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Abstract 

 

 Research on the electrocoagulation (EC) of hexane extractable materials (HEM) has been 

conducted at the University of New Orleans using a proprietary bench-scale EC reactor.  The original 

reactor configuration forced the fluid to follow a vertical upward-downward path.  An alternate 

electrode arrangement was introduced so that the path of flow became horizontal.  Both configurations 

were evaluated by comparing the residence time distribution (RTD) data generated in each case.  These 

data produced indication of internal recirculation and stagnant water when the fluid followed a vertical 

path.  These anomalies were attenuated when the fluid flowed horizontally and at a velocity higher than 

0.032 m s-1 . 

 A series of EC experiments were performed using a synthetic emulsion with a HEM 

concentration of approximately 700 mg l-1.  It was confirmed that EC of HEM follows first-order kinetics, 

and kinetic constants of 0.0441 s-1 and 0.0443 s-1 were obtained from applying both the dispersion and 

tanks-in-series (TIS) models, respectively. In both cases R2 was 0.97. Also, the TIS model indicated that 

each cell of the EC behaves as an independent continuous-stirred-tank reactor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Key words: Electrocoagulation, residence time distribution, bench-scale reactor, step-input tracer test, 
hexane extractable materials, first-order kinetics, dispersion model, tanks-in-series model, plug-flow 
reactor, aluminum electrode, non-ideal flow, wastewater treatment, oil and grease.
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I. Introduction 

 

 Even though electrochemical treatment of wastewater has been used for over a hundred years 

as an effective mean for metal recovery, and removal of dyes, and oil and grease, among other 

applications, most of the progress on knowledge base development and large-scale use of this 

technology has been made in the last 20 years.  An indication of this renewed interest on 

electrochemical treatment is the increasing number of publications found in scientific literature, and 

booming in commercial and industrial size equipment available from different sources and for a wide 

range of applications.  Probably one of the most underexploited uses of this technology is the 

electrocoagulation (EC) of contaminants from wastewater due, in the author’s opinion, to the 

“opposition” of chemical corporations whose business is largely benefited from the manufacturing and 

supply of chemical coagulants, polymer-based additives and related equipment to large treatment 

facilities around the world.   However, even in such corporation-dominated environment, EC treatment 

has found its way through and has established as a convenient, efficient, economical and compact 

alternative to conventional chemical coagulation and other traditional methods of pollutants removal.  

Among the benefits of EC, and perhaps the most notorious, is the in-situ generation of coagulants by 

electrolytic oxidation of an appropriate anode material (e.g. iron or aluminum).  Also, the entire process 

occurs inside a single stand-alone EC reactor that accommodates the dissolving metal electrodes in a 

compact frame. Such features make this technology especially attractive for use in facilities where space 

is limited or portability is desired. 

 Research on electrochemical treatment of hydrocarbon-contaminated bilge and sea water is 

currently taking place at the University of New Orleans using a bench-scale EC reactor that utilizes 

aluminum or iron electrodes as the source of coagulants.  The extensive experimental work carried out 

using this reactor has so far confirmed the effectiveness of EC for oil and grease removal from 

conductive wastewater; however, very little had been done to establish the kinetics of the EC process.  

Moreover, the same laboratory work also yielded indications of possible flaws in the design of the 

bench-scale reactor, which affect the overall reactor efficiency.  

 The research presented herein aims to address both deficiencies.  First, making use of tracer test 

techniques, the residence time distributions (RTD) for different experimental reactor configurations are 

obtained, allowing for identification and understanding of the causes and consequences of the non-ideal 

behavior of the bench-scale reactor.  Next, a series of EC experiments were performed and the results 
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were combined with the RTD data in order to establish the kinetics of the EC process.  Finally, the EC 

reactor was modeled by applying non-ideal flow correlations to the experimental results. 

 The results of this research are an important contribution to a better understanding of the 

nature of mass transport and kinetics of oil and grease removal from wastewater in an electrochemical 

cell; they also provide a possible explanation for the abnormal fluid behavior through the EC reactor. 

The effect of electrode plate arrangement and fluid velocity on reactor performance is analyzed, and 

finally, a model for optimization and design of an EC plug-flow reactor is presented. 
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II. Literature Review 

 

In this chapter, the fundamentals of electrocoagulation and reactor modeling are introduced.  The 

concepts and equations used for data analysis, results acquisition and interpretation are presented 

herein.  

 This section begins with a brief discussion of electrocoagulation principles, reactions and relevant 

operational parameters when using either aluminum or iron electrodes. This is followed by a discussion 

of the analysis and correlation of kinetic data, residence time distribution determination and reactor 

modeling by means of both the dispersion model and the tanks-in-series model. 

 

1. Electrochemical Wastewater Treatment 

As documented by Chen and Hung (2007), using electricity to treat water was first proposed in 

England in 1889. The application of electrolysis in mineral beneficiation was patented by Elmore in 1904.  

Electrocoagulation (EC) with aluminum and iron electrodes was patented in the United States in 1909.  

