs. With the energy prices of today it is not certain that the introduction of new anodes would be 
economically viable, but energy costs are rising and they will most likely continue to rise which will 
increase the demand for energy saving measures.  

Other factors having an impact on the economics for the new anode process, are laws and 
legislations. Taxes on carbon dioxide or regulations in the handling of lead could speed up the 
introduction of a new type of anode. If the oxidation of organic compounds shall be introduced 
because of environmental reasons, in order to reduce the carbon dioxide emissions, the source for 
methanol and formic acid is very important. If the methanol and formic acid comes from renewable 
energy sources and the electric energy comes from fossil fuels, it will always be beneficial to replace 
the oxygen evolving anodes with the oxidation of organic compounds.  
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Zinc with only a small amount of lead impurities has a higher price on the market. To have zinc with 
low lead content could become even more beneficial if legislations were introduced in order to limit 
the lead content in zinc for some applications. The higher demand for pure zinc would then increase 
the price for zinc with low lead content. Manually handling of the lead could also be limited by 
regulations in order to reduce the exposure of lead for personnel working in the tankhouse. This 
would force the electrowinning industry to exchange the lead anodes to other types of electrodes. In 
table 1, calculations have been made on an electrolysis cell with the different anode processes. The 
values used for the calculations are typical for a normal zinc electrowinning plant whereas the 
potentials for methanol and formic acid oxidation are taken from investigations made in the present 
study  

  Oxygen 
evolution 

Methanol Formic acid 
oxidation oxidation 

Eo [ V vs NHE] 1.229 0.016 -0.250 anode

E [ V vs NHE] 1.9 0.7 0.6 anode

E [V] 3.3 2.1 2.0 cell

Energy consumption [kWh/kg Zn] *3.0 1.9 1.8 
Fuel consumption [kg/kg] - 0.18 0.78 
CO  production [kg/kg] - 0.25 0.75 2

Table 1. Figures on anode potential, cell potential, energy consumption, fuel consumption and CO  
production for a zinc electrowinning cell with different anode processes. Values used for all three cases: 
E cathode = 0.9 V vs NHE, iR-drop = 0.5 V vs NHE and the current efficiency on the cathode = 0.9. 

2

Figures in table 1 show that the energy consumption could be reduced by more than a third by 
introducing the oxidation of methanol or formic acid as anode reaction. The table also gives figures 
on fuel consumption and carbon dioxide production, which can be used to calculate the process 
economics. No complete calculations are made in this thesis since the costs of fuel, energy and 
catalysts as well as the zinc price are varying with time. 

1.2. Oxidation of organic compounds 
In recent years, intensified research on Direct Methanol Fuel Cells (DMFC), has resulted in a vast 
amount of publications on the electrocatalytic oxidation of organic compounds. Methanol has for a 
long time been considered as a promising fuel in fuel cells whereas formic acid only recently been 
discovered as a fuel and not only as an intermediate in methanol oxidation. Formaldehyde, which 
also is an intermediate in the oxidation of methanol to carbon dioxide, is not considered as a 
potential fuel because of its toxicity. Formic acid has a lower energy density than methanol but due 
                                                 
* In literature 3.3 kWh/kg zinc is a common value on the energy consumption, which probably includes the 
whole tankhouse and therefore also losses which are not included in the example in table 1. 
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to faster kinetics of formic acid oxidation it is still a competitive alternative to methanol oxidation. 
Formic acid is also less toxic and has a lower vapour pressure than methanol which makes the 
handling of the chemical easier. 

1.2.1. Mechanism 

Methanol oxidation 

Vielstich´s chapter in Encyclopedia of Electrochemistry [13] is an excellent review of carbon 
monoxide, formic acid and methanol oxidation. Hamnett, Lamy and Wiekowski with co workers 
have all made interesting work concerning the mechanism of methanol oxidation which can be 
represented by following references [14-16]. The complete oxidation of methanol to form carbon 
dioxide involves six electrons and one water molecule (Eq.3).  

NHEvsVEeHCOOHOHCH 016.066 0
223 =++→+ −+      [15]         (3) 

Several intermediates, both surface-adsorbed and bulk products, have been detected through 
spectroscopic methods, but still there are many steps in the mechanism that are not fully 
understood. The most frequently detected adsorbed species are formate and CO whereas CO , 
formic acid, formaldehyde, methylene glycol and methyl formate have been detected in the solution 
[17,18] The proportions and amounts of different intermediates and products have varied a lot in 
different studies, to a great extent depending on reaction conditions. This has been used as an 
indication of that several pathways exist and that the rate determining step varies with reaction 
conditions. Type of catalyst, temperature, potential and electrolyte are some of the factors that seem 
to affect the dominating reaction path and rate determining step. 

2

It is today generally accepted that methanol oxidation can proceed via two different pathways. One 
pathway goes via adsorbed CO and the other via the soluble species, formaldehyde and formic acid. 
Both pathways give carbon dioxide as final product. It has recently been suggested that the initial 
dehydrogenation step gives rise to different adsorbed species that determines through which 
pathway the methanol oxidation proceeds [18-21]. Housmanns et al. [18] use this as starting point in 
their study, in which they have gathered results from many mechanistic studies on methanol 
oxidation, and used this knowledge together with detection of important intermediates with on-line 
electrochemical mass spectrometry (OLEMS) to propose a complete reaction scheme. The reaction 
scheme is an extension of the scheme suggested by Cao et al. [19] but also includes many of the 
steps in the reaction mechanism that Lamy et al. [15] proposed.  A reproduction of the reaction 
scheme for methanol oxidation on platinum as suggested by [18] is given in figure 3. 
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Figure 3. Reaction mechanism of methanol oxidation on platinum [18].The dots (• ) under the atoms 
represents Pt-sites and assign to which atom the Pt is bonded. 

