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ABSTRACT 
 

Ammonium perchlorate (AP) is the oxidiser for all solid propellants used in 

launch vehicle technology. Sodium perchlorate is one of the major raw materials 

used in the manufacture of AP, which is produced by the electrolytic oxidation of 

sodium chlorate aqueous solution using TSLA (Titanium Substrate Lead dioxide 

Anodes) and SS 316L cathodes.   

 

Occasional peeling of lead dioxide crystals due to the difference in thermal 

expansion coefficients during electrolysis is a serious problem faced by allied 

electrochemical industries. Moreover, decisive removal of lead dioxide particles 

from the conductive substrate (after definite lapse of service life) and recoating 

with fresh lead dioxide crystals, for want of higher energy efficiencies, is a 

common procedure adopted in many similar electrochemical industries. 

 

Major portion of this work focuses on the effective utilization of discarded lead 

dioxide particles as particulate electrodes in a carefully designed packed/compact 

bed electrolyser. The above electrolyser was used for studying its effectiveness in 

the electrochemical oxidation of sodium chlorate to sodium perchlorate. Yet more 

attractive take-away of this module is the total exclusion of costly inert 

conductive support and mixed metal oxide (Ru ,Pd ,Ti) conductive coating 

essential for conventional flat plate configuration. A demonstration of continuous 

electrosynthesis of sodium perchlorate by arranging similar dual bed compact 

electrochemical cells was made and a higher average current efficiency could be 

achieved when compared with conventional parallel plate electrode system. A 

Modified Dispersion Plug Flow Model (MDPFM) was developed to predict the 

residence time distribution function under electrolyzing conditions 



 

iv 
 

Another area of research under this broad topic was the influence of certain 

additives in the lead dioxide coating electrolyte for modifying the morphological, 

electrochemical and mass transfer features of lead dioxide deposits for 

conventional parallel plate configuration. An extensive study was carried out with 

the modified and unmodified lead dioxide anode samples. Scanning Electron 

Microscope (SEM) and X-Ray Diffraction (XRD) studies were carried out to 

understand the morphological/ structural characteristics. Electrochemical 

Impedence Spectroscopy (EIS) and Potentio Dynamic Response (PDR) studies 

were carried out to understand the electrochemical, kinetic and mass transfer 

characteristics. Finally, validation of above modification in a higher capacity 

electrochemical cell was also derived.          

 

Keywords: lead dioxide; packed bed electrolyser; particulate electrodes; 

perchlorate reaction; scrap lead dioxide; hazardous solid waste; effluent treatment 

of organics; solid propellants; electrolytic oxidation;lead dioxide; perchlorate 

cells; TSLA;RTD; tracer; MDPFM. 
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CHAPTER 1 

INTRODUCTION 
 

Ammonium Perchlorate (AP) is the oxidiser for all solid propellants used in 

launch vehicle technology. Sodium perchlorate is one of the major raw materials 

used in the manufacture of AP , which is produced by the electrolytic oxidation of 

sodium chlorate aqueous solution  using TSLA (Titanium Substrate Lead dioxide 

Anodes) and SS 316L Cathodes.  

1.1 DEVELOPMENT OF A COMPACT/PACKED BED ELECTRO- 

CHEMICAL REACTOR (PBER) 

Lead dioxide is used as one of the insoluble anodes in the electrochemical 

industries due to their significant stability, better electronic conductivity and 

inherently low cost (Xiaohong, 2011). However, their relatively weak mechanical 

strength necessitates the use of conductive support such as expensive titanium 

metals. The use of conductive supports, leads to a problem of adhesion between 

the metal substrate and lead dioxide coating due to the formation of insulating 

oxides. This calls for the need of a careful under coating of highly expensive 

noble metal oxides over the valve metal for making the surface conductive. In 

spite of this, occasional peeling of lead dioxide crystals due to the difference in 

thermal expansion coefficients during electrolysis is a serious problem faced by 

allied electrochemical industries. Moreover, decisive removal of lead dioxide 

particles from the conductive substrate(after definite lapse of service life) and 

recoating with fresh lead dioxide crystals, for want of higher energy efficiencies, 

is a common procedure adopted in many similar electrochemical industries. 
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Generally, lead dioxide anodes coated over conductive titanium substrates are 

commercially manufactured through electrodeposition techniques from lead 

containing salts like nitrates, acetates, methane sulphonates, etc. Long term 

stability is always a critical issue when lead dioxide anodes are considered 

because corrosion of the coating must lead to contamination of the 

product/effluent with toxic lead (II) (Carr, 1972). In a typical perchlorate 

manufacturing unit, these electrodes are dipped in electrolytes like sodium 

chlorate solution, which will be subsequently electrochemically oxidized to 

sodium perchlorate, a major intermediate for any type of perchlorate manufacture. 

Though these electrodes are sufficiently inert and falls in the class of DSA 

(Dimensionally Stable Anodes) under these oxidizing environments, PbO2 slowly 

loses its adherence from its substrate resulting in its peeling out after completing a 

definite period of its service life. Consequently, the performance of these 

electrolysers comes down necessitating the removal of such substrates for want of 

another layer of coating. Above detached PbO2 particles, generally seems to be 

‘relently useless’, still retains all its chemical features other than loss of its 

adherence from the parent substrate. Moreover, such lead dioxide flakes which 

are removed from the substrate metal, becomes a solid hazardous waste, if 

allowed to accumulate.  

Its known from the literatures that lead compounds interfere with a variety of 

body processes and is toxic to many organs and tissues including the heart, bones, 

intestines, kidneys, and reproductive and nervous systems. It interferes with the 

development of the nervous system and is therefore particularly toxic to children, 

causing potentially permanent learning and behaviour disorders. Symptoms 

include abdominal pain, confusion, headache, anemia, irritability, and in severe 

cases seizures, coma, and death. Hence safe disposal of discarded lead compounds 

is one of the major challenges in the recent era (Onwughara, 2013). 
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The present work focuses on the effective utilization of above generated discarded 

or peeled off Lead dioxide particles as particulate electrodes in a carefully 

designed packed bed electrolyser. It is known that particulate electrodes provide a 

large electrode area in proportion to conventional flat electrode configuration 

(Newman, 1962; Volkman, 1978; Doherty, 1996; Kaminari, 2005). Consequently, 

this packed bed electrolyser, will be exceptionally useful when dealing with low 

reactant concentrations or slow reactions. This “substrateless” design entirely 

avoids the necessity of expensive valve metals as substrates and associated noble 

metal oxide undercoating. Additionally, the service life of such electrodes is also 

found to be remarkably higher. In the present study, an optimized design of a 

packed bed electrolyser setup using peeled off electro deposited lead dioxide 

particles was carried out for proper current and voltage distribution. The above 

electrolyser was used for studying its effectiveness in the electrochemical 

oxidation of sodium chlorate to sodium perchlorate, which is the starting raw 

material for the manufacture of rocket propellant oxidisers. Effect of critical cell 

parameters such as current load, electrolyte flow rate and temperature was also 

carried out in the present study. An attempt for corroborating above results in a 

known concentration - time model as explained in 1.1.1 was also carried out. 

1.1.1 Concetration-time model 

Inorder to assess the theoretical behavior of the above PBER at limiting 

conditions, imminence with already established concentration- time (C-t) model 

by Walter and Wagg (1977) was checked. For ideal plug flow assumption at 

limiting current conditions in a recirculation system, C-t relationship is 

reproduced as follows. 

퐶i(t) = 퐶i
0. 푒 [                                                (1.1) 
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where Ci(t) - Concentration of reactant ions in the electrolyte (here Sodium 

Chlorate) Ci
0 –initial concentration of reactant ions. All other terms are 

conventional and have usual meanings. 

1.2 DEVELOPMENT OF A DUAL COMPACT/PACKED BED 

ELECTROCHEMICAL REACTOR FOR CONTINUOUS 

ELECTROSYNTHESIS APPLICATION 

1.2.1 Penetration issue 

For a flow-through porous electrode, with electrolyte velocity parallel to the 

direction of current flow indicate that few portion of the porous electrode is 

operating under mass transport limiting conditions if the electrode thickness is 

considerably larger than a certain value called as “Penetration depth”. This issue 

is referred as Penetration issue. This calls for the limitation in increasing the depth 

of bed beyond a certain value. Theoretical treatment of this behaviour is well 

established and shows that the penetration depth (p) of the limiting current density 

(assuming that the electrode is fully conducting) is given by (Doherty, 

Sunderland, Roberts and Pickett, 1996). 

√ s

m 0
 (1.2) 

 

Authors have presented the simulation results for high surface area graphite felt. 

Some of their findings are as follows. 

 For thin electrodes the limiting current plateau is clearly evident and the 

total current increases approximately linearly with thickness for large 

cathodic potentials. For thick electrodes most of the electrode is operating 

under electron transfer control. In this region the total current decreases 
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with electrode thickness due to the potential drop within the electrode 

material. 

 
 Simulation profiles show that the normalized concentration (C/C0) plotted 

for thinner bed electrodes over the length of bed is indistinguishable 

between exponential profile and simulated value. While as the electrode 

bed thickness is increased, both results diverged. Hence, the assumption 

that the electrode is operating entirely under mass transport limiting 

conditions is no longer valid and the reduction in concentration is 

significantly over predicted by the established theory. 

 
 For thicker electrodes the divergence from the established models 

becomes increasingly significant. The two approaches show widely 

different profiles as the electrode is much thicker than the penetration 

depth ‘p’. Most of the electrode is, therefore, operating under electron 

transfer control.  

 
 Optimum thickness of the electrode is thus explicitly a design 

requirement. 

In this context, the development of a dual bed PBER by repeating one more bed 

of electrode particles and its assessment, beckons a significant role. These 

electrolysers were stacked in series for demonstrating continuous electro-

synthesis of sodium perchlorate. 
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1.3 MODELING RESIDENCE TIME DISTRIBUTION (RTD) 

BEHAVIOUR IN A PACKED BED ELECTROCHEMICAL 

REACTOR (PBER) 

Flow behavior of electrolyte through these reactors via RTD studies has been one 

of the key components in understanding its vessel hydrodynamics. In an 

experimental study of residence time distribution, flow elements are tagged by a 

tracer (coloured, radioactive, etc.) and the variation of tracer concentration in the 

exit stream with time is measured. The injection of tracer into the flow stream is 

frequently done in such a manner that it can be well approximated by a delta 

function or a thin finite width pulse. The tracer concentration distribution at the 

exit (called also the tracer output signal) has a characteristic shape depending 

upon the relative strength of dispersion, and on the location of tracer injection and 

detection. Developing a suitable theoretical model justifying RTD behavior has 

been an onus among the engineers for quite a long period of time. Not 

surprisingly, various studies were reported exhibiting peculiar flow behaviours in 

variety of systems. 

Saravanathamizhan (2008) provided a three parameter model to describe the 

electrolyte flow in continuous stirred tank electrochemical reactor (CSTER) 

consisting bypass, active and dead zones with exchange flow between active and 

dead zones. Authors validated the model for the effluent color removal inside a 

typical CSTER. Atmakidis (2015) conducted a numerical analysis of dispersion in 

packed beds and developed a RTD model using CFD modeling. Zou et al. (2017) 

performed simulations of the RTD of a bubbling fluidized bed reactor using CFD 

based on the modified structure-based drag model. A general comparison of the 

computed RTD with the experimental data was also shown for validation. 

Ouassila Benhabiles et al. (2012) conducted the experimental study of photo 

catalytic degradation of an aqueous solution of linuron in a tubular type reactor 
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and used RTD data for investigating the malfunction of the photo reactor. Martin 

(2000) shown that ETIS (Extension to tanks in series) model in tandem with the 

reactor network structure is a versatile method of describing the characteristics of 

a small but diverse group of reactors. 

Earlier studies had shown that conventional models like open dispersion models, 

small dispersion models and Tanks in Series models can explain with lot of 

clarity, the behavior of electrolyte inside a typical packed bed reactor under non 

electrolyzing conditions. However, not many studies were reported in literature 

regarding the applicability of a suitable model in a packed bed reactor operating 

under electrolyzing conditions. Many of these models fail to explain the 

recirculation flow expected inside such reactor due to obvious gas evolution 

around the particulate electrodes. In the initial phase of present study, a detailed 

interpretation of electrolyte flow inside a packed bed electrochemical bed reactor 

was made under non electrolyzing conditions using an experimental RTD 

analysis. Applicability of available theoretical models was also carried out to 

strengthen the experimental findings. At a later part of the study, similar RTD 

studies were repeated at analogous flow conditions but operated under 

electrolyzing environment, for getting comparative flow behaviors with and 

without electrolyzing environment. A Modified Dispersed Plug Flow Model 

(MDPFM) was developed to validate the variation in such flow circumstances. 

1.4 IMPACT OF MODIFIED LEAD DIOXIDE ANODES IN 

CONVENTIONAL PERCHLORATE CELLS  

Conventional perchlorate cells are “parallel plate cells” employing lead dioxide 

coated over titanium substrate and stainless Steel (SS 316 L preferably) as the 

electrodes and chlorate solution (here sodium chlorate) as electrolyte. Electrolytic 
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oxidation of sodium chlorate occurs at high positive potential. This makes it 

necessary that the anode materials used in the cell have high electrode potential 

and oxygen over voltage. Current efficiency for perchlorate formation is always 

less than unity because of simultaneous oxygen evolution reactions 

(Munichandraiah, 1987). 