The EC of drinking water was first applied on a large scale in the United States in 1946.  At that time, 

because of the relatively large capital investment and the expensive electricity supply, electrochemical 

water or wastewater technologies did not find wide application worldwide.  However, in the United 

States and former USSR extensive research during the following half century has accumulated abundant 

amount of information.  With the ever increasing standard of drinking water supply and the stringent 

environmental regulations regarding the wastewater discharge, electrochemical technologies have 

regained their importance worldwide during the past two decades and processes such as 

electrochemical metal recovery, EC, electroflotation (EF) and electro-oxidation (EO) can be regarded 

nowadays as established technologies. 

 

1.1. Electrocoagulation 

In the environmental field, electrocoagulation is one of the main applications of electrochemical 

reactor technology for the treatment of water and wastewater. EC is a complicated process that 

involves many chemical and physical phenomena using consumable electrodes ( Fe/Al ) to supply 

ions into the water stream.  During the late nineteenth century, EC was applied in several large-scale 

water treatment plants in London (Matteson et al., 1995), while electrolytic sludge treatment plants 

were operated as early as 1911 in various parts of the United States (Vik et al. 1984). 
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Fe or Al is dissolved from the anode generating the respective metal ions, which immediately 

hydrolyze to polymeric iron or aluminum, and finally, generate the respective hydroxide.  These 

polymeric hydroxides are excellent coagulating agents.  The consumable (sacrificial) metal anodes 

are used to continuously produce polymeric hydroxides in the vicinity of the anode.  Coagulation 

occurs when these metal cations combine with the negative colloidal particles carried toward the 

anode by electrophoretic motion.  Contaminants present in the wastewater stream are treated 

either by chemical reactions and precipitation or by physical and chemical attachment to colloidal 

materials being generated by the electrode erosion.  They are then removed by flotation, 

sedimentation and filtration.  In conventional coagulation process, coagulant chemicals are added.  

By contrast, these coagulant agents are generated in situ in the EC process.   

The destabilization mechanism of the contaminants, particulate suspension, and breaking of 

emulsions taking place in an EC reactor may be summarized as follows (Comninellis and Chen, 

2010): 

1) Compression of the diffuse double layer around the charged species by the interactions of ions 

generated by oxidation of the sacrificial anode; 

2) Charge neutralization of the ionic species present in wastewater by counter ions produced by 

the electrochemical dissolution of the sacrificial anode.  These counter ions reduce the 

electrostatic inter-particle repulsion to the extent that the van der Waals attraction 

predominates, thus causing coagulation.  A zero net charge results in the process; 

3) Floc formation: the floc formed as a result of coagulation creates a sludge blanket that entraps 

and bridges colloidal particles that are still remaining in the aqueous medium. 

Water is also electrolyzed in a parallel reaction, producing small bubbles of oxygen at the anode 

and hydrogen at the cathode.  These bubbles attach to the flocculated particles and make them 

float to the surface through natural buoyancy.  In addition, the following physicochemical reactions 

may also take place in the EC cell (Paul, 1996): 

1) Cathodic reduction of impurities present in wastewater; 

2) Electrophoretic migration of the ions in solution; 

3) Reduction of metal ions at the cathode; and 

4) Other complex electrochemical reactions. 

The simplest EC reactor is made up of one anode and one cathode.  When a potential (usually of 

direct current) is applied from an external power source, the anode material undergoes oxidation, 
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while the cathode will be subjected to reduction or reductive deposition of elemental metals.  The 

electrochemical reactions with metal M  as anode may be summarized as follows: 

At the anode: 

(s) (aq)M M en n+ −→ +                                                                                                                                         (1) 

+
2 (l) (aq) 2(g)2H O 4H + O +4e−→                                                                                                                       (2) 

 

At the cathode: 

(aq) (s)M e Mn n+ −+ →                                                                                                                                         (3) 

2 (l) 2(g) (aq)2H O +2e 2H +2OH− −→                                                                                                                  (4) 

If iron or aluminum electrodes are used, the generated 2+
(aq)Fe (thermodynamically favored), 

3+
(aq)Fe or 3+

(aq)Al ions will immediately undergo further spontaneous reactions to produce 

corresponding hydroxides and/or polyhydroxides.  These compounds have strong affinity for 

dispersed particles as well as counter ions to cause coagulation.  The gasses evolved at the 

electrodes may impinge on and cause flotation of the coagulated materials (Jiang et al., 2002). 

Although the above reactions suggest the evolution of oxygen at the anode, Moreno et al. 

(2007) presented experimental evidence that oxygen is not generated at the cathode, as claimed by 

reaction 2. 