The pathway via CO starts with adsorption through the carbon atom, leading to the formation of 
hydroxymethyl (1).  The carbon is then further dehydrogenated to hydroxymethylene in step 2. Step 
one and two have in some studies been suggested to be rate determining on platinum e.g. Ref 22. It 
is uncertain if the dehydrogenation continues with step 3 or 4. However, both steps will end up with 
the formation of adsorbed carbon monoxide. Linearly bonded CO is the most common form of 
CO, but also bridge- and triple-bonded CO have been detected. The oxidation of carbon monoxide 
has been a subject for a large number of investigations. Carbon monoxide does not form carbon 
dioxide on platinum until hydroxides are adsorbed, which is above 0.5 V vs NHE in acidic solutions 
and ruthenium is often added to lower the oxidation potential of CO. 

The pathway via soluble species starts with adsorption through the oxygen and the cleavage of O-H-
bond to form methoxy (8). Dehydrogenation then leads to the formation of formaldehyde (9) which 
can desorb into the solution. It is then questioned if formaldehyde can be oxidised to formic acid on 
the surface, or if it is a bulk reaction leading to the formation of formic acid [18,19]. In this reaction 
scheme, the formic acid formation is believed to proceed in a bulk reaction. When formaldehyde 
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desorbs it is immediately hydrated to methylene glycol (10) [17,18]. Methylene glycol can either 
adsorb directly on the surface (11) or form formic acid (12), which also can adsorb on the surface 
(13). The adsorbed specie in both reaction 11 and 13 is formate. The oxidation of formate can also 
proceed via two parallel pathways, one via CO and the other is directly forming CO2.  

Formic acid oxidation 

Formic acid oxidation has been extensively studied during the years, both as intermediate in 
methanol oxidation and more recently as fuel in fuel cells.  The reaction mechanism consists of two 
parallel pathways as mentioned above, one via COads and one via a reactive intermediate. The total 
reaction is given in eq.4 and the dual pathway in eq.5.  

 
NHEvsVEeHCOHCOOH 25.022 0

2 −=++→ −+     [21]         (4) 
 
 

pathindirect     22

pathdirect     22teIntermedia Reactive

22

2
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++→
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eHCO
HCOOH
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              (5) 

 
The direct pathway is often considered as the dominating one on both Pt and PtRu catalysts, but the 
path via COads becomes more important at higher potentials, which also often is suggested for the 
methanol oxidation [18,21,23,24]. It has also been confirmed with spectroscopic methods that 
formate (HCOO) is the most abundant intermediate on the surface and is the most probable 
reactive intermediate in the direct pathway [18,21,23,25].  

1.2.2. Catalyst 

State-of-the-art catalyst for methanol oxidation in fuel cells is today platinum ruthenium. Platinum is 
active for adsorption of methanol and also the cleavage of C-H-bonds but rather high potentials are 
needed to oxidise CO. By adding ruthenium the potential for CO oxidation could be lowered 
significantly, which is attributed to the ability of ruthenium to adsorb water at low potentials [26]. 
Ruthenium has also an electronic effect on the bond strength between adsorbates and the platinum 
surface. This effect is probably of minor importance for the improved performance of the PtRu 
catalyst [16]. Several studies have been made on the optimal Pt:Ru ratio and the results have varied 
significantly depending on the reaction conditions such as temperature, potential and methanol 
concentration [13].  

PtRu is also one of the top candidate catalysts for formic acid oxidation but pure Pt and PtPd as well 
as Bi- and Sb-modified Pt have shown good qualities for formic acid oxidation [27-30]. Tripkovic 
explains the enhanced effect of ruthenium on formic acid oxidation with the removal of CO from 
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platinum sites, giving more reactive sites for the direct pathway [27]. Pd increases the catalytic 
activity of Pt and promotes the direct oxidation of formic acid [28].  The catalytic enhancement of 
Pt by Bi and Sb is caused by an electronic effect on the bond strength between adsorbates and the 
catalyst surface. Sb is though not as good as Bi for COads oxidation [31,32]. 

The electrowinning environment differs in many aspects from the environment in a fuel cell. The 
best catalyst for oxidation of organic compounds in electrowinning is therefore not necessarily the 
same as in fuel cells. The electrolysis of zinc is carried out in large cells through which electrolyte 
flows. The mass transport conditions are therefore essential to study.  The electrolyte mainly 
consists of zinc ions and sulphuric acid but also some impurities. The operating temperature is 
between 30ºC and 40ºC, whereas the temperature of the fuel cell often is much higher. In fuel cells, 
only the oxidation at low potentials is of interest in order to give sufficient power output. In 
electrowinning, the operating potential is mainly determined by the current density used in the cell. 
An increase in anode potential would increase the energy consumption, but it may be acceptable if 
gains such as increased current density and decreased deactivation are achieved. However, studies of 
suitable catalysts for fuel cells are often performed in acidic aqueous solution. This actually 
resembles the conditions in an electrowinning cell and the outcome of those studies can therefore be 
applied to the electrowinning system.  

PtRu is very sensitive for different electrochemical treatment and the catalyst easily looses the 
ruthenium from the surface. In electrowinning processes the electrodes need to be stable for a long 
time and it is not possible to control the potential of a single anode, since the process is run 
galvanostatically. With PtRu anodes there would always be a risk to loose ruthenium from the 
surface and thereby change the activity of the electrode. The operating anode potential will most 
likely be much higher in electrowinning than it is in fuel cells. At higher potentials, CO is easily 
oxidised while the adsorption of methanol becomes more rate limiting [22,33]. In that case, 
ruthenium is not improving but worsening the performance of the catalyst through decreasing the 
surface available for adsorption. PtRu has though displayed a superior activity towards formic acid 
oxidation, much better than Pt. Both Pt and PtRu have therefore been investigated in this thesis. 