퐻2O → (O퐻)ad+ H+ +  e- 

(푂퐻)ad + ClO3
- ↔ ClO4

- +  H+ +  e- 

OR 

퐶푙푂3
- → (ClO3)ad + e- 

퐻2O → (O퐻)ad+ H+ + e- 

	(푂퐻)ad + (ClO3)ad ↔ ClO4
- +  H+                                                                   (1.3)                                   

(1.2) 

In other words, charge not utilized for conversion is inevitably used for liberation 

of oxygen from aqueous solution of sodium chlorate as per the following reaction. 

2	퐻2O → O2 + 4 H+ + 4 e- 

The above equation (1.2) suggests that the mechanism of anodic oxidation of 

chlorate to perchlorate on β- PbO2 (Ti) anode involves the anodic oxidation of 

water in a one electron transfer step to give adsorbed (OH) radical as the rate 

determining step. Perchlorate ion is produced by a subsequent fast oxidation of 

chlorate ion or adsorbed chlorate radical and the adsorbed (OH) radical. A “highly 

active surface” of lead dioxide is therefore necessary for the purpose. Extensive 

characterization of lead dioxide electrode for its coated surface area, porosity and 

electrochemical performance assumes major significance in this context. 
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Presence of surfactants like t-octyl phenoxy polyethoxyethanol (Triton X-100), 

sodium sec- alkyl sulphates (Teepol), cetyl trimethyl ammonium bromide 

(CTAB)and few additives like sodium fluoride, cerium nitrate, etc. in the lead 

dioxide coating bath is known to modify the morphological, electrochemical and 

mass transfer features of lead dioxide deposits (Ghaemi, 2006). In the present 

work, combined effect of surfactants and additives on performance of perchlorate 

cell is studied. Inorder to examine the comparative performance, different samples 

of lead dioxide coated over titanium substrates were prepared by adding above 

referred additives and surfactants in the conventional nitrate bath for lead dioxide 

coating. Scanning electron microscope (SEM) (using CARL ZEISS EVO50 

Instrument) and X-ray diffraction (XRD) (using PANALYTICAL-XPERT-PRO-

MPD Instrument) studies were carried out to understand the morphological/ 

structural characteristics. Electrochemical impedence spectroscopy (EIS), and 

Potentio Dynamic Response (PDR) (all using SOLARTRON SI 1260/1287 

instrument) studies were carried out to understand the electrochemical, kinetic 

and mass transfer characteristics. Various kinetic and mass transfer parameters 

were determined. Finally, samples of bigger dimensions were functionally tested 

in an actual perchlorate cell. 

1.5 QUANTIFICATION OF INTERFACIAL ADSORPTIVE 

CHARACTERISTICS OVER LEAD DIOXIDE ELECTRODES 

It is known that adsorption of chlorate and hydroxyl ions at the lead dioxide/ 

electrolyte interface primarily controls the kinetic facets of perchlorate formation 

reaction. Adsorption of species in the electrode-electrolyte interface needs a 

closer analysis. It is well known that, at the interface, separation of charges occur 

leading to anisotropic forces setting up there.  Perturbations or departures from 

the bulk concentration take place. Perturbations or excess concentration are 

quantitative measures of the accumulation or depletion of species in the interface 
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region which in turn quantifies the intensity of adsorption at the electrode – 

electrolyte interface. At present there are no techniques sensitive enough to 

experimentally determine the spatial variation in concentration of various species 

in the solution at the interface (Bockris, 2000).  

Present work focuses on indirect quantification of adsorption features of 

conventional and modified lead dioxide anodes through analysis of 

electrocapillary characteristics. Since direct measurements of interfacial tension 

are not possible in solid electrodes, the same is determined indirectly by 

measuring current transients (current as a function of time). Lead dioxide anodes 

modified by addition of certain surfactants like CTAB and few additives like 

sodium fluoride and their combinations in the lead dioxide coating bath was 

investigated for their possible surface modifications using the above technique.  
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CHAPTER 2 
LITERATURE REVIEW 

 
2.1 DESIGN OF PACKED BED REACTORS 

Packed-bed or porous electrodes, offering a high specific surface area, have been 

suggested as suitable means for carrying out electrochemical reactions with low 

current densities especially when the reaction rate is limited by mass-transfer 

(Bennion & Newman, 1972; Houghton & Kuhn, 1974;  Newman & Tiedeman, 

1975). These electrodes can be used for electrosynthesis of chemicals and 

electrochemical recovery of heavy metals from a variety of industrial and 

laboratory model solutions (Sioda, 1971; Bennion & Newman, 1972; Gaunand et 

al.,1977; Trainham & Newman, 1977; Matlosz & Newman, 1986; Doherty et al., 

1996;  El-Deab et al., 1999; Saleh, 2004). In several experimental works it was 

noted that when aqueous solutions are treated, water decomposition occurs within 

the porous electrode, along with the useful reaction. Alkire and Gould (1976) 

analysed multiple reaction sequences in packed-bed electrodes, but the practical 

aspects of parasitic reactions were studied by Volkman (1978). The theory of such 

electrodes was reviewed by Newman and Tiedeman (1975). More technical and 

practical aspects were summarized by Kreysa and Heitz (1976). Armstrong 

(1968), in his paper investigated out that the main drawback of porous electrodes 

is the excessive potential drop in the electrolyte. Assuming that voltage losses in 

the electrode matrix are negligible, the potential difference across the electrode-

electrolyte interface increases as the potential of the solution decreases. 

Sioda (1971) gave an analysis for a flow-through porous electrode operating 

below the limiting current for a reversible reaction described by the Nernst 

equation, which also includes treatment of the interfacial mass transfer resistance. 

Alkire and Gracon (1975) included a very general analysis of a single electrode  
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reaction below the limiting current, including the effects of axial diffusion; results 

are given for an upstream counter electrode. Alkire and Gould (1976) have 

extended this work to multiple reaction sequences, which includes deposition of 

several metals, deposition of a metal in the presence of a redox system and results 

are given for a downstream counter electrode. Ateya (1977) gave an analysis 

similar to Sioda for a single electrode reaction described by the Nernst equation 

and studied the effects of axial diffusion and dispersion under conditions when the 

interfacial mass transfer resistance appears to be negligible. An optimal design of 

packed bed cells for high conversion is given by Kreysa & Reynan (1982). 

Kaminari et al. (2005) conducted work for the recovery of lead ion using a 

fluidized bed electrode to simulate an industrial effluent. The reactor’s 

performance was evaluated based on dimensionless variables: voidage of the bed 

(ε), current density (i)/limiting currents density (Ilim), transport number of lead 

(tPb) and transport number of support electrolyte (tNa), and their influence on 

current efficiency (CE) and power consumption. Due to the almost total absence 

of mathematical models that fit the system and also due to the complexity of such 

models, the choice fell upon a statistical technique, the central composite design 

(CCD), to obtain the desired responses as empirical functions. Response surfaces 

were then plotted to identify the behaviour of current efficiency and power 

consumption when the values of variables dimensionless were changed. 

Computational fluid dynamics (CFD) is a tool that is becoming more realistic for 

use in the description of the detailed flow fields within fixed beds of low tube-to-

particle diameter ratio (N). The motivation for the use of CFD is presented by 

reviewing the current state of fixed-bed reactor modelling, with an emphasis on 

the treatment of the description of fluid flow within the bed. Challenges in the use 

of CFD for fixed beds of particles are treated and potential uses of the simulation 

information in design models for fixed-bed reactors are discussed. An approach  
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to fluid flows in low tube-to-particle diameter fixed beds is needed that is general 

enough to be applicable for reactor design purposes, but that retains the detailed 

flow features that contribute to transport of heat and mass which influence 

reaction kinetics. This approach provide a link to bed structure, so that, if a 

packing or packing characteristics are known, flow features, transport rates, and 

reactor performance can be rapidly assessed. Computational fluid dynamics 

simulations of flow through packed-bed structures can provide highly detailed and 

reliable information about the temperature and flow fields. The challenge for the 

future is to use the information that will be available to gain knowledge and 

understanding that will allow to develop reduced models which are detailed 

enough for design purposes, but still intuitively understandable and 

computationally tractable (Dixon, 2001).  

Nava (2009) discusses the use of potential distribution analysis during the 

deposition of metal ions, at limiting current conditions and determines the 

optimum electrode thickness at which no hydrogen evolution occurs. The 

potential distribution studies were carried out on stainless-steel fibres of three 

different surface areas. The fibres were used as cathodic porous electrodes during 

the deposition of Ag(I) ions contained in 0.1 mol.dm−3 KNO3 and 0.6 mol.dm−3 

NH4OH electrolyte. The comparison between the experimental and the theoretical 

potential distributions show good agreement at mean linear flow rates in the range 

of 0.24 and 0.94 cm s−1. 

2.2 INTERFACIAL CURRENT DISTRIBUTION IN PACKED BED 

REACTORS 

Newman (1962) were the first to establish an analytic equation for current as a 

function of time, flow rate and bed length, when the reaction is mass transfer 

controlled. A two-dimensional treatment for a packed-bed electrode, in which the  
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direction of solution flow is perpendicular to the direction of current was authored  

by Alkire (1974) with cylindrical coordinates for practical applications. Kreysa 

and Heitz (1975) established an empirical law which can be used to find the 

effective length of the electrode. Fedkiw and Newman (1979) introduced a 

periodically constricted model for mass transfer phenomena in a packed-bed 

electrode though the results were not significantly different from those obtained 

with homogeneous models. Lyke and Langer (1991) illustrated the effect of 

ohmic drop in a packed-bed electrode when Tafel kinetics is followed. 

Elanadoulli and Ateya (1992) studied the effect of gas bubbles formed in the three 

dimensional electrode for application of the electrode to hydrogen evolution 

reaction.  

Newman & Tobias (1962) described general equations explaining the behavior of 

porous electrodes. These equations are used to determine the initial and the 

steady-state conditions in one-dimensional porous electrodes of uniform geometry 

and polarization parameters. In particular, it is shown that the current and reaction 

distributions in the depth of the electrode are strongly influenced by the type of 

activation polarization and by mass transport of the reacting ionic species, in 

addition to the effective conductivities of the two phases. It is found that a linear 

approximation to a Tafel curve leads to an inadequate description of actual 

behavior when the reaction is distributed non-uniformly in the depth of the 

electrode. Kusakabe (1986) has studied the current paths and electrolysis 

efficiency in bi-polar packed bed electrodes. 
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2.3    POTENTIAL DISTRIBUTION IN PACKED BED REACTORS 

Sioda (1968,1975) investigated fixed beds of graphite granules and proposed a model 

of the system. These results were unfortunately influenced by wall effects. Coeuret 

(1976) has investigated the efficiency of fixed beds of highly conducting spherical 

particles. In these experiments wall effects and contact resistances between 

individual particles were avoided. In a further paper by Couret (1976), the theoretical 

and experimental study of metal- solution potential distributions was undertaken for 

fixed and fluidized beds of highly conducting particles. It has to be mentioned that 

studies of flow-through porous electrodes with no granular packing also concerned 

the limiting current conditions (Sioda 1968; Sioda 1971;Alkire & Gracon 1975).A 

few papers used an analytical solution for the solution potential distribution within 

the electrodes in their theoretical developments. 

Gaunand et al.(1977) carried out a more complete study dealing with the 

experimental investigation of the metal-solution potential distribution within 

flow-through fixed electrodes under limiting current conditions and the overall 

metal-solutions potential drop in these electrodes. The effective operation of an 

electrochemical cell utilizing a porous electrode is critically dependent on the 

potential distribution within the electrode. In particular, the penetration depth of 

the current may be limited due to ohmic loss in the electrolyte. Theoretical 

treatment of this behavior is well established. Pickett (1977) showed that the 

penetration depth (p) of the limiting current density for metal deposition 

(assuming that the electrode is fully conducting) can be determined. In order to 

achieve a maximum conversion rate per unit cell volume, the electrode should be 

no thicker than ‘p’. Saleh (2004) introduced an effectiveness factor ϕ to explain 

the extent of utilization of bed length for conversion. 
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2.4  MASS TRANSFER BEHAVIOR IN PACKED BED REACTORS 

Although the active specific area and the space time yield of these electrode 

materials are high, they suffer from the high pressure drop and tendency to 

clogging especially when used to remove heavy metals from industrial waste 

solutions. Besides, fixed bed electrodes made of small particles, metal felt and 

metal foam may entrap gas bubbles (H2 or O2) which are likely to evolve 

simultaneously with the main reactions from dilute solutions with a consequent 

increase in cell resistance and electrical energy consumption (Walsh 1993). 

Moreover, such low porosity electrodes are difficult to operate under gas sparging 

or two phase flow which is sometimes essential as in the case of H2O2 synthesis, 

flue gas desulphurization and alkene oxide production (Oloman1987; Scott 1993).  