Upon oxidation in an electrolytic system, iron produces ferrous hydroxide, ( )2Fe OH , or ferric   

hydroxide, ( )3Fe OH , depending on the pH of the electrolyte.  A mechanism has been proposed by 

Yousuf et al. (2001) for the production of iron hydroxide in the absence of oxygen  

 At the anode: 

(aq)
2

(s)Fe Fe 2e+ −→ +                                                                                                                                        (5) 

(aq) (aq)
2

(s2 )Fe + 2OH Fe(OH)+ − →                                                                                                                   (6) 

 At the cathode: 

( ) (aq)2 l) g( 22H O 2 H 2OHe− −+ → +                                                                                                                 (7) 

 Overall reaction:  

(s) 2 ( (s) (gl) 2 )2Fe 2H O Fe(OH) H+ → +                                                                                                            (8) 
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The iron hydroxide formed remains in the aqueous stream as a gelatinous suspension, which can 

remove the pollutants from wastewater either by complexation or by electrostatic attraction, 

followed by coagulation.  In the surface complexation mode, the pollutant acts as a ligand ( )L  to 

chemically bind hydrous iron: 

( )(aq) (s) (s) 2 (l)L H OH OFe L OFe H O− → − +                                                                                            (9) 

 The pre-hydrolysis of 3+Fe cations also leads to the formation of reactive clusters for water 

treatment. 

The 2H  produced as a result of the redox reaction may remove dissolved organics or any 

suspended materials by flotation.  However, the 3+Fe  ions may undergo hydration and depending 

on the pH of the solution, 2Fe(OH) + , 2Fe(OH)+  and 3Fe(OH)  species may be  present under 

acidic conditions.  The reactions involved are: 
3 2

2 ((aq) (aq) (aq)l)Fe + H O Fe(OH) 2H+ + +→ +                                                                                                (10) 

3
2(aq) ((l) aq) (aq)2Fe 2H O Fe(OH) 2H+ + ++ → +                                                                                               (11) 

3
2 (l)( 3aq) (aq)Fe 3H O Fe(OH) 3H+ ++ → +                                                                                                     (12) 

      Under alkaline conditions, ( )6
Fe OH −

 and ( )4
Fe OH −

 ions may also be present.  It is, therefore, 

quite apparent that EC of both ionic and cationic species is possible by using an iron plate/rod as a 

sacrificial electrode. 

 When aluminum electrodes are used, the electrochemical reactions occurring are the following 

(Bensadok et al., 2008): 

At the anode: 
3+

(s) (aq)Al Al 3e−→ +                                                                                                                                         (13) 

At the cathode, depending on pH: 
-

2 (l) 2(g) (aq)2H O 2e H 2OH−+ → +                                                                                                                 (14) 

+ -
(aq) 2(g)2H 2e H+ →                                                                                                                                        (15) 

 The generated 3+
(aq)Al ions combine with water and hydroxyl ions to form corresponding 

hydroxides and/or polyhydroxides as follows: 

o Monomeric species such as 2+Al(OH) ,  +
2Al(OH) ,  and -

4Al(OH) by equations 16, 17 and 19. 

o Polymeric species such as 4
2 2Al (OH) + and +

2 5Al (OH) , 
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o Amorphous and less soluble species such as 3Al(OH)  by equation 18 and 2 3Al O . 

3+ 2
2Al +H O Al(OH) H+ +→ +                                                                                                                      (16) 

2+
2 2Al(OH) H O Al(OH) H+ ++ → +                                                                                                            (17) 

2 2 3Al(OH) H O Al(OH) H+ ++ → +                                                                                                             (18) 

3 2 4Al(OH) H O Al(OH) H− ++ → +                                                                                                             (19) 

 Considering only mononuclear speciation, the concentration of the various Al forms present in 

solution was calculated by Holt et al. (2002) depending on pH.  Figure 1 provides the speciation 

diagram obtained by the authors.   

 Al complexes acting as coagulants are adsorbed on oil  the particles and thus neutralize the 

colloidal charges, resulting in destabilization of the emulsion.  This phenomenon is similar to the 

action of chemical coagulants in the conventional chemical  treatment.   Hydrogen bubbles formed 

at the cathode can adsorb on the flocculated species and induce their flotation.  The bubbles formed 

also reduce fouling of the cathode surface which could occur due the formation of deposits. 

 

 
                                               Figure 1. Interactions occurring within an electrochemical reactor (Mollah et al. 2004) 

 

 NaCl  is usually employed to increase the conductivity of the water or the wastewater to be 

treated.  The presence of the chloride ion in solution has been reported to decrease passivation of 

the aluminum surface and thereby increase the efficiency of electrocoagulation processes. (Donini 
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et al., 1994; Jia qian, 1988). The chloride ion has been attributed a role in the pitting corrosion of the 

metal surface.  

 

1.1.1. Factors affecting Electrocoagulation 

1.1.1.1. Effect of Current Density or Charge Loading 

 Operating current density is very important in electrocoagulation because it is 

the only operational parameter that can be controlled directly.  In this system, electrode 

spacing is fixed and current is a continuous supply.  Current density directly determines 

both coagulant dosage and bubble generation rates and strongly influences both 

solution mixing and mass transfer at the electrodes.  