The structure of the catalyst is also an important issue. In fuel cells, the catalyst is dispersed on a 
carbon support in order to obtain a large active surface area. This increases the activity of the 
electrode as well as reduces the amount of precious metal catalyst needed. If these types of 
electrodes could be used in electrowinning it would be preferable. The mechanical strength of the 
electrodes could though be questioned and the demand for a mechanical stable electrode is much 
higher in electrowinning than in fuel cells where the electrode is mounted in a fixed application. The 
use of a carbon supported catalyst would require a stable base material and a matrix that stabilises 
and sticks the carbon particles together. A polymer, Nafion, is used as matrix in fuel cells, but it is 
uncertain if this polymer construction would be stable in the electrowinning environment. Other 
types of electrodes that could be used are metal coated mesh structure or other high surface area 
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electrodes. The choice of catalyst and electrode will always be a compromise between costs, stability, 
and activity. If the beneficial effects from one parameter are high, a worse performance regarding 
some other parameter can be acceptable. 

1.3. Aim of the work 
This work was made within the Eureka project, DEANEW, Depolarised anodes for electrowinning. 
The partners involved were universities and companies in Finland, Norway and Sweden, HUT and 
Boliden, Finland, NTNU and Falconbridge A/S, Norway, KTH and Permascand AB, Sweden.  

The general aim of this work was to investigate how depolarised anodes for methanol oxidation can 
be used in electrowinning processes.  

Paper I aimed to find out if the same type of electrodes, successfully used in DMFC, could be used 
in the electrolysis of zinc. Different types of electrodes were compared regarding their activity and 
stability for methanol oxidation in the zinc electrowinning environment. The influence of zinc, 
methanol concentration and temperature on the anode performance was studied. Different methods 
for reactivating the electrodes were also tested.  

The aim of Paper II was to show a possible way to operate methanol and formic acid oxidizing 
electrodes in the industrial process before any optimization of the catalyst or the process were made. 
Longer tests were performed at process current density and the activity for methanol and formic 
acid oxidation was examined in industrial electrolyte. Experiments were also done in order to find 
out which components in the industrial electrolyte that had an impact on the activity and stability of 
the electrodes. 
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2. EXPERIMENTAL  

2.1. Materials and equipment 
All chemicals were of analytical grade. Water purified in a Millipore system was used in all 
experiments. The synthetic electrolyte contained 160 g/l H SO2 4. All experiments were carried out in 
a thermostated three electrode glass cell. Electrochemical measurements were performed using a 
PAR 273A potentiostat, EG & G Princeton Applied Research. Tests were performed at 30˚C and 
40˚C which is the temperature interval in the electrolysis cells in industry. Measurements were also 
made at 50˚C to study the temperature dependence of methanol oxidation. The reference electrode 
was a Hg/Hg2SO  electrode (R601 from Radiometer) with saturated K SO4 2 4 at room temperature, 
connected to a Luggin capillary. The reference electrode potential was 0.65 vs NHE at 25˚C. 
However, all potentials in this thesis will be referred to the normal hydrogen electrode. A platinum 
basket was used as counter electrode. All experiments were done with nitrogen bubbling through the 
solution to avoid any reactions with dissolved oxygen. In tests with rotating disc electrodes (RDE), 
the rotation rate was 1500 rpm. 

2.1.1. Electrodes 

Three different types of electrodes have been used in this study, two in RDE experiments and one 
for tests at higher current density during more process like conditions. Both Pt and PtRu were used 
as catalysts for the RDE investigations, whereas only a Pt electrode was used for the tests at higher 
current density.  

Porous and metal coated titanium electrodes were studied in the RDE-cell. The porous electrodes 
were made in the laboratory whereas the metal coated titanium electrodes were made by Permascand 
AB. The platinised titanium had a metal loading of 60 g/m2 and the PtRu coated titanium had a 
loading of 5 g/m2. The porous electrodes were prepared by mixing an ink composed of 5 wt % 
Nafion dissolved in isobutanol, water and commercial catalyst from E-TEK. The catalyst was 
supported by Vulcan XC-72 and contained 20 wt % Pt and 30 wt % Pt:Ru (1:1), respectively. The 
ink was mixed in an ultrasonic bath for 1h. The ink was then applied onto a glassy carbon Rotating 
Disc Electrode (RDE) and left to dry for at least 24h at room temperature. This preparation method 
has previously been used at the department [34]. The porous electrodes had a catalyst loading of 1 
g/m2 Pt and 2 g/m2 PtRu respectively. The Nafion® content was 58 wt% in the Pt and 48 wt% in 
the PtRu electrode.  

The electrodes used for longer studies at process current density were electrodes with a high surface 
area. The base material was a titanium fiber structure, TySAR® (Electrosynthesis Co.Inc., USA.) 
which was coated with platinum by Permascand AB. A piece of 3x4 cm2 of the electrode material 
was spot welded onto a titanium sheet of the same size with a titanium rod as current collector. 
Henceforth these high surface area electrodes will be referred to as Pt-TySAR® electrodes. 
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2.2. Electrochemical measurements 
The activity of the electrodes was studied with cyclic voltammetry. The Pt electrodes were swept 
between 0.02 V and 1.24 V vs NHE. The upper sweep limit for the PtRu electrodes was 0.7 V vs 
NHE to avoid irreversible oxidation of ruthenium, which can occur at higher potentials [35]. Even if 
the potential is kept below 0.7 V, ruthenium can dissolve in acidic solution with time and result in a 
more platinum-like surface [35]. The scan rate used was 100 mV/s, since the cyclic voltammograms 
were used for qualitative and not quantitative measurements. At least one cyclic voltammogram was 
made at 1 mV/s on all the electrodes in the synthetic electrolyte. This scan rate was assumed to be 
close to steady state. 

The stability of the electrodes was studied during galvanostatic and potentiostatic tests. Cyclic 
sweeps were made before each measurement until a constant voltammogram was obtained. Only 
one or two sweeps were made on the PtRu electrodes since its activity decreased for each sweep. 
The current density used during the galvanostatic tests was 400 A/m2 which is close to the operating 
current density in the zinc electrowinning plant. The potentiostatic tests were performed at two 
different potentials, 0.5 V and 0.7 V vs NHE. 