Walker and Wagg (1977) made a rigorous concentration – time modeling for the 

packed bed electro chemical reactors assuming different flow configurations. A 

specific work was carried out to examine the mass transfer behaviour of a flow-by 

fixed electrode built of relatively large Raschig rings, and cylinders under 

different flow conditions such as single phase flow, gas sparging and two phase 

flow. Although, large particles give less active specific area and lower space time 

yield than small packing material they are expected to suffer less from pressure 

drop, clogging and entrapment of gas bubbles in case of metal deposition from 

waste solutions. Rates of mass transfer were determined under different 

conditions by measuring the limiting current of the cathodic deposition of copper 

from acidified copper sulphate solution (Soltan et al.2003). An analysis of the 

influence of mass transfer on porous electrode performance using a domain 

polynomial method was studied by Yan et al.(2004). 
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Meticulous inspection of the literature has unveiled the weakness of several 

empirical methods for predicting the macroscopic mass and heat transfer 

characteristics relevant to gas-liquid cocurrent downflow and upflow packed-bed 

reactors (Delanghe et al. (1990), Lyke et al. (1991), Soltan et al. (2003), Saleh 

(2004), Scott et al. (2004)). In response, using a wide experimental database 

consisting of 5279 measurements for trickle beds (downflow) and 1974 

measurements for packed bubble columns (upflow), a set of reliable correlations 

has been recommended for the prediction of the gas-liquid interfacial area, the 

volumetric liquid- and gas-side mass-transfer coefficients, the wall and bed 

liquid-solid mass-transfer coefficients, the wall heat-transfer coefficient, the bed 

effective radial thermal conductivity, and the particle-to-fluid heat-transfer 

coefficient. Some of these correlations are from the literature, and others have 

been developed by combining artificial neural networks and dimensional analysis. 

The accuracy of the proposed correlations surpasses by far the performances of 

the available methods sometimes by up to a 10-fold reduction in scatter. 

Notwithstanding the substantial reduction in scatter, these correlations have been 

thoroughly tested for phenomenological consistency and have been shown to 

restore the expected trends documented in the database (Faisal Larachi etal.2003). 

 

2.5 DIFFERENT APPLICATIONS OF PACKED BED 

ELECTROCHEMICAL REACTORS 

 

Camino Fernandez (2014) studied about the production of H2 using a packed bed 

reactor with polyurethane foam acting as support material. Yang (2018) studied 

regarding catalytic hydrogenation of N-4-nitrophenyl nicotinamide in a micro-

packed bed reactor. Similarly Selvaraj (2018) studied regarding tannase 

production through solid state fermentation. Bennion & Newmann (1972) 

attempted for electrochemical removal of copper ions from very dilute solutions 

using packed bed system.  A similar study was attempted by Chu etal.(1974) and 
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Katsuki et al.(1986). Pressure drop behavior in a three dimensional packed bed 

cell during copper deposition and hydrogen evolution was studied by Stankovic 

etal.(1995).  A flow by packed bed electrode for removal of metal ions from 

waste waters was studied by Simonsson (1984). A Carbon particulate packed bed 

electrolysis flow cell for the production of Techtenium complexes was attempted 

by Mikelsons et al.(1986). Somsaluay Suwanprasop etal. (2005) developed a 

laboratory-scale and pilot-plant fixed-bed reactors for carrying out the wet air 

oxidation of phenol over a commercial active carbon catalyst at mild temperatures 

and oxygen partial pressures of 120-160 °C and 0.05-0.2 MPa, respectively. The 

performances of the fixed-bed reactors have been assessed and compared to each 

other for both up and downflow operation mode. Depending on the flow mode 

and reactor scale, distinct phenol destruction rates have been observed in the 

experiments. A series of batch experiments are carried out to obtain phenol 

removal kinetics, which are subsequently implemented in the modelling of the 

pilot-plant fixed bed reactor. A one-dimensional, non-isothermal piston dispersion 

model was developed to describe in detail the interplay of reaction kinetics, gas-

liquid hydrodynamics, and heat and mass transfer in both flow directions. The 

model predicts reasonably well the experimental data, thus allowing for a 

thorough explanation of the observed pilot-plant reactor performance. 

2.6 EFFECT OF FOREIGN IONS IN LEAD DIOXIDE ELECTRODE 

PERFORMANCE 

Doping of PbO2 by cations (Fe3+, Co2+ and Ni2+), by F- and by cations and F- 

simultaneously is discussed as a way of improving the stability and 

electrochemical activity in processes occurring at high potentials. Doping allows 

the control of the amount of structural water in an oxide. Radiotracer experiments 

showed that high electrodeposition current densities favour the segregation of 

incorporated tritium (protons) at the surface. On the other hand, fluorine doping 
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results in a marked decrease in the amount of surface oxygen species. The 

influence of doping with metal cations strongly depends on the nature of the 

metal. Iron behaves like fluorine, while nickel causes an accumulation of surface 

oxygen species. Doped PbO2 electrodes have quite good activities for the 

electrogeneration of ozone. In particular, Fe and Co doped PbO2 showed a current 

efficiency of 15–20% for this process. (Velichenko et al.,2001).  

Studies were done for examining the behaviour of fluorine modified β-PbO2 

electrodes in the processes of O2 and O3 evolution in sulphuric acid. The 

electrochemical kinetic analyses of these processes are based on quasi-steady-

state polarisation and impedance data. The good agreement between the two sets 

of measurements allows some basic conclusions to be drawn. In particular, the O2 

evolution process is always inhibited at F-doped PbO2 electrodes, and impedance 

results suggest possible changes in the mechanism, with electro-desorption of 

intermediates becoming more important as the concentration of the doping 

element increases. The interpretation of the data for the less positive potentials 

region invokes the specific adsorption of SO4
2− as a factor influencing the kinetics 

of O2 evolution. The current efficiency for O3 formation as a function of the 

amount of NaF added to the PbO2 growth solution reaches a maximum for a 

concentration of 0.01 mol dm−3. A plausible cause for the decrease on the higher 

concentration side is the discharge of adsorbed SO4
2− (or HSO4

−) eventually 

yielding persulphate. This reaction is known to be favoured in the presence of a 

relatively high amount of fluoride in the electrolyte. An analysis of the results of 

modified neglect of diatomic differential overlap (MNDO) calculations on Pb 

cluster models and of X-ray photoelectron spectroscopy (XPS) data suggests that 

the coverage by weakly adsorbed oxygen species (OH and H2O) is an important 

parameter that is influenced by F-doping (Velichenko et al., 1999).  
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The effect of F− on the modified films of lead dioxide in morphology and 

structure was studied. The results obtained by cyclic voltammetry (CV), X-

diffractometer (XRD) and scanning electron microscope (SEM) techniques 

indicated that F− could change the magnitude of lead dioxide crystal grain and the 

preferred crystallizing orientation on the substrate surface, even though it didn't 

change the basic structure of PbO2. When the modified electrode was applied as 

an analytical sensor to determine phenolic compounds, the linearity was in the 

range of 2×10−5 – 1×10−3 mol/L and the detection limit was 2.5×10−6 mol/L. It 

was all found that the stability and reproducibility of the oxide-modified 

electrodes were improved by additional F−    (Jin et al., 2001).  

The effect of antimony on the reduction of the two allotropic forms of lead 

dioxide in sulphuric acid electrolyte has been studied. The effects of antimony 

doping of the lead dioxide lattice and the effects of antimony contamination of the 

electrolyte have been considered separately. In the first case, antimony increases 

the quantity of charge related to the reduction, and in the second it exerts a strong 

passivating influence on the lead dioxide electrodes (Penazzi et al., 2000). 

A moderate layer of PbO2 onto stainless steel from nitric acid solutions in the 

presence and absence of Ce+3 and Ce+4 ions has been electrodeposited. The 

properties like stability and the ability to support anodic oxidations of organic 

molecules have been investigated. The activity of these anodes depends on the 

preparation and pre-treatment of the electrode. The investigations suggest that the 

stability and activity of the lead dioxide anode is influenced by the presence of 

Ce+3 / Ce+4 ions in the lead dioxide electrodeposits (Amjad et al., 2010). 
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A passive and roughened surface is produced on 416-SS by anodization in 

phosphate medium. The passivating layer is concluded to be conductive and the 

roughened surface allows for the strong adherence of electrodeposited PbO films. 

Anodes consisting of PbO on passivated 416-SS can be used in alkaline, neutral 

and slightly acidic media at large positive applied potenial values without 

apparent decomposition. The high catalytic activity is concluded tentatively to be 

the result of Fe(III), produced by anodic corrosion of the SS substrate 

simultaneously with deposition, which is incorporated into the PbO films. It was 

concluded that Fe (1 and/or 111) added to solutions of Pb(II) used for deposition 

of PbO films will result in a significant increase in catalytic activity for the doped 

films (Feng et al 2002). 

2.7 SUMMARY 

A detailed survey on the wider perspectives of packed bed electrochemical 

reactors touching its basic design comparisons, distribution of potential and mass 

transfer, its application as well as modifying the surface of PbO2 electrodes by 

foreign ions is touched upon this chapter. It is specifically noted that researches 

on following areas are to still to be attempted in a rigorous way. 

• Electrosynthesis of perchlorate using packed bed electrochemical reactor. 

• Effective utilization of discarded lead dioxide particles as particulate 

anodes. 

• Comprehensive studies exhibiting the influence of inevitable parameters 

over the performance of reactor. 

• Multistage packed bed electrochemical reactor. 

• Combination of a series of PBER (Packed Bed Electrochemical Reactor) 

for continuous electrosynthesis. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 STUDIES FOR DEVELOPMENT OF PACKED/ COMPACT 

BEDELECTROCHEMICAL REACTOR 

The cell was fabricated in cylindrical geometry using High Density Polyethylene 

(HDPE). Its overall dimensions were 17.78 cm (ID) × 30 cm (H). Scrapped lead 

dioxide particles (about 3.5 Kg) were thoroughly cleaned using deionized water 

and closely packed in the electrolyser upto 5 cm height having a porosity of 0.5. 

Perforated polypropylene supports (which also serves as distributor) with nylon 

mesh filter were used at both ends for ensuring rigid and leak proof packing. 

Schematic setup is shown in Fig.3.1 and actual experimental setup in Fig.3.2. 

Components of electrolyser are shown in Fig. 3.3. Particle size distribution of 

these particles obtained using sieve analysisand its image analysis using Zoom 

Stereoscopic Microscope are mentioned in Tables 3.1 and 3.2 respectively. Since 

particles collected were widely varying in size and shape, particles belonging to 

fine, medium and coarse were individually taken for image analysis. The 

hydraulic flow circuits consisted of centrifugal pump, valves and tanks for feeding 

and overflow electrolyte collection. Electrolyte was introduced to the cell through 

the inlet opening at the bottom, leaving the cell by overflows at the top, pumped 

to the feed tank and got returned to the cell by gravity. The tanks were filled with 

about 11.5 liters of sodium chlorate solution having an initial concentration of 669 

gm/litre (gpl).A conductive (noble metal oxides containing Ti, Ru and Pd) coated 

titanium tube was used as a current feeder while the counter electrode was SS 316 

L. A DC rectifier having 200 A, 60 V specifications was used for providing DC 

current to the electrolyser. Isothermal conditions were maintained in the overflow 

collection tank by providing it with a cooling water circulation system through 
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cooling coils and an electric heater. Both electric heater as well as solenoid valve 

in the cooling water feeding line was interlocked with temperature sensor kept in 

the over flow tank as shown in Fig.3.4.A dual bed type cell was made in a single 

bed type for resolving the possible current penetration issues developed inside. Its 

construction is similar to the single bed type but by repeating one more bed of 

particles as shown in schematic sketch Fig. 3.5 and actual setup in Fig. 3.6. 

Concentration of sodium chlorate in the liquour was determined using iodometric 

titration.  

 

 
                          Fig. 3.1 Schematic setup of PBER 
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Fig. 3.2 Components of PBER 

 
Fig. 3.3 Actual experimental setup 
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Fig.3.4 Isothermal System in Overflow tank 

 

Table 3.1 Particle size distribution  

 

 

 

 

 

 

 

 

 

Size Range Weight % 

> 710 µ 87.53 

500-710 µ 9.46 

355-500 µ 2.28 

300-355 µ 0.27 

<300 µ 0.46 
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Table 3.2 Image analysis of PbO2 particles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.5 Schematic setup for dual bed PBER 

(I- flow Inlet, P- packing, E-outlet, R- rectifier) 

 

Sl No: Sample Ref. Size in Microns 

Min Max 

1 Fine PbO2 -1 721.8 1756.6 

2 Fine PbO2 -2 485 837.4 

3 Medium PbO2 -2 1029.3 1245.4 

4 Medium PbO2 -2 1182.8 3285.7 

5 Coarse PbO2 -1 767.7 3341.9 

6 Coarse PbO2 -2 482.9 9439.4 

R 

+ 

- 

- 

+ 

  I 

E 

P 



Chapter 3                                                                                                   Materials  and Methods  
 

28 Investigations On The Performance Upgradation Of Perchlorate Cells And RTD Modelling Studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.6 Actual experimental setup for dual bed PBER 

 
3.2  RESIDENCE TIME DISTRIBUTION STUDIES IN PACKED/
 COMPACT BED ELECTROCHEMICAL  REACTOR 
 
For carrying out RTD studies, methylene blue having concentration of 40/80 ppm 

was selected as tracer. Tracer was injected to cell closer to its inlet at about 2cm 

from HDPE body through a tee provided at the feed bottom.  Flow medium used 

was water for conducting studies in non-electrolytic mode. On the contrary, 

sodium chlorate solution having 5 Kg/m3 concentrations was chosen for studies in 

electrolytic mode. Flow rates of medium were varied from 3.33 x10-5 m3/sec to 

1.33 x10-4m3/sec for understanding the variation in RTD behaviour. A DC current 

of 15A was fed into the electrolyser (under electrolytic mode) using a rectifier 

having 200A, 60 V specification. A double beam UV spectrometer was used for 

estimating the transient variation in concentration of tracer in effluent, indirectly 

by measuring the colour intensity. Fig.3.7and3.8 shows the schematic and 

experimental setup respectively. 