 In an EC reactor, the electrode or electrode assembly is usually connected to an 

external DC source.  The amount of metal dissolved or deposited is dependent on the 

quantity of electricity passed through the electrolytic solution.  A simple relationship 

between current density (A cm-2) and the amount of substances ( M ) dissolved (g of M

cm-2) can be derived from Faraday’s law: 

=
itMw
eF

                                                                                                                                      (20) 

where w is the quantity of electrode material dissolved (g of M cm-2), i  the current 

density (A cm-2) defined as the current per unit electrode surface area (area of electrode 

perpendicular to the direction of electrons’ flow), t  the time in s; M the relative molar 

mass of the electrode concerned, e the number of electrons in the oxidation-reduction, 

and F  is the Faraday’s constant, 96500 Cmol-1. 

 It is expected that there should be an agreement between the calculated 

amount of substances dissolved as a result of passing a definite quantity of electricity 

and the experimental amount determined.  Usually a good agreement is obtained (Vik 

et al., 1984).  One uncertainty is in the measurement of potential of the EC cell.  The 

measured potential is the sum of three components: 

AP k Mt IRη η η η= + +                                                                                                                   (21) 

where APη  is the applied overpotential (V), kη  the kinetic overpotential (V), Mtη  the 

concentration overpotential (V), and IRη  is the overpotential caused by solution 

resistance or IR drop (V). 
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 The IR drop is related to the distance ( d  in cm) between the electrodes, 

surface area ( A  in m2) of the cathode undergoing electrochemical reduction, specific 

conductivity of the solution ( k in mS m-1), and the current ( I in A).  The IR drop can be 

easily minimized by decreasing the distance between the electrodes and increasing the 

surface area of the electrodes and the specific conductivity of the solution.  

Concentration overpotential ( Mtη , V), also known as mass-transfer or diffusion 

overpotential, is caused by the change in analytic concentration occurring in the 

proximity of the electrode surface due to electrode reaction; in other words, by the 

differences in electroactive species concentration between the bulk solution and the 

electrode surface.  This condition occurs when the electrochemical reaction is 

sufficiently rapid to lower surface concentration of electroactive species below that of 

the bulk solution (Liu et al., 2010).  The overpotential is small when the reaction rate 

constant is much smaller than the mass-transfer coefficient.  The mass-transfer 

overpotential ( Mtη , V) can be reduced by increasing the mass of the metal ions 

transported from the anode surface to the bulk of the solution, which can be achieved 

by enhancing the solution turbulence.  It can also be overcome by passing electrolyte 

solution from anode to cathode at a higher velocity by using some mechanical means.  

With the increase in the current, both kinetic and concentration overpotential increase. 

 The current density is the key operational parameter, affecting not only the 

system’s response time but also strongly influencing the dominant pollutant separation 

mode.  The highest allowable current density may not be the most efficient mode of 

running the reactor.  It is well known that the optimal current density will invariably 

involve a trade-off between operational costs and efficient use of solution pH, 

temperature, flow rate, etc (Liu et al., 2010). 

 The current supply to the EC system determines the amount of 3Al + or 2Fe +

ions released from the respective electrodes.  For aluminum, the electrochemical 

equivalent mass is 335.6 mg A-1 h-1.  For iron, the value is 1041.0 mg A-1 h-1.  In order for 

the electrocoagulation system to operate for a long period of time without 

maintenance, its current density is suggested to be 20 – 25 A m-2 with the exception of 

measures taken for periodical cleaning of the surface of the electrodes.  The current 

density selection should be made with other operating parameters such as pH, 
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temperature, as well as flow rate to ensure a high current efficiency (Chen and Hung, 

2004). The current efficiency is defined as the ratio of current consumed in producing a 

target product to that of total consumed current.  For aluminum electrodes can be 120 – 

140%, while that for iron is around 100%.  The overall 100% current efficiency for 

aluminum is aluminum is attributed to the pitting corrosion effect, especially when 

there are chlorine ions present in solution.  The current efficiency depends on the 

current density as well as on the types of the anions.  The operating current density, or 

charge loading, can be determined experimentally if there are not any reported values 

available.  There is a critical charge loading required.  Once the charge loading reaches 

the critical value, the effluent quality does not show any significant improvement upon 

further current increase (Chen et al., 2000). 

 

1.1.1.2. Effect of Conductivity 

 When the electrolytic conductivity is low, the current efficiency will decrease, 

and high-applied bias potential is needed. This will lead to passivation of the electrode 

and increased treatment cost.  Generally, NaCl is added in order to increase the 

electrolytic conductivity.  Active chloride will also produce the Cl−  electrolysis, which 

will contribute to water disinfection (Wong et al. 2002).  The addition of Cl−  will also 

decrease the negative effect of 2
3CO − and 2

4SO − .  The presence of 2
3CO − and 2

4SO −

leads to the deposition of 2Ca + and 2Mg + and the formation formation of an oxide 

layer that will cause a rapid decrease in current efficiency.  It is therefore recommended 

that the electrolyte contains at least 200 mg L-1 of Cl− to ensure an efficient 

electrocoagulation in water treatment (Holt et al., 2005) 

 

1.1.1.3. Effect of Temperature 

The water temperature will also influence the electrocoagulation process. (Liu 

et al., 2010).  Al anode dissolution was investigated in the water temperature range 

from 2 to 90 °C.  The Al current efficiency increased rapidly when the water 

temperature increased from 2 to 30 °C.  The temperature increase will speed up the 

destructive reaction of oxide membrane and increase the current efficiency.  