Longer studies at industrial current density were made galvanodynamically with cycles of oxidising 
and reducing currents. The current density used was 500 A/m2. At Bolidens zinc plant in Kokkola, 
Finland, the electrolysis continues for 36 hours before the cathodes are taken out from the cell and 
the metal is harvested [2]. It could therefore be required that the anode should be able to maintain a 
sufficient activity for methanol or formic acid oxidation during at least this time. It was shown that 
the electrode was poisoned with time and needed to be reactivated. If the electrodes were taken out 
from the electrolyte, remaining in air for a longer period, the activity of the electrode was completely 
regained.  That characteristic is essential for the life time of the electrode but is not possible to use 
for reactivation during operation of the electrolysis cell. The best method for reactivation during 
operation was periodic current reversal (PCR) which is a method feasible in the industrial process. 
The PCR has been shown to have no deteriorating effect on the current efficiency or the zinc quality 
if the reversal fraction is no higher than 0.04 [36,37]. The optimal cycle time was found by starting 
with longer cycles and then decreasing the time of the cycle until only methanol oxidation and no 
oxygen evolution occurred during the 36 hour test. However, the ratio of oxidizing current to 
reversed current and the length of the cycle could be optimised further. Cyclic sweeps were made 
before and after each test to control the status of the electrode.  

 11



3. RESULTS 
Cyclic voltammograms for the four electrodes studied in the RDE-cell are presented in figure 4. The 
voltammograms can be used to get a description of the catalyst surface and surface reactions. To 
assess if the electrode material was suitable for use in electrowinning, these cyclic voltammograms 
were used together with galvanostatic and potentiostatic measurements. The porous electrodes 
displayed a larger surface area than the metal coated electrodes, which can be seen in the 
voltammograms made in sulphuric acid. It is not possible to compare the real surface area of Pt and 
PtRu electrodes but the region for hydrogen adsorption can give an indication of the size of the real 
surface area. Regarding the metallic coated electrodes, it appeared as if PtRu had a larger active 
surface and for the porous electrodes, Pt seemed to have a larger active surface area. The porous 
PtRu displayed the highest current density of all the electrodes in the whole positive scan and the 
activities of the electrodes were in the following order: porous PtRu > porous Pt > PtRu coated 
titanium > platinised titanium. The current density refers in all cases to the geometric current 
density. The catalyst loading of the porous electrodes were rather low compared to what is 
achievable in fuel cells. However, when making electrodes on a larger scale it would probably be 
possible to increase the loading significantly. This would result in a higher activity with respect to 
geometric area of the electrodes. The active surface of the metal coated electrodes could also be 
improved by, for example, using a mesh structure.  

 
Figure 4. Cyclic voltammograms performed on the four different electrodes, platinised titanium (a), PtRu 
coated titanium (b), porous Pt (c) and porous PtRu (d),  in synthetic electrolyte (- - -), and in synthetic 
electrolyte with 1M methanol   ( — ) at 30 ºC with 100 mV/s. 
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During galvanostatic tests, performed with the porous PtRu electrode at a current density close to 
the one used in industry, the potential increased with time and after 20 minutes the potential rose up 
to potentials where oxygen is evolved. Further tests were thereafter made potentistatically in order to 
better understand the deactivation process of the electrodes. Figure 5a and 5b display potentiostatic 
measurements made with RDEs at 0.7 V vs NHE in 1M methanol and 5M formic acid.  

a 

b 

 
Figure 5. Potentiostatic tests at 0.7 V with RDE  in synthetic electrolyte with a) 1M methanol and b) 5M 
formic acid., T = 30˚C. Figure 5b also includes one example of tests made in 1M formic acid represented 
by PtRu on titanium . 
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All electrodes were deactivated with time and the most pronounced deactivation could be seen on 
the PtRu electrodes. The highest current density in 1M methanol was achieved with porous Pt 
whereas PtRu only gave the second highest current density. The PtRu coated electrode was initially 
very active but was deactivated rapidly with time, whereas Pt coated titanium was the most stable 
electrode. The activity of all electrodes was much higher in 5M formic acid and the current densities 
were almost five times higher than in 1M methanol, but the electrodes were deactivated also in 
formic acid, figure 5b. The PtRu electrodes displayed the highest increase in activity. The same 
experiments was performed with 1M formic acid and resulted also in remarkable high current 
densities in comparison to 1M methanol in figure 5a. Oxidation of formic acid to CO2 will give two 
electrons whereas the complete oxidation of methanol to CO2 gives six electrons, hence, according 
to our results, the formic acid oxidation seemes to be much faster than the methanol oxidation. The 
current response of the PtRu coated titanium in 1M formic acid is given in figure 5b.  

The impact of methanol concentration and temperature on the activity of the platinised titanium 
electrode can be seen in figure 6. The activity increased as expected with increasing methanol 
concentration and the activity kept increasing up to 2 M, where the tests were completed. Also the 
temperature had a large impact on the activity. The temperature increase from 30 °C to 50 °C more 
than doubled the current density. Similar behaviour was seen on the three other electrodes. The 
enhanced activity caused by increasing both temperature and methanol concentration is in 
agreement with literature [38,39]. These two parameters do also have an impact on the reaction 
mechanism and several publications can be found considering this matter [e.g. 40]. 

   2M  50˚C 
0.5M  50˚C   
   2M  30˚C   
0.5M  30˚C   

 
Figure 6. Cyclic voltammetry on platinised titanium in a RDE-cell at 30˚C and 50˚C  in 0.5M and 2M. 
Electrolyte: 160 g/l H2SO , 160 g/l ZnSO  and scan rate 1 mV/s.    4 4
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In order to continue with tests at more process like conditions a choice of catalyst had to be made. 
Since all electrodes reached a sufficient current density within the possible operating region (i.e. 
between the onset of methanol oxidation and the peak potential), it was determined to use the most 
stable electrode, platinised titanium, despite its rather low activity. A new high surface area electrode 
was developed in order to perform tests at industrial current densities. Cyclic voltammograms with 
the new electrode, Pt-TySAR®, are displayed in figure 7 below. The sweep in sulphuric acid can be 
compared with the electrodes in figure 4 to get an estimation of the increase in active surface area, 
which was more than ten times, the surface of platinised titanium. Sweeps in 1M formic acid and 
methanol were made at 1 mV/s, which is close to steady state. Formic acid oxidation started at 
lower potentials than methanol oxidation and gave a higher current response in the whole potential 
sweep, except between 0.6 and 0.7 V vs NHE.  The potential sweeps showed that the industrial 
current density of 500 A/m2 could be accomplished in an acceptable potential range.  