1st bed 

2nd  bed 
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                                   Fig. 3.7 Schematic setup for RTD studies 

 

 

 
Fig. 3.8 Experimental setup for RTD studies 
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3.3  STUDIES FOR UNDERSTANDING EFFECT OF FOREIGN IONS 

IN LEAD DIOXIDE COATING ELECTROLYTE FOR 

CONVENTIONAL PERCHLORATE CELLS 

Lead dioxide coating electrolytic bath setup was made at 2 lit beaker scale. 

Titanium meshes used as anodes were given an undercoating of mixed metal 

oxides (MMO) consisting of  Ru, Pd and Ti inorder to provide a conductive layer 

at lead dioxide – titanium interface. Surface preparation, MMO coating and Lead 

dioxide coating over titanium samples were done as follows. 

3.3.1 Preparation of working electrode 

Titanium mesh (5 cm x 3 cm) was first sandblasted for getting adequate 

roughness, followed by etching in dil. HCl for removing all impurities. 

Subsequently, sample is washed in demineralized water for removing excess acid 

adhering on its surface. Then, sample is dried and coated (3 layers) with prepared 

solution of MMO (Mixed Metal Oxide) solution for getting a conducting layer 

over the surface. Each layer of application is followed by baking in electric oven 

at a temperature of 450-5000C for about 10 minutes. Finally a conductive layer 

over the substrate is obtained. This is then followed by a electro deposition of 

Lead dioxide as mentioned in Table 3.3. Likewise samples were prepared with 

and without any surfactants and additives. Surfactants selected were Teepol, 

Triton X-100 and CTAB. Samples obtained were named as LA (or 

TSLA)/Teepol, LA (or TSLA)/TritonX and LA (or TSLA)/CTAB respectively. 

Unmodified sample was named as LA (or TSLA)/Normal (or Plain). Samples 

using both surfactants and additives like NaF and cerium nitrate were also 

prepared. Agitation of electrolyte was carried out by sparging oil free compressed 

air from bottom through an air distributor. Fig. 3.9 and Fig. 3.10 shows the actual 
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experimental setup and prepared coated samples respectively. Scanning Electron 

Microscope (SEM) (using CARL ZEISS EVO50 Instrument) and X-Ray 

Diffraction (XRD) (using PANALYTICAL-XPERT-PRO-MPD Instrument) were 

used for analysis. 

                               Table 3.3 Coating conditions 

Concentration of Electrolyte (Appx.) 

Pb(NO3)2– 257 gpl, 

Cu(NO3)2 -  16   gpl, 

0.5gpl each of selected surfactants and additives 

were added separately to prepare different modified 

samples. Combined samples by adding surfactants 

and additives at above concentration each were also 

made. 

Current density 5 A/dm2 

Voltage 3.8-4.0 V 

Ampere hours 5 AH 

pH 3-4 
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Fig.3.9 Lead dioxide Coating Setup 

 
Fig.3.10 Prepared Lead dioxide Samples 

 
Inorder to validate above results, 2 nos of 50 cm x 30 cm Titanium Substrate 

anodes were coated with lead dioxide from a bath containing 0.5 gpl of NaF and 

CTAB. Similarly another set of 2 nos of anodes (same dimensions) were also 

made with non-modified lead dioxide. These anodes were separately inserted in a 

200 Lit perchlorate cell and experiments were carried out using sodium chlorate 



Chapter 3                                                                                                   Materials  and Methods  
 

Investigations On The Performance Upgradation Of  Perchlorate Cells And Rtd Modelling Studies 33 
 

as electrolyte as per Table 3.4. Experiments were continued till sodium chlorate 

concentration reaches 100 gpl. Based on the difference in initial and final 

concentration of sodium chlorate in the electrolyte, current efficiency was 

calculated for perchlorate formation. Results are tabulated. 

Table 3.4 Experimental Conditions for Validation 

Anodes Lead dioxide coated titanium 

Cathodes SS 316L 

Electrolyte Volume 200 lit 

Initial Concentration of Electrolyte 

      NaClO3– about 0.650 Kg/Lit 

Temperature  50-55oC 

Current density 22.5 A/dm2 

Voltage   4.0-4.2 V 

3.4  STUDIES FOR QUANTIFICATION OF INTERFACIAL 

ADSORPTIVECHARACTERISTICS OVER LEAD DIOXIDE 

ELECTRODES 

A 3- electrode mode setup was made. In three electrode mode, the reference 

electrode (R) is separated from the Counter (C) and connected to a third electrode. 

This electrode is most often positioned so that it is measuring a point very close to 

the working electrode (W/WS) (which has both Working and Working Sense 

leads attached). A diagram of a 3-electrode cell setup can be seen in Fig.3.11. 
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Table 3.5 shows the conditions and type of electrodes used for Potentiostatic 

studies. Model and Make of Potentiostat used was SOLARTRON SI 1260/1287. 

 
Figure 3.11  Three electrode cell setup 

3.4.1 Preparation of working electrode 

Titanium mesh (5 cm x 3 cm) was first sandblasted for getting adequate 

roughness, followed by etching in dil. HCl for removing all impurities. 

Subsequently, sample is washed in demineralized water for removing excess acid 

adhering on its surface. Then, sample is dried and coated (3 layers) with prepared 

solution of MMO (Mixed Metal Oxide) solution for getting a conducting layer 

over the surface. Each layer of application is followed by baking in electric oven 

at a temperature of 450-5000C for about 10 minutes. Finally a conductive layer 

over the substrate is obtained. This is then followed by an electro deposition of 

Lead dioxide as mentioned in Table 3.3 
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Table 3.5 Experimental conditions for Potentiostatic studies. 
 

Working electrode Lead dioxide 

Counter electrode Platinum/Iridium mesh 

Reference electrode Calomel 

Electrolyte 100gpl NaClO3 solution 

Various Potential 
difference (Vs Ref) 

maintained 

(in Volts) 

0.01,0.1,0.5,0.9,1.3, 

1.5,1.7,1.9,2.1 

 

Three-electrode setups have a distinct experimental advantage over two electrode 

setups; they measure only one half of the cell. That is, the potential changes of the 

working electrode are measured independent of changes that may occur at the 

counter electrode. This isolation allows for a specific reaction to be studied with 

confidence and accuracy.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1  DEVELOPMENT OF A PACKED/ COMPACT BED 

ELECTROCHEMICAL REACTOR 

4.1.1 Optimization of design configuration 

Different design configurations in the mode of packing of particulate electrodes 

were attempted as shown in Fig.4.1 (a), 4.1 (b) and 4.1 (c).Central aim of this sub 

study was to conduct a broader screening while choosing the optimized packed 

bed electrolyser design configuration for perchlorate conversion study. 

Configuration I and II basically suits for a batch operation whereas configuration 

III allows a continuous mode of operation. Sodium chlorate solution of known 

concentration was filled in cell configuration I and II whereas same solution was 

allowed to over flow in configuration III as explained in Fig.4.1. All these cells 

were operated under similar conditions for about 3 days and average current 

efficiency (CE) for perchlorate formation was determined as shown in Fig.4.2. 

Method of calculation of current efficiency for perchlorate formation is as 

follows. 

 

4.1.1.1 Calculation of Current efficiency 

 

Let amount of NaClO3 converted be ‘C’gms. 

Theoretical Ampere hours required for converting ‘C’ gms, say T = C/106.5 x 2 x 

26.8, where 2Faraday =2 x 26.8 Ampere hours 

Let actual Ampere hours passed be ‘P’. 

% Current efficiency for perchlorate formation, C.E = T/P x 100 



Chapter 4                                                                                         Results and Discussion  

38 Investigations On The Performance Upgradation Of Perchlorate Cells and RTD Modelling Studies 

 

From Fig.2, it is clear that annular design shown in Configuration I having PbO2 

particles filled in the inner cylinder, exhibited poor performance. Poor current 

distribution through the electrode bed owing to low resistance path between the 

cylinder regions had resulted in meager conversion. Significant improvement in 

current distribution and hence in CE was noticed in Configuration II when the 

anode feeder rod was inserted in to the bed of anode particulates. But the exact 

benefits from the inherent nature of Lead dioxide particulates were obtained in 

configuration III when there is a continuous circulation of electrolyte through the 

bed. Better current distribution coupled with uniform distribution of flow across 

the electrode bed had resulted in its improved CE. Resistance due to diffusion 

layer generated in the other two configurations was completely eliminated in 

configuration III owing to continuous regeneration of surface of electrode 

particles with fresh feed of unconverted chlorate ions. Configuration III was 

selected for further studies based on the above performance results. 

 

 
 
 
 
 
 

 



Chapter 4                                                                                         Results and Discussion  

 

Investigations On The Performance Upgradation Of  Perchlorate Cells and RTD Modelling Studies 39 
 

 
Fig. 4.1 Various configurations of PBER 

   Fig. 4.1 (a) Configuration I Fig.  4.1 (b) Configuration II 

Fig. 4.1 (c) Configuration III 
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Fig.4.2  Comparison of average current efficiencies (Operating conditions: 

      I=60A, Initial conc.of NaClO3 = 669 gpl, Duration = 3 days)  

 

4.1.2 Influence of Current density 

Influence of current density on the performance of PBER was studied at various 

current load by keeping other parameters like temperature and flow rate constant. 

Fig.4.3 shows the variation of current efficiency for each current load.                     

Fig.4.4 depicts the influence of current load on initial current efficiency. As 

expected, current efficiency increases steadily with current density in the electron 

transfer control regime where higher overpotential ensures better charge transfer 

reaction kinetics. A peak at 80A exhibits the limiting current region (IL) where 

reaction rate reaches sufficiently high for given operating conditions where after 

mass transfer control region prevails. As the current load is still increased, 

reaction will be sufficiently mass transfer controlled resulting in slight drooping 

down of current efficiency owing to depletion of reactant radicals at the electrode 

surface. Another significant finding is the systematic reduction of current 

efficiency with the depletion in concentration of NaClO3 as shown in Fig.4.5. 

This is due to the dependence of limiting current density on the concentration of 

reactant radicals as per following equation given by Walker and Wagg (1976). 
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                         퐼L(t) = 푛퐹푄퐶i[1-푒 / ]{푒 [ }                          (4.1) 

As per above equation, limiting current value (IL) also gets reduced as the 

concentration of Sodium Chlorate (Ci) decreases with time. Thus, maintaining 

electrolyser at IL(optimized for higher Ci) during the lagging phase of electrolysis 

(lower Ci) clearly sets up a mass transfer control regime and thereby a progressive 

reduction in efficiency. 

 
Fig.4.3 Effect of current on performance of electrolyser 

(Operating conditions: Initial conc. of NaClO3 = 669 gpl, Flow rate= 800 mL/min, 

Temperature = 600C, Bed height = 5 cm, Avg Particle Diameter = 690µ) 
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Fig.4.4 Effect of current on initial current efficiency 

(Operating conditions: Initial conc. of NaClO3 = 669 gpl, Flow rate= 800 mL/min, 

Temperature = 600C, Bed height = 5 cm, Avg Particle Diameter = 690µ) 

 

Fig. 4.5 Effect of Concentration of NaClO3 on current efficiency 

(Operating conditions: Initial conc. of NaClO3 = 669 gpl, Current- 60A, Flow 

rate= 800 mL/min, Temperature = 600C, Bed height = 5 cm, Avg Particle 

Diameter = 690µ) 
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4.1.3 Influence of electrolyte flow rate 

Fig.4.6 and 4.7 depicts the effect of electrolyte flow rate on the performance of 

electrolyser. Though not as influential as current density, an optimum flow rate of 

800 mL/min was obtained when other parameters were kept unvaried. As the flow 

rate is significantly increased beyond this value, residence time distribution of the 

reacting radicals becomes poorer resulting in substantial reduction in current 

efficiency (CE). Another finding from the graph is that CE gets slightly improved 

towards the lagging phase of electrochemical oxidation for higher flow rates 

(1000 mL/min & 1500 mL/min). This can be due to better availability of 

unconverted radicals at the electrode surface at limiting current conditions thereby 

slightly overcoming the mass transfer resistance. 

 
Fig. 4.6   Effect of flow rate on performance of electrolyser 

(Operating conditions: Initial conc. of NaClO3 = 669 gpl, Current load= 80A, 

Temperature = 600C, Bed height = 5 cm, Avg Particle Diameter = 690µ) 
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Fig. 4.7      Effect of electrolyte flow rate on initial current efficiency 

(Operating conditions: Initial conc. of NaClO3 = 669 gpl, Current load= 80A, 

Temperature = 600C, Bed height = 5 cm, Avg Particle Diameter = 690µ)  

4.1.4 Influence of temperature 

3 different electrolyte temperatures viz. 500C, 600C and 700C were selected to 

study its influence on the performance of electrolyser. Results are shown in 

Fig.4.8 & 4.9. In general, increase in temperature improves the rate of reaction. 