However, when the temperature was over 60 °C, the current efficiency began to 
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decrease.  In this case, the volume of colloidal 3Al(OH) will decrease and pores 

produced on the Al anode will be closed.  The above factors will be responsible for 

the decreased current efficiency  

 

1.1.1.4. Effect of pH 

 The pH of the solution plays an important role in electrochemical and chemical 

coagulation processes (Chen et al., 2000).  Under certain conditions, various complex 

and polymer compounds can be formed via hydrolysis and polymerization reaction of 

electrochemically dissolved 3Al + .  The formation of 3Al + single-core coordination 

compounds is described by equations 16 to 19. 

 With the extension of hydrolysis of 3Al + , multicore coordination compounds 

and 3Al(OH) precipitate can be formed. 

3 3-n 4
n 2 13 3Al Al(OH) Al Al complex Al(OH)+ +→ → → →                                            (22) 

 In the pH range of 4-9, 2Al(OH) + , 2Al(OH) + , 4
2 2Al (OH) + , 3Al(OH) , and 

7
13 32Al (OH) + are formed.  The surface of these compounds has large amounts of 

positive charge, which can lead to adsorption, electrochemical neutralization and net 

floc-forming reactions.  At pH > 10, 4Al(OH) − is dominant, and the coagulation effect 

rapidly decreases.  At low pH, 3Al + is dominant, which has no coagulation effect.  

 In chemical coagulation, pH has to be adjusted after it changes due to the 

addition of coagulants.  In EC processes, the evolution of 2H at the cathode will increase 

the OH− concentration.  Thus, pH in the aqueous solution will increase when the pH of 

original water is in the range of 4 – 9.  However, when the pH of the original water is 

higher than 9, the pH of the treated water will decrease.  Compared with the chemical 

coagulation, EC can neutralize the pH of the treated water to some extend via the 

following reactions. 
3Al + 3H Al+ +→                                                                                                                      (23) 

3
2 3Al 3H O Al(OH) 3H+ ++ → +                                                                                            (24) 

3 4Al(OH) OH Al(OH)− −+ →                                                                                                (25) 

 When there are chloride ions, the following chemical reaction take place: 
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22Cl 2e Cl− −− →                                                                                                                      (26) 

2 2Cl H O HOCl Cl H− ++ → + +                                                                                            (27) 

HOCl OCl H− +→ +                                                                                                                 (28) 

 Hence, the increase of pH because of hydrogen evolution is more or less 

compensated by the H+ release reactions earlier.  For the increase in pH at acidic 

influent, the increase of pH is believed to be caused by the 2CO release from hydrogen 

bubbling, because of the formation of precipitates of other anions with 3Al + , and 

because of the shift of equilibrium toward the products in H+ releasing reactions. At 

high pH, reaction 24 occurs to the right easily, Ca+ and Mg+ can precipitate with

3Al(OH) .  At higher pH, reaction 25 proceeds.  These processes are responsible for the 

decrease of aqueous pH (Liu et al., 2010). 

 

1.1.2. Advantages and disadvantages of Electrocoagulation 

 As explained by Rajeshwar and Ibanez (1997), electrocoagulation offers several 

advantages over traditional technologies, including the following: 

o The smallest charged colloids can be treated, since they can move more easily than their 

larger counterparts within an electrical field; this facilitates coagulation.  Furthermore, 

such motion avoids the need for mechanical agitation, which (if uncontrolled) may 

destroy precipitates as soon as they are formed. 

o The amount of required chemicals is much lower (on the order of 1/10). For example, in 

conventional lime-neutralization processes, water hardness is increased. 

o A smaller amount of sludge is produced, due to the higher content of dry solids. For 

example, conventional addition of ferric chloride followed by lime or sodium hydroxide 

produces up to 30 liters of sludge for every liter of removed oil.  In addition, the sludge 

produced by the electrochemical treatment is more hydrophobic, which leads to more 

compact residues; this also leads to shorter decantation times. 

o No mixing of chemicals is required. 

o The durability of the electrodes translates to low “down times” for maintenance or 

replacement. 
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o Organic matter removal (including nonbiodegradable organics) is more effective; this 

facilitates subsequent biological treatment. 

o Coagulant dosing as well as required overpotential can be easily calculated and 

controlled. 

o Often, pH control is not necessary, unless this parameter acquires extreme values; this 

facilitates process design and operation. 

o High current efficiencies (~90%) can be achieved in well-designed systems. 

o Short contact times are required. 

o Operating costs are much lower when compared with most of the conventional 

technologies. 