 
 
Figure 7. Cyclic voltammetry on a Pt-TySAR® electrode at 100 mV/s in a)sulphuric acid at 100 mV/s,  
b)1M methanol at 1 mV/s and c) 1M formic acid  at 40˚C. 

Due to deactivation of the electrodes with time during galvanostatic and potentistatic tests, a 
reactivation procedure was necessary. Different reactivation methods are found in the literature 
[8,11]. Three different methods were tested in this study, air exposure, current interruption and 
periodically current reversal (PCR). It was shown that the first method required that the electrodes 
remained in air for a long time in order to be reactivated and the current interruption did not 
reactivate the electrodes at all in a reasonable time perspective. It was therefore considered that these 
methods were not practical viable in industry. However, the use of PCR did reactivate the electrodes 
well and was also shown to be feasible in industry, see figure 11 in Paper I. PCR was therefore used 
for reactivation in the following investigations. 
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Figure 8 presents examples of how the electrode could be operated with methanol or formic acid 
oxidation in the industrial process. For the methanol oxidation a current density of 500 A/m2 was 
applied on the Pt-TySAR® electrode for 2 minutes and then reversed for 5 seconds. During the 
reversed current, adsorbed species are believed to desorb and hydrogen evolves which should clean 
the surface from poisoning species. Figure 8a shows the average potential response for the anodic 
currents over a 36 hour period. The average potential response is given by the mean values of the 
potential response for each 2 minute period of anodic current. The potential is slightly higher after 
36 hour than in the beginning of the period, which indicates that the reversed current does not 
reactivate the electrode completely. However, the methanol concentration was not held at a constant 
level and after 36h more than half of the methanol must have been consumed. The increase in 
potential could therefore be caused by the lowered methanol concentration. The last 30 minutes of 
the test are given in figure 8b and it can be seen that the potential increased during the forward 
current but started almost at the same value as in previous cycle after the reducing current. It can 
also be seen in figure 8b, that during the reversed current the potential decreased to the level where 
hydrogen is evolved.  

 
Figure 8. Galvanodynamic test with PCR in 1M methanol and 3M formic acid at 500 A/m2 and 40˚C a) 
1M methanol, PCR 2min/5s b) the last 30 minutes enlarged. c) 3 M formic acid, PCR 20min/10s d) the 
last 30 minutes enlarged. 
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The same procedure was used for oxidation of 1M formic acid and resulted in a reduction of the 
voltage with more than 0.1 V compared to the methanol oxidation in figure 8a. Since no increase in 
potential was seen during 36 hours, if the concentration were held constant, the PCR cycle was 
increased. With 3M formic acid, twenty minutes of electrolysis was followed by 10 seconds of 
reversed current, figure 8c and d. This resulted in a larger increase of potential. The increase of 
potential could be a result of an accumulation of poisoning species if the reversed current was too 
short to clean the surface. A longer period with reversed current could have reactivated the electrode 
better but tests with RDEs showed previously that both a reduction and an oxidation of the surface 
could be needed to regain the activity of the electrode completely. Also in this experiment, the 
formic acid concentration was not held at a constant level, and decreasing formic acid concentration 
during the 36 hour period may have caused the increase in potential. However, similar 
galvanodynamically tests with 1M formic acid showed that the potential response first starts to 
increase rapidly  when the formic acid is nearly completely consumed. 

To test the anode concept under conditions more similar to industry, the synthetic electrolyte was 
exchanged to industrial electrolyte from Bolidens zinc plant in Kokkola, Finland. The activity for 
methanol and formic acid was shown to be very low and had to be investigated further in detailed 
studies on rotating disc electrodes (RDE). Potentiostatic experiments were performed with a Pt-
RDE in industrial electrolyte and the current response is given in figure 9. The activity for both 
methanol and formic acid was reduced significantly in the industrial electrolyte immediately as the 
potential was applied. The activity then continued to decrease until the surface was completely 
inactive for methanol and formic acid oxidation. The low activity in the industrial electrolyte could 
have beeen caused by adsorption of some impurity, blocking the active sites.  

 
Figure 9. Potentiostatic tests at 0.7 V  in a RDE-cell with platinised titanium in synthetic elctrolyte with 
a) 1M formic acid and b) 1M methanol and in industrial electrolyte with c) 1M methanol and d) 1M 
formic acid. Temperature 30˚C. 
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One of the impurities in industrial electrolyte is chloride, which is known to adsorb on platinum and 
poison the surface [5,41-43]. The methanol oxidation was therefore studied with cyclic voltammetry 
in synthetic electrolyte, to which the same amount of chloride was added as is found in the industrial 
electrolyte. The chloride was added in form of hydrochloric acid. The result is displayed in figure 10, 
where the cyclic voltammogram is compared with methanol oxidation in synthetic electrolyte and in 
industrial electrolyte. The activity became almost as low with the addition of chloride as in the 
industrial electrolyte. Potentiostatic experiments at 0.7 V vs NHE resulted in identical current 
responses in industrial and chloride polluted synthetic electrolyte. The effect of adding zinc, 
manganese and copper to the synthetic electrolyte was also examined, but no effect was observed 
when adding industrial concentrations of these species.  

 
 
Figure 10. Cyclic voltammetry on Pt on titanium in a RDE-cell with 1M methanol in a) synthetic b) 
chloride polluted synthetic and c) industrial electrolyte. Temperature 30˚C and scan rate 100 mV/s. 