Surprisingly, a peak performance was observed at 600C, beyond which CE starts 

decreasing. This could be explained as follows. Basic electrochemical mechanism 

for Perchlorate formation is as follows. 

																																																						ClO3
- ⇋ 퐶푙푂3(ads) + e-																																																																				(4.2)		                                          

H2O		 → 푂퐻(ads) + H++  e- 

ClO3(ads) +푂퐻(ads) ⇋ 퐶푙푂4
- + H+ 

Perchlorate formation is a complex heterogeneous reaction proceeding through 

intermediate steps as shown above. Formation of hydroxyl ions by splitting of 

water molecule through one electron transfer step and its subsequent adsorption 

on lead dioxide surface forms the slowest among all. Charge transfer rate coupled  
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with the net availability of hydroxyl ions on the electrode surface are the two 

complimentary requisites for the enhancement in net reaction rate and hence in 

CE. With temperature, though charge transfer rate could be improved due to the 

higher solution conductivity, there could be a reduction in net availability of 

hydroxyl ions on the electrode surface owing to higher desorption rate. This can 

be the most probable reason for above drop in CE at higher temperature.  

 
Fig.4.8 Effect of electrolyte temperature on current efficiency 

(Operating conditions: Initial conc. of NaClO3 = 669 gpl, Current load= 80A, 

Flow rate -800 mL/min, Bed height = 5 cm, Avg Particle Diameter = 690µ) 
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Fig.4.9 Effect of electrolyte temperature on initial current efficiency 

(Operating conditions: Initial conc. of NaClO3 = 669 gpl, Current load= 80A, 

Flow rate -800 mL/min, Bed height = 5 cm, Avg Particle Diameter = 690µ) 
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Fig.4.10 Effect of bed height on current efficiency 

(Operating conditions: Initial conc. of NaClO3 = 669 gpl, Current load= 80A, 

Flow rate -800 mL/min, Temperature- 600C, Avg Particle Diameter = 690µ) 

 

4.1.6 Concentration- Time model 

 

Inorder to assess the theoretical behavior of the above PBER at limiting 

conditions, imminence with already established concentration- time (C-t) model 

by Walter and Wagg (1977) was checked. For ideal plug flow assumption at 

limiting current conditions in a recirculation system, C-t relationship is 

reproduced as follows. 

퐶i(t) = 퐶i
0. 푒 [                                                (4.3) 

where Ci(t) - Concentration of reactant ions in the electrolyte (here Sodium 

Chlorate) Ci
0 –initial concentration of reactant ions. All other terms are 

conventional and have usual meanings. Parameters considered in the model were 

obtained as follows. 
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4.1.6.1 Theoretical Model development 

Volume of Reservoir = 10.27 L 

Vol. Flow rate = 0.8 L/ min 

Space Time, T = Volume/ Vol. Flow rate= 10.27/0.8 = 12.5 min 

Cross sectional area of reactor, A = π. (7 x 2.54)2/4     = 248.16 cm2 

Length of bed, L = 5 cm 

Specific surface area, a = 6.λ/ρP. Ʃ ΔØ/DP 

  λ = 1/ 0.05 = 20 

 a = 6x 20/4.72 x [(0.8753/710)+(0.0946/605)+(0.0228/427.5)+(0.0027/327.5)+ 

                             (0.0046/300)] x (1/10-4)]    = 368.83 cm2/g 

 Mass Transfer Coefficient  = I/ z.F A C 

 = 80 / (2 x 96500 x 248.16 x C) 

    = 6.44 x 10-5 / C 

Thus,             푪t = ퟔퟔퟗ	풙	풆
풕

ퟏퟐ.ퟓ[ퟏ 풆( ퟐ.ퟓퟒ/푪t)]
																																																									(4.4) 

Fig. 4.11 gives the comparison between the actual behavior and theoretical model. 

Slight deviation between the predicted and actual behavior can be attributed to the 

erroneous and non-uniform velocity distribution of electrolyte through the bed of 

non-spherical and irregular lead dioxide particles. Another reason can be the 

inadequacy of ideal plug flow assumption in the development of the above model. 
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Fig. 4.11 Comparison between prediction and actual behavior at limited 

conditions 

 

4.2  DEVELOPMENT OF A SYSTEM FOR CONTINUOUS 

ELECTROSYNTHESIS OF SODIUM PERCHLORATE USING 

SINGLE BED PBER’S 

 

4.2.1    Configuration of cells 

Industrial manufacture at higher scale of production always demands continuous 

mode of operation for keeping consistency in quality and to minimize space 

requirements. Four PBER’s/compact electrochemical cells were arranged in series 

by properly designing hydraulic circuits so as to transfer adequate flow of 

electrolyte to the subsequent cells as well as for providing sufficient recirculation. 

Cooling of electrolytes was ensured by providing a jacketed product cooler 

capable of removing heat from the system by circulation of water through its 

jacket. A definite proportion of electrolyte from the cooler was taken as the final 
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product and the remaining portion was recycled back to the system. Fig. 4.12 and 

4.13 represents major components fabricated for above. Fig. 4.14 provides a 

sketch of arrangement. 

As the feed electrolyte enters and flows upwards through the electrically charged 

bed, incremental conversion to sodium perchlorate (SPC) occurs at each stage and 

would overflow to the adjacent cell. In this way, output from the product cooler 

was analysed transiently for getting the concentration of NaClO3 in product SPC. 

This procedure signifies the extent of conversion of sodium chlorate to sodium 

perchlorate inside these cells. Fig. 4.15 shows the configuration of cells. 

 
Fig.4.12 Major components fabricated for arrangement of single bed PBER’s 
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Fig.4.13 Electrolyte Cooler  

Fig.4.14 Schematic sketch for continuous electrosynthesis of SPC 
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Fig.4.15 Arrangement of cells for continuous electro synthesis  

of SPC using single bed PBER’s 
 

Few teething troubles faced during the free running trials of electrolysis. One of 

the critical issues was the non-uniform temperature distribution inside various 

cells as can be seen in Fig.4.16. Higher temperature only worsens the situation as 

this leads to a reduction in net availability of hydroxyl ions at the surface of 

particles leading to a drop in current efficiency. 

 
Fig.4.16 Temperature distribution at various locations of arrangement  

                         for continuous electrosynthesis of PBER 
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This issue was resolved by tapping a recirculation line to individual cells for 

systematic temperature control inside. Fig.4.17 shows a typical arrangement.          

Fig. 4.18 demonstrates the benefits. 

 
Fig. 4.17  Provision of tapped recirculation line to individual cells 

                             for continuous electrosynthesis  

 

 
Fig.4.18 Improved temperature distributions across cells after providing  

                       recirculation tapping across each cells 
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4.2.2    Trial results 

 Initially, cells were charged in recirculation mode without feeding the fresh 

NaClO3 solution. This period is termed as “stabilization period” where the 

initially filled sodium chlorate solution is converted completely to SPC solution 

having desired concentration. Beyond this, “continuous flow period” starts where 

the fresh feed is fed in at a define flow rate and the product is withdrawn at the 

same rate. As mentioned earlier, a definite proportion of output electrolyte is fed 

back to the system for maintaining adequate recirculation for cooling purpose. 

System was operated at initial concentration of Sodium Chlorate solution as 670 

gpl, a recirculation flow rate of 800 mL/min, amperage of 80A and a product flow 

rate of 12mL/min during “continuous flow period”. Fig. 4.19 depicts the transient 

behavior in concentration of NaClO3 in the collected product. From the above 

graph, its clear that there is a significant rise in concentration of NaClO3 in the 

product solution after elapsing definite time period, in comparison with the 

predicted one. It can be seen that concentration of sodium chlorate in product SPC 

during continuous flow period kept on rising from desired value of 30 gpl. This 

emphasizes the incompletion of reaction even after traversing through all the cells 

arranged in series.  

 
Fig.4.19 Transient behavior in NaClO3 conc. in product SPC during  

course of electroysis 
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On preliminary analysis, it was felt that when the fresh electrolyte at a higher 

concentration (about 670 gpl) is getting mixed with the electrolyte feed tank 

where the recirculation flow (partially converted) arrives at a higher flow rate, 

sudden “churning” of solution results. This amplifies the flow disturbances and 

hence resulting in poor conversion. In order to resolve the issue, entry of fresh 

feed into the system was modified by inserting across the outlet of electrolyte feed 

tank as shown in Fig. 4.20 

 
Fig.4.20  Modification in entry of fresh feed to electroysers arranged in series 

 
Fig. 4.21 Transient behavior in NaClO3 conc. before and after 

                                modification (in entry feed) 

From Fig. 4.21, it is clear that though there was an improvement in conversion, it 

is still far from the desired value. 

 



Chapter 4                                                                                         Results and Discussion  

56 Investigations On The Performance Upgradation Of Perchlorate Cells and RTD Modelling Studies 

 

4.3  DEVELOPMENT OF A DUAL BED PACKED/ COMPACT BED  

ELECTROCHEMICAL REACTOR 

A dual bed electrochemical reactor was fabricated as mentioned in section 3.1. 

One of the serious issue with respect to single bed PBER in addition to “current 

penetration depth” is the sharp increase in voltage drop in the cell with increase in 

current load as shown in Fig. 4.22. 

 
 

 
Fig.4.22 Voltage variation with current in single bed PBER 

A typical graph was plotted for dual bed PBER for a better comparison. Fig.4.23 

depicts the comparison. 
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Fig.4.23 Voltage variation with current in single and dual bed PBER 

It is seen that voltage drop across the cell could be brought down by converting to 

dual bed type. In multiple bed design, given volume of electrolyte passes through 

2 similar electrode bed accommodated inside same electrolyser body. Higher 

electrode surface inside the same electrolyser body coupled with closer electrode 

gap provide a favourable environment for effective charge transfer. This could 

have brought down required potential for passing same amount of current. 

4.4 DEVELOPMENT OF A SYSTEM FOR CONTINUOUS 

ELECTROSYNTHESIS OFSODIUM PERCHLORATE USING 

DUAL BED PBER’S 

Four dual bed compact electrochemical cells were arranged in series as done for 

single bed type by properly designing hydraulic circuits so as to transfer adequate 

flow of electrolyte to the subsequent cells as well as for providing sufficient 

recirculation.  Cooling of electrolytes was ensured by providing a jacketed  
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product cooler capable of removing heat from the system by circulation of water 

through its jacket. Hydrogen liberated from the system was exhausted out through 

a HDPE line. A definite proportion of electrolyte from the cooler was taken as the 

final product and the remaining portion was recycled back to the system. Major 

components fabricated for such arrangement is shown in Fig.4.24 and 

arrangement of the system is shown in Fig. 4.25. 

 
Fig.4.24 Major components fabricated for arrangement of dual bed PBER’s  

                    for continuous electrolysis 

 
Fig.4.25 Arrangement of cells for continuous electro synthesis  

                               of SPC using dual bed PBER’s 
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System was operated at initial concentration of Sodium Chlorate solution as 670 

gpl, a recirculation flow rate of 800 mL/min, amperage of 160A and a product 

flow rate of 19-24 mL/min during “continuous flow period”. Fig. 4.26 depicts the 

transient behavior in concentration of NaClO3 in the collected product. 

 
Fig.4.26 Transient behavior in NaClO3 conc. in product SPC during 

                          continuous electrolysis 

 

From the above graph, its clear that there is a significant rise in concentration of 

NaClO3 in the product solution after elapsing definite time period, in comparison 

with the predicted one. This emphasizes the incompletion of reaction even after 

traversing through all the cells arranged in series. In otherwords, rate of 

conversion at which chlorate ions getting completely oxidized to perhclorate ions, 

was slower with respect to the rate at which chlorate ions were fed to the system. 

Recirculation of cooled electrolytes to individual cells causing the flow 

disturbances, also adds to the problems.  
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4.4.1 Modifications/ Improvements carried out 

The above issues were resolved by introducing line condensers between each cells 

and modifying orientation of cells as depicted in Fig.4.27 and Fig.4.28. 

Introduction of line condensers for electrolyte cooling avoids the necessity of 

having independent electrolyte circulation streams to each cells. Rigorous back 

mixing inside cells, offered by recirculation loop, primarily disturbs the flow 

dynamics resulting in poor conversion. Line condensers between cells removes 

the ohmic heat of electrolyte as well as smoothens the electrolyte flow through 

bed thereby tantamounting to plug flow mode. From Fig.4.28, it is clear that 4th 

cell was disconnected from the cascade and introduced as a ‘polishing cell’. This 

cell needs to deal only the end stage electrolyte (preferably <100 gpl sodium 

chlorate in electrolyte) have only lean concentration of sodium chlorate 

overflowing from the product cooler. It is known from experience that significant 

drop in current efficiency is noticed when concentration of reactant radicals (here 

sodium chlorate) goes below 100 gpl. This could be the potential reason behind 

the poor performance of the previous configuration as depicted in Fig. 4.26. To a 

greater extend, this performance can be improved by providing enough residence 

time for the electrolyte specifically in its end stages.  Introduction of polishing 

cell thus provides ample residence time for electrolyte overflown from the 

intermediate cooler which is approaching its final stage conversion. Improvement 

in performance of the system could be captured from Fig.4.29.  
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Fig.4.27 Line condensers inserted between cells 

 

Fig.4.28  Modified orientation of 4th cell (“Polishing cell”) 
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Fig.4.29 Transient behavior in NaClO3 conc. in product SPC  

during continuous electrolysis 

An average current efficiency of 78% could be achieved in continuous mode 

which is much higher than conventional system (55-60%).  