 

 The major challenges for these processes are: 

o The production of 2H at the cathode may prevent precipitated matter from settling 

properly. 

o The concentration of aluminum or iron ions in the effluent will most likely be increased 

(for example, in oil removal, up to 550 mg l-1 of dissolved solids can be added by this 

process; nevertheless, by comparison, chemical coagulation methods generally add 

2000-3000 mg l-1 of dissolved solids).  Careful pH control would be needed if Al or Fe

contents are outside of the regulatory limits. 

o The produced insoluble hydroxides may agglomerate between the electrodes, 

hampering their further production. 

o These direct current processes are frequently accompanied by anode passivation and 

sludge deposition on the electrodes; to prevent this, alternating current with controlled 

reverse pulses (and with the addition of anode activating ions such as chlorides) has 

been found to substantially lower the required anodic polarization and facilitate 

continuous renewal of the electrode surface by redeposition of the metal oxidized in the 

forward pulse. This procedure has the added benefit of doubling the time required for 

electrode replacement. 

o Investment costs are relatively high, although operating cost tend to be smaller than 

with other techniques. 
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2. Analysis and Correlation of Kinetic Data 

2.1.  Ideal Reactors 

In an ideal reactor the conditions of mixing and fluid flow are defined very precisely. 

In the continuous stirred-tank reactor (CSTR), mixing is so intense that the species 

concentrations and the temperature are the same at every point in the reactor.  Moreover, mixing is 

complete down to a molecular scale.  Every molecule that enters the reactor is immediately mixed 

with molecules that have been in the reactor for a longer time.  There is no tendency for molecules 

that entered the reactor at the same time to remain associated.  

In the plug-flow reactor (PFR) there is no mixing in the direction of flow.  All the molecules that 

enter the reactor at the same time stay together as they flow through the reactor, and they all leave 

the reactor at the same time.  Moreover, there are no gradients of either concentration or 

temperature normal to the direction of flow. 

 These two continuous, ideal reactors represent limiting cases of fluid mixing.  The behavior of a 

real reactor will often approximate either one of these ideal reactors.  However, this is not always 

the case. 

 

2.1.1. Stirred-Tank Reactors (CSTRs) 

In ideal CSTRs there are no spatial variations of concentration or temperature, and the 

rate is the same at every point inside the reactor. 

  The design equation for an ideal CSTR can be written as follows (Roberts, 2009) 

0 0

 
− = =A A A A

A
x F x C Qr

V V MW
                                                                                                                         (29) 

where 0 0=A A AF C Q MW . This equation shows that the reaction rate, Ar , can be obtained 

directly in a CSTR if the fractional conversion Ax  is measured, and if the molar feed rate 0AF  

and the reactor volume V  are known.  0AC  is the concentration of specie A , AMW  its 

molecular weight, and Q is the volumetric flow rate. 

In order to obtain data useful for testing the assumed rate equation, the composition in 

the CSTR must be varied over a wide range in order to determine how the reaction rate, Ar− , 

behaves as a result of changes in the various species concentrations.  This can be achieved by 

varying the composition of the inlet stream and by varying the space time τ  ( /V Q ). 
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The major advantage of using a CSTR to study the kinetics of a reaction is that values of 

the reaction rate Ar−  can be obtained directly from the data via equation 29, which simplifies 

the analysis.   

 

2.1.2. Plug-Flow Reactors (PFRs) 

2.1.2.1. Differential Plug-Flow Reactors 

Differential plug-flow reactors operate at very low (differential) conversion and, 

therefore, are widely used in kinetic studies of heterogeneous catalytic reactions.  

  The design equation for an ideal PFR in differential form is (Roberts, 2009) 

0

dd A

A A

xV
F r

=
−

                                                                                                                                  (30) 

 Assuming that the PFR operates at a very small fractional conversion Ax , of the 

order of a few percent, and that the reactor is isothermal, then the reaction rate will not 

vary substantially between the reactor inlet and the reactor outlet.  Equation 30 can be 

integrated by assuming that Ar−  is constant at some average value, Ar− .  Thus, 

0

A

AA

xV
F r

=
−

                                                                                                                                  (31) 

or 

0 /A A Ar x F V− =                                                                                                                         (32) 

 A value of the average reaction rate can be calculated from the measured outlet 

conversion Ax  using equation 31.  The concentrations that are associated with this 

value of Ar−  usually are taken to be the average of the inlet and outlet concentrations. 

 

2.1.2.2. Integral Plug-Flow Reactors 

In an integral PFR, the reactant conversion is significant; therefore, the 

assumption that the reaction rate is constant in the direction of flow is not valid.  If an 

ideal, isothermal PFR is operated with a constant feed composition at several different 

values of 0/ AV F , and the fractional conversion, Ax , is measured at each value of 

0/ AV F .  The resulting data will have the form shown in the following figure. 
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                                                                                         Figure 2. Fractional conversion vs reactor volume to molar feed ratio 
                                                                                          in an integral PFR. (Roberts, 2009) 

 

It is possible to calculate values of the reaction rate Ar−  at various values of Ax .  