In a study made in 1970, Vereecken et al. used pre electrolysis to remove the chloride by oxidation 
[5]. This method was also tested in the present study but gave no satisfying results. Several groups 
have studied the effect of chloride on methanol oxidation, mainly on Pt, and most have come to the 
conclusion that Cl- adsorption is predominant over methanol [41-43], while other say it is a 
competitive adsorption [44]. The chloride ion adsorbs in a wide potential range and affects hydrogen 
adsorption as well as oxide formation. The reduced oxide formation, blocks the oxidation of CO to 
CO2 [45-47]. Horanyi et al. pointed out that a significant time interval is required to attain a steady 
state between the irreversible adsorption of methanol and the reversible adsorption equilibrium of 
the chloride [44]. However, all studies agree on that chloride adsorption inhibits the methanol 
oxidation.
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If methanol or formic acid oxidation shall be introduced as anode reaction in zinc electrowinning it 
is important to find out what levels of chloride that can be acceptable to achieve a sufficient activity. 
Potentiostatic experiments were therefore performed with different chloride concentrations on Pt 
and PtRu rotating disc electrodes in 1M methanol, figure 11 and 12. With increasing chloride 
concentration the current decreases but the shape of the curves were the same, indicating that the 
deactivation rate was the same, irrespective of chloride content. When comparing figure 11 and 12, 
it can be seen that the PtRu surface is much more sensitive to chloride impurities than the Pt 
surface. Even an addition of 10-6 -M Cl  resulted in an essential reduction of the activity on PtRu 
whereas 10-5 -M Cl  was needed to have some effect at all on the activity of Pt. There are several 
possible explanations for the sensitivity towards chloride impurities for methanol oxidation on PtRu. 
The first direct explanation is that chloride adsorbs stronger on PtRu than on Pt which would lead 
to a larger loss of active surface area. However, no literature was found concerning the subject. 
Different dominating pathways or rate determining steps on Pt and PtRu could also result in 
different behaviour towards chloride impurities.  

Increasing Cl- 
concentration 

Increasing Cl- 
concentration 

 
 
Figure 11. Potentiostatic tests at 0.7 V in a 
RDE-cell on platinised titanium with 1M 
methanol and increasing chloride 
concentrations: 10

Figure 12. Potentiostatic tests at 0.7 V in a 
RDE-cell on platinum ruthenium with 1M 
methanol and increasing chloride 
concentrations: 10

-6 -5 -4 M,  10 M, 10 M, 10-3 M, 
pure synthetic electrolyte (- - - ), temperature 
30˚C. 

-6 M,  10-5 -4 M, 10  M and pure 
synthetic electrolyte (- - - ), temperature 30˚C. 
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The behaviour of formic acid oxidation in the presence of chlorides was also studied. PtRu had a 
high activity for formic acid oxidation and with a chloride content of 10-4 M, the PtRu electrode gave 
the highest current response during potentiostatic tests at 0.7 V vs NHE, see figure 13. As 
mentioned in the introduction the direct pathway is believed to be dominating on both Pt and PtRu 
but the importance of the CO path increases on PtRu at higher potentials making the PtRu catalyst 
much more active towards formic acid oxidation than the Pt catalyst [27,28]. Formic acid is also 
believed to be able to adsorb and oxidise on Ru, whereas methanol neither adsorbes or oxidises on 
Ru [27]. Even though an addition of 10-4 -M  Cl  lower the activity for formic acid oxidation on PtRu 
to a large extent, PtRu is still more active than Pt.  

a 

 

b 

 
 
Figure 13. a) Potentiostatic tests in a RDE-cell with 1M formic acid at 0.7 V with PtRu and Pt on Ti in 
synthetic electrolyte and in synthetic electrolyte polluted with 10-4 -M Cl , Temperature 30˚C. b) 
Enlargement of the three curves in the lower part in figure 13a. 
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In literature it has been mentioned that the rotation of the electrode ( i.e. the mass transport ) could 
have an impact on the deactivation rate of the electrodes during methanol oxidation [11,24,25]. 
Tests were therefore performed potentiostatically at 0.7 V with and without rotation. In figure 14, 
results with the two metal coated electrodes are shown. The deactivation rate was decreased 
significantly on PtRu on titanium when the electrode was not rotated.  For the platinised titanium 
the difference between the tests with a rotating electrode and a stationary electrode was very small. 
The higher deactivation rate of the PtRu electrodes when the electrodes were rotated is most likely 
attributed to the convection of the soluble intermediates, formaldehyde and formic acid. With a low 
concentration of the soluble intermediates at the electrode surface, the current from the 
readsorption and further oxidation of these intermediates decreases. The pathway through the 
soluble intermediates is therefore suggested to be dominating on the PtRu. The fact that the Pt 
electrodes were less affected by the mass transport could imply that the oxidation through COads is 
dominating on these electrodes, but not necessarily.  

Tests with the porous electrodes displayed similar results, but they were not as much affected by the 
mass transport as the metal coated electrodes. This could be explained by the larger active surface 
area of the porous electrodes which facilitates the readsorption of soluble species. 

 
Figure 14. Potentiostatic tests at 0.7 V in synthetic electrolyte on Pt and PtRu on titanium with and 
without rotation. The rotation rate was 1500 rpm. T = 30˚C. 
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4. DISCUSSION 

4.1. Process aspects 
This study shows that several types of electrodes can be used for methanol and formic acid 
oxidation in electrowinning. The choice of electrode will always be a compromise between activity, 
stability and costs. The highest activity was obtained with a porous PtRu electrode, whereas a 
platinum coated titanium was the most stable electrode. Metal coated electrodes can in general be 
considered as more stable than the porous electrodes and the Pt electrodes less sensitive than PtRu 
to different electrochemical treatment. A platinum coated high surface area electrode is therefore the 
primary choice of electrode for use in zinc electrowinning. A PtRu electrode could though be used 
for oxidation of formic acid, since its activity for formic acid is remarkable higher than the activity 
on Pt. However, the introduction of a PtRu electrode in an electrowinning process can first be made 
if an operating procedure is well developed in order to reduce the risk of destroying the catalyst 
because of large variations in potential.  