4.5  MODELLING RESIDENCE TIME DISTRIBUTION (RTD) 

BEHAVIOUR IN A COMPACT/PACKED BED 

ELECTROCHEMICAL REACTOR (PBER) 

4.5.1 Theory 

A.  Open Dispersion Model 

This model predicts that electrolyte flow in the PBER is undisturbed at the inlet 

and outlet. Fundamental mathematical form is  
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= .
2C

2 −	                                                                             (4.5) 

Boundary conditions from are as follows. 

For open system, at entrance, FT(0-,t) = FT(0+,t). 

i.e−퐷 T
z=0

- + UCT (0-,t) = -D T
z=0

+ + UCT (0+,t)                                 (4.6) 

Or, CT(0-,t)  = CT(0+,t) 

At the exit,  

CT(0-,t)  = CT(0+,t) 

−퐷 T
z=L

- + UCT (L-,t) = -D T
z=L

+ + UCT (L+,t)                                     (4.7) 

Analytical solution of 4.7 is as follows. 

퐸(θ) = C/Cd = 	
( )

. 푒( ( 2)u.L/4θ.D)                                                           (4.8)                     

B. Model predicting small extent of dispersion (Small dispersion) 

For small extent of dispersion, the spreading tracer curve does not change its 

shape as it passes the measuring point. This yields a symmetric curve and 

analytical solution is as follows. 

퐸(θ) = C/Cd = 	
( )

. 푒( ( 2)u.L/4D)                                                            (4.9) 

C.  Tanks in Series Model 

This model predicts that electrolyte flow in PBER is discretised into equal sized 

hypothetical CSTR’s. The number of tanks in series nT describes the dispersion 

with nT =1 representing infinite dispersion and being equivalent to Pe= 0. 

Analytical solution which is also the definition of Erlang distribution is as 

follows.  
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퐸(휃) = 퐶/퐶d  = 	푛T T /(푛T-1)!θ(n
T-1)푒 T                                                       (4.10) 

Peclet No: (Pe) assumes greater significance in this context. It is defined as the 

ratio of transport by convection to the transport by diffusion or dispersion. Pe=0 

indicates that dispersion coefficient is maximum and system behaves as a 

backmix reactor whereas on the other hand Pe tending to infinity indicates that 

system behaves like a plugflow reactor. Thus, determining dispersion coefficient 

in a particular flow behavior permits to determine the reaction behavior inside a 

system.   

4.5.2.  Residence Time Distribution (RTD) curves at various flow rates 

 
 
 

 
 

Fig.4.30 (a) – RTD behaviour at 3.33 x10-5  m3/sec 
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Fig.4.30 (b) – RTD behaviour at 6.67 x 10-5 m3/sec 

 

 
Fig. 4.30 (c) – RTD behaviour At 1 x10-4m3/sec 
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                  Fig.4.30 (d) – RTD behavior At 1.33 x 10-4 m3/sec 

Fig.4.30- RTD behaviour under various electrolyte flow rates under 

                           non electroysing mode 

 

Table 4.1 Moments at various flow rates 
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Sl No 

Flow rate 

(m3/sec) 

1st moment (sec) 

tmean= ʃ t. E(t) dt 

2nd moment about 

mean (sec2) 

σ2 =   ʃ (t-tmean)2 E(t) 

dt 

1 3.33 x 10-5 141.48  3257 

2 6.67 x 10-5 65.05 2339.5 

3 1 x10-4 41.32 1109 

4 1.33 x 10-4 22.35 153.33 

0 

 ∞ 

0 

∞
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RTD behaviors of PBER under various electrolyte flows are depicted in Fig.4.30 

(a to d). Table 4.1 shows the calculated 1st and 2nd moment about mean. 

Reasonably good flow was observed through the reactor at 3.33 x 10-5 m3/sec, as 

the mean time interval falls at the right place. As the flow rate is increased, the 

curve shifts towards the left indicating the presence of early time mean. This 

observation along with long tail indicates the presence of stagnant backwaters. 

This can be ascertained by comparing the space time under each flow rates with 

the observed mean from graph. Following table 4.2 indicates that % difference 

predominantly increases at higher flows substantiating the presence of stagnant 

regions. 

Table 4.2 Difference between space time and observed mean 

 

 

Sl 

No: 

 

 

Flow rate 

(m3/sec) 

Space 

time (τ) 

(sec) 

tmean 

(observed from 

figure 4.30) 

(sec) 

Difference (τ-tmean) 

in % 

1 3.33 x 10-5 150 141.48  6 

2 6.67 x 10-5 75 65.05 10.64 

3 1 x10-4 50 41.32 21 

4 1.33 x 10-4 37.5 22.35 67.78 
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4.5.3 Modeling RTD behaviour 

Let QR be the flow of electrolyte through the bed and VR be the volume of PBER. 

Then tank residence time, TR = VR/QR. All time domains were converted to 

dimensionless θ mode, where θ = t/TR. From the respective exit age distribution 

curves, σ2 and tmean is estimated.  

 

Then, σ2
θ = σ2/ tmean

2        (4.11) 

Peclet no: is found out using the following equation; 

σ2
θ = 2 x D/(u.L) - 2 x(D/(u.L))2 x (1-e(-uL/D))     (4.12) 

Above parameters were inserted in respective modeling equations mentioned in 

equation 4.8 and 4.9 to get the predicted Eθ values using open dispersion model 

and model predicting small extent of dispersion respectively. For tank in series 

model, following equations were used. 

 

Pe = 2(nT -1)           (4.13)  

Eθ = (nT
nT)/(nT-1)! . θ(n

T
-1). e-nT.θ                                                                       (4.14) 

where nT represents number of tanks in series. 

Using these parameters and respective model equations, Eθ was analytically 

determined under various flow rates. Following is the graphical representation of 

these models. 
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Fig.4.31 (a) – RTD behaviour at 3.33 x10-5  m3/sec 

 
Fig. 4.31 (b) – RTD behaviour at 6.67 x 10-5 m3/sec 
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Fig.4.31 (c) – RTD behaviour at 1 x10-4m3/sec 

 
           Fig. 4.31 (d) – RTD behaviour at 1.33 x 10-4 m3/sec 

Fig.4.31- Modelling RTD behavior under various electrolyte flow rates  

                         under non electrolyzing mode 



Chapter 4                                                                                         Results and Discussion  

 

Investigations On The Performance Upgradation Of  Perchlorate Cells and RTD Modelling Studies 71 
 

From Fig.4.31 (a to d), it’s quite explicit that RTD behavior of PBER can be well 

approximated by open dispersion model and model predicting small extent of 

dispersion. Though tank in Series model could predict at higher flow rates, 

significant disparities could be seen at lower flows. In order to estimate the extent 

of dispersion, vessel Dispersion number (D/uL) was determined from equation 

4.12 and the same was plotted under various flow rates in Fig.4.32. Table 4.3 

shows the calculated values of D/u.L. It is observed that D/u.L values increases 

till the flow reaches 6 LPM and beyond which it decreases. It shows that axial 

dispersion coefficients become less prominent as the flow rate increases owing to 

predominant backmixing. This is the definitive reason for decrease in D/u.L 

values under high flow rates.  

 
Fig.4.32 Plot of D/u.L for various flow rates under non electrolyzing mode 
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Table 4.3 Calculated values of D/u.L 

Sl No: Flow rate (m3/sec) σ2
θ (from graph) D/uL  

1 3.33 x 10-5 0.0024 0.0012 

2 6.67 x 10-5 0.016 0.0081 

3 1 x 10-4 0.0178 0.009 

4 1.33 x 10-4 0.0027 0.00136 

4.5.4  RTD curves under electrolyzing conditions 

 
Fig.4.33(a) – RTD behaviour at 3.33 x10-5  m3/sec 

 

0.000

0.012
0.013

0.012

0.008

0.003
0.002

0.0000.0000.0000.000 0.000 0.000

-0.002

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0 50 100 150 200 250 300 350

Ex
it 

ag
e 

di
st

rib
ut

io
n

Time (Sec)



Chapter 4                                                                                         Results and Discussion  

 

Investigations On The Performance Upgradation Of  Perchlorate Cells and RTD Modelling Studies 73 
 

 
Fig.4.33(b) – RTD behaviour at 6.67 x 10-5 m3/sec 

 

 
Fig.4.33(c) – RTD behaviour at 1 x10-4m3/sec 
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Fig.4.33(d) – RTD behaviour at 1.33 x 10-4 m3/sec 

Fig.4.33- RTD behavior under electrolyzing mode 
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Fig.4.33 shows RTD behavior under electrolyzing conditions at various flow 

rates. Table 4.4 shows the calculated 1st and 2nd moment about mean. In general, 

an axial dispersion effect gets diminished under electrolysing mode at 

intermediate flow rates. This is primarily because non ideal axial flow currents 

gets disturbed by the back flow currents generated by gases which are inevitably 

produced at the electrode surface under electrolysing conditions. Recirculation, 

channeling and short circuit flows observed under certain flow conditions got 

totally eliminated under electrolyzing mode which may obviously be due to 

adequate backmixing of electrolyte between the particles, contributed by the gases 

generated around these electrode particles. 

 

4.5.5 Modified Dispersed Plug Flow Model (MDPFM) under electrolyzing 

conditions  

(Please refer Appendix A1 for detailed analytical treatment) 

This model assumes that a fraction of recirculation flow (α) generated due to 

gaseous evolution around the electrodes, flows back to the conventional platform 

of dispersed plug flow. It is pictorially denoted in Fig.4.34. 

 

Fig.4.34- MDPFM conceptual block diagram 

 

Exit age distribution (Eθ) as per dispersed plug flow model, 
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퐸(θ) =
( -1)

. 푒( ( )2Pe/4)            \                                                     (4.15)                

Thus, as per above model,  

1
'(t)

0
 = 

( -1)
. 푒( (

R
)2Pe/4)                                                                    (4.16) 

C1’(t)= 0

( -1)
. 푒( (

R
)2Pe/4)																																																																(4.17) 

Taking material balances 

Q + αQ = Q (1+α) 

At Junction point M, 

Q(1+α)C1’= Q.C1 +αq.δ(t=0)               (4.18) 

Taking Laplace transform across (4.18),  

Q.C1(s) + αq = Q(1+α) C1’(s)                    (4.19) 

We Know, C1
’(s) = ∫ 푒∞ 퐶1(t) dt 

Using standard results from integration, 

 

C1(s) =(1+α). 0

-1
. TR . √πPe-1. erfc (√πPe-1 . TR (s+0.5

TR
). 푒[ . R

2 (s2 +s.Pe/TR)] − 훼푞/푄 

(4.20) 

To find C1(t) by taking inverse Laplace Transform of C1(s) 

Comparing from the standard form of results for inverse Laplace transform for 

product form of exponential and error function, 

L-1 [ ek2.s2 x erfc (ks)] , k>0 = 1/(k√π). e(-t2/4k2) 

 

C1(t )= (1+α). 0

√ -1 . TR. √(πPe-1). 
√

. 푒 	. 푒( 2 /4k2 )푒( / R)t − 	훼푞/푄          (4.21) 
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Further simplifying and putting residence time distribution function as E(θ) = 

C1(t)/C0 (from equation A9) 

E(θ) = (1+α).
√ -1 . 푒 . 	 	( 2) − 	훼푞/푄퐶0                                                         (4.22) 

4.5.6 Validation of MDPFM 

By putting α=0.5, equation 4.22 was used to predict the values of E(θ) under 

various flow rates. Fig.4.35 represents the comparison with the actual behavior. 

 
Fig.4.35 (a) – E(θ) at 3.33 x10-5  m3/sec 
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                Fig.4.35 (b) – E(θ) at 6.67 x 10-5 m3/sec 

 

 
Fig.4.35(c) – E(θ) at 1 x10-4m3/sec 
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Fig.4.35 (d) – E(θ) at 1.33 x 10-4 m3/sec 

Fig.4.35- Prediction of E(θ) using MDPFM 

Equation4.22 represents the complimentary influences of two important terms           

e-0.5Pe (θ + θ2/2) and αq/QC0. I term being the dispersion effects due to non-idealities 

in flow dynamics and II term shows the back flow effects owing to the liquid 

recirculation aided by gas evolution under electrolyzing mode. Understandably, 

from above graphs, it is zoomed out that non idealities in flow currents gets 

diminished by the back flow currents generated by gases which are inevitably 

produced at the electrode surface under electrolysing conditions.  From Fig.4.35 

(a to d), it is clear that MDPFM predicts RTD behavior of PBER under 

electrolyzing conditions.  
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4.6 EFFECT OF MODIFIED LEAD DIOXIDE ANODES IN 

CONVENTIONAL PERCHLORATE CELLS  

4.6.1  SEM Characterization.  

Fig.4.36 (a) shows that Normal (or unchanged) anodes have asymmetrical surface 

growths due to dearth in control of crystal size of PbO2 during coating operation. 