The integral form of the PFR design equation (Roberts, 2009) 

0 0

dAx
A

A A

xV
F r

=
−∫                                                                                                                                (33) 

can be differentiated to give 

0

d
d( / )

− = A
A

A

xr
V F

                                                                                                                       (34) 

Equation 34 shows that the reaction rate at any value of Ax  is equal to the slope 

of the curve in the figure above, taken at the specific value of Ax .  This relationship is 

represented in the following figure. 

 

 
                                                                       Figure 3. Reaction rate determination in an integral PFR. (Roberts, 2009) 
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Therefore, a value of the reaction rate at 1x  can be obtained by taking the 

derivative of the Ax  vs. 0/ AV F  curve at 1x  according to equation 34. 

 

2.1.2.3. Electrochemical (Plug-Flow) Reactors 

Many electrochemical reactors operate under limiting current conditions when 

the overall rate of reaction is restricted by the rate of convective-diffusion of species 

towards the electrode surface.  This mode of operation is found when the overpotential 

at the electrode is high and the rate of the process then depends on the rate at which 

the reactant reaches the electrode.  The interconversion of an oxidized ( O ) and 

reduced ( R ) species of a redox couple O  /  R  

O ze R−+ →                                                                                                                               (35) 

can be considered.  The cathodic reaction may be explained through a three step 

mechanism: 

a) Mass transport of reactant towards the electrode: 

bulk surfaceO O→                                                                                                                          (35a) 

b) Electron (or charge) transfer at the surface: 

surface surfaceO ze R−+ →                                                                                                            (35b) 

c) Mass transport of product away from the electrode: 

surface bulkR R→                                                                                                                           (35c) 

For the case of the electrochemical reaction (35), in which the overpotential is 

sufficiently high, the rate of reaction becomes dependent only on the rate at which the 

reactant is supplied to the electrode.  The limiting current conditions have then been 

achieved.  In this case the process becomes completely mass transport controlled, i.e., 

reaction 35a becomes the rate controlling step, and the production rate becomes highly 

dependent of the fluid flow conditions in the reactor. 

In reactor analysis, it is necessary to set up a material balance in order to 

determine the reactor design equations.  The material balance is based in the principle 

of the conservation of matter and in the case of the component O  in reaction, equation 

35 can be written as: 

Rate of mass input - Rate of mass output 
        - Rate of loss = Rate of accumulation

                                                                            (36) 
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For the case of PFRs, there is no accumulation of materials and we can write for 

component  O : 

Rate of mass input-Rate of mass output 
                           = Rate of mass disappearance

                                                                  (37) 

In an electrochemical reaction the rate of mass disappearance of O  (i.e. 

[ ] /d O dt ) is given by the expression: 

d [ ]
d

I O
eF t

= −                                                                                                                             (38) 

where I is the cell current in Amps.  The quantity /  I eF is the rate of material flow and 

has units of mol s-1. 

Here, the reaction is considered to take place under mass transport control and 

the value of I  is the limiting current, LI ,  given by: 

*
L mI eFk AC=                                                                                                                            (39) 

where mk  is the mass transport coefficient (a type of heterogeneous rate constant)  in 

m s-1 , A  is the reactive electrode surface area in m2 and *C  is the concentration of the 

electroactive species in the bulk electrolyte.  For a given reaction and a given reactant 

level, the product mk A must be as large as possible. As explained by Rajeshwar and 

Ibanez (1997), one strategy to accomplish this is by using three-dimensional electrodes.  

In such case, the active electrode area per unit volume is 

=e
e

AA
V

                                                                                                                                        (40) 

where eA is the electrode’s volumetric surface area in m2/m3 and eV is the electrode 

volume.  If a volumetric mass transport coefficient is defined as the kinetic constant for 

this type of reaction, ' = =m e mk k A k A V , then, equation 39 can be rearranged for a 

two-dimensional electrode as 

*' = LIk
eFC V

                                                                                                                               (41) 

 with 'k  in s-1 and V  being the reactor volume in m3. 

   Combining equations 38 and 41 yields 
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[ ] *d
'

d
= =LO I k C V

t eF
                                                                                                               (42) 

 

which can be rewritten, for a plug-flow reactor, by dividing by both V and the linear 

flow velocity of the fluid, v  in m/s, to give 

d '
d

= −L
L

C k
L v

C                                                                                                                            (43) 

where  LC  is the reactant concentration at a distance L  into the reactor.  This equation 

is equivalent to equations 34 or 44 and indicates that the reactor performance, in terms 

of conversion, depends strongly upon the product of the volumetric mass transport 

coefficient.  The value of mk  depends upon reactor geometry, the type of flow and 

volumetric flow rate.   