An operating procedure was established for methanol and formic acid oxidation on high surface area 
electrodes, Pt-TySAR®, at process current density. Since all electrodes were deactivated with time, a 
method for reactivation is necessary. Periodically current reversal (PCR) was shown to be a good 
method and would be feasible in industry. This method has no deteriorating effect on the cathode if 
the time for reversal current is sufficiently short [36,37]. With the use of PCR an acceptable 
potential, 0.6-0.7 V vs NHE, could be maintained for 36 hours with a current density of 500 A/m2 

for both methanol and formic. 

The activity for methanol and formic acid oxidation is very low in industrial electrolyte. A major part 
of the activity reduction was caused by chloride impurities whereas Zn, Mn and Cu had no effect on 
the activity. If the chloride concentration in industrial electrolyte could be reduced to 10-5 M, the 
activity for methanol oxidation on Pt would be close to the one in synthetic electrolyte. The 
methanol oxidation on PtRu is though considerable affected even by an addition of 10-6 -M Cl . If an 
electrode with an essentially higher active surface area could be used, higher chloride concentrations 
might be tolerated.  

Both formic acid and methanol were investigated as anode fuels in the zinc electrowinning process. 
It was seen that the activity for formic acid oxidation was much higher than the activity for 
methanol oxidation. The use of formic acid would be advantageous in many aspects and could for 
example result in a lower anode potential, a higher current density or a longer cycle period. If a PtRu 
electrode could be used, the beneficial effects would become larger than with a Pt electrode. For 
example if the chloride content could be reduced to 10-4 M, the activity of 1M formic acid oxidation 
on PtRu would be substantially higher than the oxidation of 1M methanol on Pt in pure synthetic 
electrolyte. Formic acid is less toxic and has a lower vapour pressure than methanol but the energy 
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density of formic acid is low. Formic acid is also sold in small quantities compared to methanol, 
which makes it more cost sensitive. The economy of using formic acid is therefore questionable. 

The main problem to overcome in order to introduce the oxidation of formic acid or methanol in 
the zinc electrowinning process, is the chloride impurities. Most of the chloride from the ore is 
evaporated during the roasting process but some chloride will always be present in the electrolyte in 
concentrations from 100 up to 800 mg/l (3-20 mM). Chlorides can be removed from the electrolyte 
in a purification step, but it is uncertain to which levels. The acceptable level of chlorides found in 
this study was for methanol oxidation 10-5 - M Cl  and formic acid oxidation 10-4 -M Cl  if a PtRu 
electrode can be used. The impact of chlorides on methanol oxidation should also be an important 
factor when evaluating the performance of direct methanol fuel cells. 

4.2. Reaction mechanism 
The impact of the mass transport on the fast initial current decay on the PtRu electrode seems to 
rule out the theory presented by Hoster et al  that the decay comes from the formation of inactive 
ruthenium oxides [48]. The higher deactivation rate of the PtRu electrodes when the electrodes were 
rotated is most likely attributed to the convection of the soluble intermediates, formaldehyde and 
formic acid. With a low concentration of the soluble intermediates at the electrode surface, the 
current from the readsorption and further oxidation of these intermediates decreases. The pathway 
through the soluble intermediates is therefore suggested to be dominating on the PtRu.  

The fact that Pt was unaffected by the mass transport conditions does not necessarily mean that the 
pathway via soluble intermediates is less important on Pt than on PtRu. On the contrary, the 
deactivation of Pt is not faster than on PtRu, which probably would be the case if the path via COads 
was dominating on Pt, since the oxidation of COads is more difficult on Pt than on PtRu. Another 
important aspect is the strong adsorption of sulphate ions on Pt which reduces the amount of 
available Pt-sites. According to the mechanism in figure 3, the path via CO requires several 
neighbouring Pt sites whereas only one Pt site is needed in the pathway via soluble species. This 
suggests that the pathway through soluble intermediates is dominating on both Pt and PtRu 
electrodes, which is in accordance with some recently made studies [18-20]. To explain the 
difference in mass transport dependency of Pt and PtRu, the rate limiting steps need to be included. 
At the higher potentials used in this study, the adsorption of methanol is often considered as rate 
limiting on Pt and PtRu [24,,34,49,50].  If the adsorption or the first dehydrogenation step limits the 
reaction rate to a larger extent on PtRu than on Pt, this would make PtRu more dependent of 
readsorption of soluble species than Pt. With a high methanol concentration, Pt can generate the 
same current density in the first steps (step 8-9, figure 3) of the path via soluble intermediates as 
PtRu generates in the complete oxidation to CO2 (step 1-7, figure3). Several results in this study can 
also be used to verify the slow dehydrogenation on PtRu. For example when comparing the 
potentiostatic curves in figure 5a and b, the electrodes show a much higher activity for formic acid 
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oxidation compared to methanol oxidation. The increase in activity is highest on the PtRu 
electrodes. The dehydrogenation is therefore assumed to be rate limiting on both electrodes, but the 
adsorption or dehydrogenation is believed to limit the rate on PtRu to a greater extent. Considering 
the dependency of readsorption on PtRu, and the high activity for formic acid on PtRu, formic acid 
is most likely produced in a bulk reaction and not in a surface reaction, which is in accordance with 
the mechanism suggested by Housmanns [18]. 

The porous electrodes have a larger active surface area and were less influenced by the rotation rate. 
The catalytic sites are surrounded by solid Nafion electrolyte in a porous structure so there is no 
convection at larger parts of the active surface. This makes the porous electrodes unaffected by 
rotation rate and facilitates the re-adsorption of formaldehyde and formic acid to the surface. This 
has previously been observed by Gojkovic, who made tests with a smooth Pt electrode and a porous 
Pt electrode [51]. The impact of the mass transport on the performance of the electrodes is of 
extensive importance for the application of the new anode process to the industry.  