In contrast, existence of foreign agents like surfactants in the conventional 

electrolyte impede the bumpy development of PbO2crystals, ensuing a uniform 

surface texture (Fig.4.36 (b to d)). Finer crystal habitat warrants restrained 

packing generating micropores thereby improving specific surface area of PbO2. 

Amongst the improved samples, crystalline features in samples representing 

Fig.4.36 (b) and (d) are effectively enriched with tips and more distinct edges 

whereas similar features are not observed in Fig. 4.36 (c). This can be due to the 

loss of crystallinity of PbO2 when Teepol is present in the coating solution 

thereby making it less chosen for this application. 

It is presumed that these foreign agents may adsorb on the PbO2surface forming a 

layer. This facilitates the surface diffusion of adsorbed atoms subduing the 

formation of excess new nuclei. These occurrences give not only a more uniform 

distribution of the current at the electrode/electrolyte interface, but also permits 

phenomenon to happen in a sluggish manner facilitating the adsorbed species to 

find the most appropriate locations in the deposit configuration. Consequently, 

deposits with thickly packed structure, smooth surface and lesser macropores 

could be attained. Further, this facilitates high mechanical strength and stronger 

adhesion of deposits to the substrate (Fig.4.36 (b to d)). Merging both additives 

(fluoride and cerium) and surfactants in identical ratio had revealed their 

influence on Lead dioxide structure (Figure 4.37 (a) to (c)). Despite the fact that, 
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entire 3 combinations ensued a compactly packed and smooth surface, 

combination of sodium fluoride and cetyl tri methyl ammonium bromide (CTAB) 

in identical proportions had given an ideal coating with lesser macropores. 

 

 

 

Fig.4.36   SEM images of anodes modified using surfactants. 

 

 
  

  b) LA/CTAB 

c) LA/Teepol   d) LA/Triton X-100 

a) LA/Normal 

a) LA/NaF+ CTAB  b) LA/Cerium Nitrate + Triton X 
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Fig. 4.37   SEM images of Modified Anodes with combination  

4.6.2   X-ray Diffraction 

Fig 4.38 and Fig. 4.39 reveals that when compared with un modified samples, the 

XRD patterns implies an obvious diminution in peak width of the diffraction lines 

and an exactly opposite trend in the intensity of peaks in improved Lead dioxide 

samples. Table 4.5 specifies that the magnitude of lattice spacing is reduced in 

modified samples. The lengthening of diffraction lines is the outcome of two 

interrelated phenomena: a reduction of crystallites and an upsurge in the range of 

microscopic stresses. Widening of diffraction lines is in accordance with the 

physical bonding between the coating and Ti substrate. Thus, the more crystalline 

is the sample, the sturdier is its gripping with Ti substrate.  

 

 

 

 

 

 

 

 

c) LA/NaF + TritonX  

 

a) LA/Normal 
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Fig.4.38 XRD of anodes modified using surfactants 
 
 
 

c) LA/Teepol 

 

 

b) LA/CTAB 

 

d) LA/Triton X 
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Fig.4.39    XRD of anodes modified by combinations of surfactants and additives 

 

 

a) LA/NaF + CTAB 

b) LA/Cerium Nitrate + Triton X 

 
c) LA/NaF + CTAB 
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4.6.2.1  Evaluation of % α-PbO2 in β-PbO2 samples  

α-PbO2 and β -PbO2 are the two polymorphic forms of lead dioxide. β -PbO2 is 

more preferred for this application than the alpha form because it has relatively 

low resistivity, good corrosion resistance even in low-pH medium, and a high 

overvoltage for the evolution of oxygen in sulfuric acid and nitric acid based 

electrolytes. Fraction of α-PbO2 (Wα) in beta form can be calculated from 

following relation given by Munichandraiah et al(1988) based on XRD data. 

Wα= 2	푥	 퐉훂′
퐊	∗	(퐉β1′	 	퐉β2')

                                                                                     (4.23) 

where K is a constant. The β-PbO2 form may be recognized from its most 

prominent lines (110, at 25.4◦2θ) and (101, at 32.05◦2θ), and α form from its 

(111, at 28.5◦2θ) line. The comparative intensities of these lines are designated as 

Jβ1’, Jβ2’ and Jα’, respectively. Parameters from XRD are shown in table 4.5. 

Results shown in  table 4.6specify that for undoped normal sample, the value is 

about 0.388 while in other improved samples, the value is much lesser. % ofα-

PbO2 in samples improved using sodium fluoride and CTAB is found to be much 

lesser by about one tenth, implying that those samples are enriched in beta form. 

Table 4.5      Parameters from X-ray Diffractogram 

Samples 25.40 2θ 

Wide (A0)  Height (A0)   

28.50 2θ 

Height(A0)   

32.050 2θ 

Wide(A0)   Height(A0)   

LA/Normal 3.478 340 132 2.78 340 

LA/CTAB 3.409 276 14.3 2.735 245 
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LA/Teepol 3.462 330 26.4 2.756 332 

LA/Triton X (TX) 3.5 690 269 2.792 700 

LA/NaF + CTAB 3.450 1444 38.4 2.763 1529 

LA/Cerium Nitrate+ TX 3.477 679 23 2.78 819 

LA/NaF + TX 3.467 1746 13.3 2.774 2066 

 

Table 4.6   Fraction of calculated α-PbO2 in prepared β-PbO2 samples. 

Sl No Sample Description Jα’(A
0

)   Jβ1’(A
0

)   Jβ2’(A
0

)   
[Wα = 2 * Jα’/ (K * 

(Jβ1’ + Jβ2’)] 

1 LA/Normal 132 340 

 

340 0.388 

2 LA/ CTAB 14.3 276 245 0.055 

3 LA/Teepol 26.4 330 438 0.068 

4 LA/TX 269 690 700 0.387 

5 LA/NaF+ CTAB 38.4 1444 1529 0.025 

6 LA/Cerium Nitrate+TX 23 673 819 0.031 

7 LA/NaF+T X 20.3 500 1066 0.026 
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4.6.3   Electrochemical Impedance Spectroscopy (EIS) analytical results 

EIS plots indicate that that by adding foreign agent like surfactants, electro 

catalytic features of attained lead dioxide changes quite effectively. Assessment 

of Nyquist plots of  both normal and other modified anodes from Fig. 4.40 clearly 

illustrates that addition of surfactants in the coating electrolyte made a substantial 

bearing on the kinetic features of the reaction. Experimental conditions for EIS 

studies are mentioned in table 4.6.  Impedance values for anode samples improved 

using CTAB are about 5 times higher than that for normal type. This is evidently 

due to enormously higher charge transfer resistance offered by those modified 

anodes. It may be probably because of poor charge transfer owing to trimethyl 

functional group present in CTAB. As H2SO4 was used as the electrolyte for EIS 

studies, the only reaction predictable at the surface of working electrode is O2 

evolution.  

It may be noted that decisive steps for crystal growth are diffusion processes and 

incorporation of adsorbed atoms at lattice sites in the micropores of active mass 

and in electrolyte. As per this mechanism, the rate of growth of lead dioxide 

particulates may be governed by the quantity of midway product Pb(OH)2 

generated at the electrode surface.  Existence of surfactants in coating solution is 

recognized to slow down creation of hydroxyl radicals than surface diffusion of 

deposited species. This postulation is hinged on the fact that generation of 

hydrophobic layers of surfactants makes the exchanges at the electrode/electrolyte 

interface more cumbersome. The diminution of the anodic generation of O2 may 

also be ascribed to possible interactions of surfactants with the hydroxyl radicals, 

as intermediate for O2 evolution. Samples prepared by combining both surfactants 

and additives also demonstrate an analogous trend (Fig.4.41). Charge transfer 

resistance (Rct) for oxygen evolution (under the existing conditions) vary as  
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LA/NaF+CTAB (12.5Ω) > LA/NaF +Triton X (11Ω) >LA/Cerium Nitrate + 

Triton X (4.5Ω) >LA/ Plain (0.8Ω). High Charge transfer resistance indicates that 

kinetics of the undesired oxygen evolution reaction is ominously affected. 

 

Table 4.7  EIS Experimental Conditions 

Working Electrode Lead dioxide 

Counter Electrode Platinum/Iridium mesh 

Reference Electrode Calomel Electrode 

Electrolyte 1 M H2SO4 

Frequency 100 KHz to 10 mHz 

Amplitude 5 mV 

 
Fig.4.40  EIS plots of anodes modified with surfactants 

 (Units of Z’ and Z’’ are in Ω (ohms) 

 

 
LA/ CTAB 
LA/ Triton X 
LA/ Normal 
LA/ TEEPOL 
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Fig.4.41  EIS plots of anodes modified with 

                     combination of surfactants &additives 

      (Units of Z’ and Z’’ are in Ω (ohms) 

4.6.4 Potentio Dynamic Response (PDR) Results 

 

Fig 4.42 shows PDR plot as obtained from CorrviewR Software. Since the 

objective is to understand the phenomena in positive (anodic) region, data from 

these regions were retrieved and the same was plotted with Log I on Y axis and 

Overpotential in X axis.  

 
LA/ NaF+ CTAB 
LA/ Cerium Nitrate +Triton X 
LA/ Normal 
LA/ NaF + Triton X 
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 (a)  PDR plots for full range of potential 

 
b)  PDR plots of anodes for desired range 

 

Fig. 4.42  PDR plots of anodes modified with surfactants and additives 

 

 
 
LA/ NaF +CTAB 
LA/ Cerium Nitrate+TX 
LA/ Normal 
LA/ NaF + TX 
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Exchange current density i0was obtained from the above graphs (from the 

intercepts on Y axis) and shown in Fig. 4.43. By closely analyzing, it is clear that 

i0 values are highest for LA/ NaF+CTAB and LA/ CTAB.  

 

Fig. 4.43 Exchange current density (i0) values in Amps/cm2 

4.6.5 Validation in perchlorate cell 

Experiments were carried out in 200 L cell for 3 individual batches using LA/ 

Normal, LA/CTAB and LA/NaF+CTAB to understand their performance in 

perchlorate cell. Calculated current efficiency details are given in Figure4.44. 

Significant increase in current efficiency was noticed for the modified anodes.  

This confirms the interpretations regarding the improvements in kinetic activity of 

this anode for perchlorate reaction as shown by EIS and PDR studies. 
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Fig.4.44   Calculated Current Efficiencies for perchlorate formation 

After the completion of 3 batches, anodes were taken out and physical inspection 

was carried out. All the above mentioned anodes were intact without any peel out 

of lead dioxide which ensures an assured long service life of these modified 

anodes. These findings were in close agreement with the indication given by 

Amadelli (1999), Shiyun Ai (2001) and Amjad (2010). 

4.7 QUANTIFICATION OF INTERFACIAL ADSORPTIVE 

CHARACTERISTICS OVER LEADDIOXIDE ELECTRODES 

 

4.7.1  Theory 

 

In contrast to measurement of interfacial tension for liquids, the direct 

measurement of interfacial tension for solids can be considered an impossible 

task. However, it is possible to apply indirect measurements to obtain 

electrocapillary curves for solid electrodes and therefore the information from 

these curves. Here, methodology adopted for determining charge density of 

A A A B C B C B C 

Current 
efficiency 
(%) 
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electrodes was by plotting current transients. i.e by measuring the current, I 

passing through the circuit as a function of time when the potential is changed 

from a value where adsorption of electroactive species does not occur to a value 

where adsorption occurs (at various fractions) at a given concentration of species 

in solution. Charge of the electrode can then be obtained by integrating these 

curves according to the equation,  

∫ (푑푞M
( M)θ

( M)0
) = ∫ 퐼 푑푡	표푟	∆푞M = 	 ∫ 퐼 푑푡	                                                         (4.24) 

where Δ qM  is defined by the equation : 

Δ qM  = (qM)θ – (qM)0. In this equation (qM)θ is the charge density of the electrode 

at a potential where the electrode is covered by ‘θ’ fraction of adsorbate and (qM)0 

in the absence of adsorbate. 

 

4.7.1.1 Plotting of electrocapillary curves of electrodes 

 

The interfacial tension at the electrode-electrolyte interface depends on the forces 

arising from the particles present in the interface region. If the composition of 

interface (i.e arrangement of particles at the interphase) is altered by varying the 

potential difference across the interface, then forces at the interface should change 

and thus a change in interfacial tension. Hence, it is expected that interfacial 

tension of the electrode-electrolyte interface should vary with the potential 

difference supplied by the external source. What is more informative is the type of 

variation of electrocapillary curves (interfacial tension Vs potential difference) for 

various electrode modifications which gives a clear understanding of the structure 

of interface.By applying basic thermodynamic principles at the electrode- 

electrolyte interface, following fundamental equation for polarizable interface can 

be obtained. 

푑훾 = 	−푞M푑푉 −	 M

j
푑휇j −	∑ гi푑휇i                                                             (4.25) 



Chapter 4                                                                                         Results and Discussion  

94 Investigations On The Performance Upgradation Of Perchlorate Cells and RTD Modelling Studies 

 

where γ- interfacial tension, qM -  charge density, j- particular species involved in 

the leakage of charge across the non polarizable interface, гi – surface excess of 

species ‘i’ of interest; here Chlorate ions, µ – Chemical potential.  