All electrodes displayed a decreasing activity with time during potentiostatic and galvanostatic 
experiments, so called deactivation. The deactivation can be seen as a loss of active surface area due 
to accumulation of some intermediate, i.e. poisoning specie on the surface. Both formic acid and 
methanol oxidation resulted in a deactivation of the electrodes. Whereas the poisoning specie in 
formic acid oxidation must be COads or the reactive intermediate, formate (HCOO), the methanol 
oxidation has several possible poisoning species. For methanol oxidation, deactivation was present 
in all potential regions, investigated in this study, even though different reaction steps should be rate 
limiting at different potentials according to the literature. It was also found that a reduction of the 
electrode reactivated the electrode well but not always completely. A combination of oxidation and 
reduction could then be more effective to regain the activity of the electrode, foremost on Pt. This 
could imply that several poisoning species exist. The poisoning species could be one of the first 
adsorbed species which can not be further dehydrogenated and therefore accumulates on the surface 
but it could also be the carbon monoxide. The first alternative would explain the initial decay of 
activity on PtRu whereas COads most likely also poisons the surface but it can only be seen after a 
longer period of time. This is a plausible explanation since the initial deactivation of PtRu was higher 
for methanol than for formic acid oxidation and much higher for methanol oxidation with a rotating 
electrode than with a stationary electrode. A combination of the poisoning species is probably 
present on Pt as well. Most likely there is a predominance for CO on Pt and adsorbed methanol or 
its residues on PtRu.  

Chloride inhibits the methanol and formic acid oxidation, even at low concentrations. Chloride most 
likely hinders adsorption of methanol, dehydrogenation of methanol, oxidation of COads and 
readsorption of soluble intermediates. The chlorides lowered the activity for methanol oxidation 
more on PtRu than on Pt. This could be explained by a stronger adsorption of chlorides on PtRu 
compared to Pt, but other explanations concerning the reaction mechanisms on Pt and PtRu can not 
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be excluded.  It is suggested in several studies that the direct pathway via soluble intermediates is 
dominating on both Pt and PtRu at the potentials used in this study [18,19,25]. The low activity for 
methanol oxidation on PtRu in the presence of chloride could then be explained by the importance 
of readsorption. The readsorption is dependent on a high active surface [52], and on a PtRu catalyst 
the available Pt sites for adsorption and dehydrogenation is limited by the presence of Ru. The 
chloride adsorption would then lead to an even smaller surface area for readsorption and 
consequently a lower activity. The PtRu surface should nevertheless already in the synthetic 
electrolyte display a lower activity than Pt and it can be questioned why the chloride adsorption 
should lead to a larger loss of activity on PtRu than on Pt. Chloride also inhibits the adsorption of 
oxygen species, making the complete oxidation of CO to CO2 on the surface difficult [43-45]. Even 
if the pathway via soluble species is dominating, a larger part of the current on PtRu, compared to 
the current on Pt, could come from the indirect pathway via COads. This would cause a lower activity 
on PtRu in the presence of chlorides. To sum up, according to literature and results in this study, 
chloride most likely hinders adsorption of methanol, dehydrogenation of methanol, oxidation of 
COads and readsorption of soluble intermediates but no definite explanation for the low activity on 
PtRu in comparison to Pt can be given. The fact that the influence of chlorides on methanol 
oxidation was different on Pt and PtRu would be interesting to investigate further from a 
mechanistic perspective. 
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5. CONCLUSIONS 
This study shows that several types of electrodes can be used for methanol and formic acid 
oxidation in electrowinning. The choice of electrode will always be a compromise between activity, 
stability and costs. The highest activity was obtained with a porous PtRu electrode, whereas a 
platinum coated titanium was the most stable electrode. However, all electrodes were deactivated 
with time and a suitable method for reactivation is to periodically reverse the current.  

An operating procedure was established for methanol and formic acid oxidation on high surface area 
electrodes, Pt-TySAR®, at process current density (500 A/m2). A potential below 0.7 could be 
maintained for 36 hours with periodic current reversal (PCR). Longer cycling periods could be used 
for formic acid than for methanol oxidation and the average potential during electrolysis was always 
lower for formic acid than methanol oxidation. 

The activity for formic acid and methanol oxidation was very low in industrial electrolyte. The 
formic acid oxidation was more affected than the methanol oxidation. The major part of the activity 
reduction was caused by chloride impurities, blocking the active surface area. The reaction rate of 
formic acid oxidation may be more dependent on the size of active surface area than methanol 
oxidation.  

Experiments with methanol oxidation on Pt and PtRu revealed a higher sensitivity for chlorides on 
PtRu. Chloride concentrations below 10-5M had minor effect on methanol oxidation on Pt whereas 
10-6M Cl- decreased the activity for methanol oxidation on PtRu essentially. Chloride contents below 
10-5M are considered to be acceptable in the electrolyte in order to achieve sufficient activity for 
methanol oxidation on Pt in the industrial process. PtRu is not suitable as catalyst for methanol 
oxidation in industrial electrolyte due to its high sensitivity for chlorides. However, the activity for 
formic acid oxidation on PtRu was very high and with 10-4 -M Cl , the PtRu electrode displayed the 
best result, i.e. a high current density during potentiostatic tests at the potential suitable for use in 
industry.  

The deactivation rate of the PtRu electrodes was influenced by the rotation rate whereas the 
deactivation rate of the Pt electrodes was unaffected by the rotation rate. The pathway through 
soluble intermediates was assumed to be dominating on the PtRu electrodes and the 
dehydrogenation of adsorbed methanol to be the rate limiting step. Tests with formic acid supported 
this theory. The pathway via soluble species is most likely dominating also on Pt, whereas the 
dehydrogenation does not limit the reaction rate to the same extent as on PtRu.  
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