Since, during experimental conditions, composition of electrolyte is fixed, here 

100gpl of aq: solution of NaClO3, ∑ гi dµi =0 and dµj =0. Hence equation 4.25 is 

modified as  

const. composition = −푞M																																																																																																																																		       (4.26) 

This equation is known as Lipmann equation. Having known the values of qM 

from equation 4.25, interfacial tension at various potentials can be obtained from 

equation4.26. The potentials at which interfacial tension is maximum is known as 

electrocapillary maximum.   

 

4.7.1.2 Differential double layer capacity 

 

An electrified interface can be considered a system capable of storing charge, 

considering that it is a region where charges are accumulated or depleted relative 

to the bulk of the electrolyte. Unlike an electric capacitor, constancy of capacity 

may not be the case with electrified interfaces and in order to be prepared for this 

eventuality, it is best to define a differential capacity, C thus, 

C = M
const. composition = −(

2

2)const. composition (4.27) 

Hence, by differentiating curve qM Vs V at various potentials, a relation between 

differential capacity and potential difference can be obtained. 
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4.7.2 Determination of charge density of electrodesamples 

Fig 4.45 shows the current transients for various samples under potentials ranging 

from 0.01V to 2.1V (Vs Ref). Fig 4.46 shows the respective charge transients 

obtained by integrating the above curve. 
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(c) 

 
(d) 

Fig.4.45 Current transients for various samples (a) LA/Plain/Normal 

(b) LA/CTAB (c)LA/NaF (d)LA/NaF+CTAB 
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(d) 

    Fig.4.46  Charge transients for various samples  

(a) LA/Normal (b) LA/CTAB (c)LA/NaF 

(d) LA/NaF+CTAB 

 

As it is seen from current transients, the curves are initially nonlinear indicating 

any non Faraday reactions occurring at the electrode surface. Since our interests 

were to unravel information across electrochemical double layer, current 

transients were replotted to highlight the characteristics during the initial period, 

say initial 5sec. Modified plots are shown in Fig 4.47. If we look closer at all the 

above curves, it is clear that charge rise during lower potential step (0.01V Vs 

Ref) is lesser than 0.001C/cm2. This is due to lack of adsorption of reactive 

species (here Chlorate ions) on the electrode surface at this potential. Hence the 

transient values at this potential can be conveniently considered as potential at 

which no adsorption takes place.  
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(d) 

   Fig. 4.47  Modified Current transients for various samples  

a) LA/Plain (b) LA/CTAB  

c)LA/NaF(d)LA/NaF+CTAB 

Electrode charge density, Δ qM was calculated by integrating above curve Fig 

4.47. Since (qM)0 corresponds to the charge density at 0.01V Vs Ref, values of 

(qM)θ for all electrode samples were calculated at various potentials using the 

relation,Δ qM  = (qM)θ –(qM)0 and the same is tabulated in Table 4.8. 

Table 4.8 Calculated values of (qM)θ 
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E (Vs 

Ref) in 
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(qM)θ – 

CTAB 

(C/m2) 

(qM)θ – NaF 

(C/m2) 

(qM)θ – 

NaF+CTAB 

(C/m2) 

0.01 -0.0450 -0.0204 -0.052 -0.0344 

0.1 -0.0270 -0.0108 -0.0277 0.0013 

0.5 -0.0123 -0.0085 -0.015 0.0014 

0.9 -0.0055 -0.0071 -0.007 0.0028 

1.3 -0.0025 -0.0052 -0.003 0.0088 

1.5 -0.0015 -0.0022 0.044 0.0238 

1.7 0.0385 0.0428 0.189 0.0948 

1.9 0.0985 0.1238 0.508 0.2188 

2.1 0.1705 0.2158 0.817 0.3478 
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4.7.3 Electrocapillary curves 

Fig. 4.48 shows the variation of electrode charge density ((qM)θ) Vs Potential (E) 

for all samples. 

 

                   Fig.4.48  Variation of  (qM)θ with Potential 

                                                 (E vs Ref) for various samples  

 

Interfacial tension at various potentials for all electrode samples was calculated 

using Lipmann equation. (i.e by integrating Fig. 4.48). Electrocapillary curves for 

various samples were made as shown in Fig 4.49. Electrocapillary maximum for 

all samples were tabulated in Table 4.9 
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Fig.4.49  Electrocapillary curves for various samples  

 

Table 4.9   Electrocapillary maximum for    

       various anode samples 

 

Type of anodes Maximum 

value of γθ 

(dynes/cm2) 

Electrocapillary 

maximum 

(Volts) 

LA/Normal 0.014 1.5 

LA/CTAB 0.0167 1.4 

LA/NaF 0.018 1.4 

LA/NaF+CTAB 0.0198 1.3 

 

 

As shown in Fig. 4.49, electrocapillary curves were not true parabolas but a 

distorted one. This is due to the deviation from an ideal parallel plate model 

suggested by Perrin and Helmholtz. This is expected in an electrochemical 

interface where there will be both fixed and mobile charges with fixed one in 
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contact with the electrode and mobile charges scattered in the solution, as 

explained by Guoy-Chapman and Stern in their respective interface models. This 

results in variation of double layer capacity with potential causing a deviation 

from a normal parabolic shape of electrocapillary cuve.For modified samples, 

especially for LA/ NaF+CTAB (γθ)max is found to be higher than the normal 

electrode. Similarly (γθ)max occurs at a lower potential than the unmodified ones. 

Combining NaF and CTAB in equal ratio had given the best results due to their 

combined influence in modifying the surface. Above surface modifications gave 

rise to a conducive surface for the preferential adsorption of Chlorate/ hydroxyl 

ions over the electrode surface resulting in higher values of interfacial tension at 

lesser potential driving force. Since adsorption of electroactive species is the rate 

determining step in perchlorate formation, the increase in interfacial tension can 

inadvertently electrocatalyse the reaction. 

4.7.4 Determination of differential double layer capacity 

By differentiating Fig.4.47 differential double layer capacity (C) for all the 

electrode samples were obtained. Fig.4.50 shows its variation with potential. 

 

Fig. 4.50     Variation of Differential Capacity(C) for various samples
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 
5.1 STUDIES RELATED WITH SINGLE BED PACKED BED 

ELECTROCHEMICAL REACTOR (PBER) 

 An optimized flow- through packed bed electrochemical reactor using 

discarded Lead dioxide particles was made for energy efficient production 

of Sodium perchlorate.  

 Systematic studies were conducted to understand the influence of various 

critical parameters like current, temperature and flow rate on the 

performance of electrochemical reactor. This electrolyser outperforms the 

conventional parallel plate design owing to higher contact surface 

available.  

 Another added feature of above design is the complete elimination of 

expensive inert substrate and noble metal oxide under- coating required in 

parallel plate design.  

 Being most cost effective and energy efficient, this electrolyser 

outperforms the conventional parallel plate design.   

 Though not recorded in the study, the service life of these particulate 

electrodes will be extensively higher, since the life of TSLA’s (Titanium 

Substrate Lead dioxide coated anode) is defined till lead dioxide gets 

adhered to the substrate. Thus it excludes the necessity of labour intensive 

repeated lead dioxide coating procedures adopted in several 

electrochemical industries. 

 Another promising element regarding this design is the flexibility in 

leveraging its application in other industries where electrochemical 

oxidation is preferred like oxidation of effluents containing traces of 

organics like phenol etc,. 
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5.2 STUDIES RELATED WITH DUAL BED PACKED 

BEDELECTROCHEMICAL REACTOR (PBER) 

 Sharp voltage rise in a single bed reactor could be drastically brought 

down using a dual bed reactor. 

 A demonstration of continuous production of sodium perchlorate could be 

carried out by arranging these dual bed reactors after resolving problems 

connected with incomplete conversion. 

5.3 FLOW MODELLING USING RTD STUDIES 

 RTD behavior of PBER was studied in various flow rates with and without 

electrolysis.  

 Conventional dispersion models could explain the RTD behavior when 

PBER is operated without electrolysis. (D/u.L) values were determined by 

fitting in the dispersion model to assess the quantum of axial dispersion 

inside the packed bed.  

 Modified Dispersion Plug Flow Model (MDPFM) was developed to 

predict the residence time distribution function (E(θ)) under electrolyzing 

conditions. 

 Finally, the model was validated in RTD studies using PBER operated 

under electrolyzing mode at various flow rates.  

 

 

 

 

 



References  
 

Investigations On The Performance Upgradation Of  Perchlorate Cells and RTD Modelling Studies 107 
 

5.4     EFFECT OF MODIFIED LEAD DIOXIDE ANODES IN 

CONVENTIONAL PERCHLORATE CELLS 

 

 Morphology of samples prepared by altering coating electrolytes shows 

considerable distinction when viewed under SEM.  

 Existence of surfactants is likely to reduce the roughness of the 

deposits.SEM studies demonstrate that a combination of sodium fluoride 

and CTAB in coating solution imparts highly even and finer deposits of 

Lead dioxide. 

 XRD results specified that existence of fluoride ions in coating electrolyte 

appreciably dwindles the presence of α –PbO2 in the preparation of β- 

PbO2 and hence highly suitable for perchlorate formation. 

 EIS studies signify that anodes tailored using NaF and CTAB provides 

higher charge transfer resistance for oxygen evolution and thereby 

restrains it and hence favoring desired perchlorate reaction. 

 Values of i0determined from PDR of various anodes once again pointed 

out that kinetic activity of these anodes get varied for Perchlorate 

formation. 

 An increase of 10-15% in CE was observed for Perchlorate generation in a 

pilot level cell using LA/NaF+CTAB over LA/ Normal. This underlines 

the enhancement in kinetic activity of this anode for perchlorate reaction 

as shown by EIS and PDR studies. 

 

5.5    QUANTIFICATION OF INTERFACIAL ADSORPTIVE 

CHARACTERISTICS OVER LEADDIOXIDE ELECTRODES 

 

 Adsorption of electroactive species on Lead dioxide electrode during 

electrochemical oxidation of Sodium Chlorate to Sodium perchlorate was 

indirectly quantified using electrocapillary studies.  
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 It was observed that Lead dioxide electrode modified using a combination 

of CTAB and NaF had shown maximum variation in interfacial tension 

values at the electrode surface. This is due to the modifications on the 

electrode surface giving rise to a conducive surface for the preferential 

adsorption of Chlorate/ hydroxyl ions over the electrode surface.  

 Values of electrocapillary maximum for this modified electrode were also 

found to be lower indicating its better performance in conversion. 

 

5.6   SCOPE OF FUTURE RESEARCH 

 

 Effect of particle size distribution of peeled off  lead dioxide in the 

performance of packed bed electrochemical reactor. 

 Further options in reducing the voltage consumption of cell by adopting 

other options like mode of packing, etc. 

 Further flow modelling studies adopting CFD techniques. 

 Prediction of charge transfer resistance for the electrodes by developing a 

suitable equivalent circuit model via EIS techniques. 
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APPENDICES 
 

APPENDIX-A.1 Derivation of  MDPFM (RTD Model) 
 

Exit age distribution (Eθ) as per dispersed plug flow model, 

퐸(θ) =
( -1)

. 푒( ( )2Pe/4)                 (A.1)                

Thus, as per above model,  

1
'(t)

0
  = 

( -1)
. 푒( (

R
)2Pe/4)                                                                    (A.2) 

C1’(t) = 0

( -1)
. 푒( (

R
)2Pe/4)																																																																	(A.3) 

 

Taking material balances 

Q + αQ = Q (1+α) 

At Junction point M, 

Q(1+α)C1’=Q.C1 +αq.δ(t=0)          (A.4) 

Taking Laplace transform across (A.4),  

Q.C1(s) + αq = Q(1+α) C1’(s)         (A.5) 

We Know, C1
’(s) = ∫ 푒∞ 퐶1

'(t) dt 

Using standard results from integration, 

i.e, C1
’(s) =∫ 푒∞ 퐶0

4휋(푃푒-1)
. 푒(−(1− 푡

푇R
)2Pe/4) dt 
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From the standard form of integration results for exponential function, 

∫ 푒∞ ( 2 )
dx =  	 . 	 . 푒( 2 )/ . 푒푟푓푐(

√
)                                     (A.6) 

Where a = Pe/4.TR
2, b =s+ (Pe/2TR) , c = Pe/4. 

By appropriately inserting values for variables and simplifying C1
’(s) is obtained. 

From A.5, 

C1(s) = (1+α). 0

√ -1 . TR . √πPe-1. erfc (√πPe-1 . TR (s+0.5
TR

). 푒[ . R
2 (s2 +s.Pe/TR)] −

																		훼푞/푄																																																																																																																												(A.7)                                                

 

To find C1(t) by taking inverse Laplace Transform of C1(s) 

Comparing from the standard form of results for inverse Laplace transform for 

product form of exponential and error function, 

L-1 [ ek2.s2 x erfc (ks)] , k>0 = 1/(k√π). e(-t2/4k2) 

C1(t) = (1+α). 0

√ -1 . TR. √(πPe-1). 
√

. 푒 	. 푒( 2 /4k2 )푒( / R)t − 	훼푞/푄           (A. 8) 

Further simplifying and putting residence time distribution function as E(θ) = 

C1(t)/C0E(θ) = (1+α).
√ -1 . 푒 . 	 	( 2) − 	훼푞/푄퐶0                                           (A.9) 
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