Equation 43 can be integrated and rearranged in terms of fractional conversion  

( )
0

'ln ln 1
   = − = −   

  
AL

A
A

C kx L
C v

                                                                                         (44) 

or 

'1 exp   = − −    
A

kx L
v

                                                                                                           (45) 

This is equivalent to 

( ),

,0

ln ln 1 '
   = − = −       

A E
A

A

C Qx k
C V

                                                                                (46)                              

Equation 46 indicates that the reactor’s average detention time τ = Q V .  

Therefore, equation 46 results in 

( ),

,0

ln ln 1 'τ
 

= − = −  
 

A E
A

A

C
x k

C
                                                                                              (47) 

It is very important to calculate the value of 'k , since this is the factor determining 

the overall reactor performance.   
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2.2. The Integral Method of Data Analysis 

 The integral method of analysis can be used when available data are in the form of 

concentration (or fractional conversion) versus time or space time. This kind of data is obtained 

when an ideal batch reactor or an ideal plug-flow reactor is used.  Therefore, use of the integral 

method avoids the need for numerical or graphical differentiation. 

 As explained by Roberts (2009), the steps in the integral method are: 

1. A rate equation is assumed. 

2. The appropriate design equation is integrated to generate a relationship between concentration 

(or conversion) and time (or space time). 

3. The relationship is linearized. 

4. The data are plotted so as to test the linearized equation. 

5. If the equation fits the data, the values of the slope and the intercept are used to estimate the 

unknown parameters in the rate equation. 

For example, if a first-order rate equation is to be assumed, then equation 34 can be rewritten as  

d
d

− = − =A
A A

Cr kC
t

                                                                                                                                        (48) 

which after integrating becomes 

0

ln = −A

A

C kt
C

                                                                                                                                                    (49) 

 In terms of conversion, the rate equation 44 is 

d (1 )
d

= −A
A

x k x
t

                                                                                                                                               (50) 

 This equation can be rearranged and integrated so that a linearized expression results 

( )ln 1− = −Ax kt                                                                                                                                               (51) 

 If the experimental data corresponds to this form of rate of equation, plotting ( )ln 1− Ax or 

( )0ln /A AC C vs. t  will give a straight line through the origin. 

 

3. Diagnose and Characterization of Reactor Flow  

In a real reactor, every molecule may not spend exactly the same time in the vessel.  If there were 

mixing in the direction of flow, some of the molecules that entered the vessel at time 0t = , might catch 

up to molecules that entered at an earlier time, say t δ= − .  Similarly, some of the molecules that 
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entered at 0t =  might be overtaken by ones that that entered at a later time, say t δ= .  In general, 

individual molecules will spend different amounts of time in the vessel. 

Given a fluid flowing through a vessel at steady state and assuming that there is no change in 

density, the time each molecule of fluid spends in the reactor or distribution of times can be calculated 

experimentally by means of tracer injection techniques. 

The use of a tracer to study the flow of a fluid through a vessel is known as a tracer response 

technique.  A known amount of tracer is injected in a known pattern (such as an instantaneous pulse), 

and the response of the tracer to the flow conditions that exist in the vessel is measured.  The use of 

tracer response techniques is common in medicine, as well as in chemical and environmental 

engineering. 

Selection of a suitable tracer can be a challenging task.  Since the tracer must move through the 

vessel exactly like the bulk fluid, the tracer cannot settle, phase separate, react, adsorb on the vessel 

walls or on any internal components such as an agitator or baffle or on a solid catalyst, diffuse relative to 

the bulk fluid, or influence the flow of the bulk fluid in any way. 

 The tracer concentration must also be easy to measure.  Some commonly used measurement 

techniques are radioactivity, electrical conductivity, absorptivity and refractive index. 

 

3.1. Tracer Response Curves for Ideal Reactors 

3.1.1. Ideal Plug-Flow Reactor 

 In an Ideal PFR, elements of fluid pass through the reactor in single file.  There is no fluid 

mixing in the direction of flow.  Each element of fluid spends exactly the same time in the vessel.  

Therefore, every molecule of an ideal tracer will spend exactly that time in the vessel.  At the 

vessel exit, the entire quantity of injected tracer will be detected at the same time.  

  The tracer response curve will resemble the one shown below. 
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                                                             Figure 4. Tracer response in an ideal plug-flow reactor (Roberts, G. 2009) 

 

The time that the tracer spends in an ideal PFR is τ= =t V Q (Eq. 60).  This is easy to 

see if the reactor has a constant cross section A  in the direction of flow.  In this case, the 

velocity of the fluid in the direction of flow is Q A  at every point in the reactor.  If the length of 

the vessel in the direction of flow is L , the time required to traverse the vessel is

( ) =L Q A V Q  (Roberts, 2009). 

 If there were a slight amount of mixing in the direction of flow, all of the tracer would 

not emerge at exactly the same time.  A small amount might mix with fluid elements that were 

injected somewhat earlier, and a small amount might mix with elements that were injected 

somewhat later.  This mixing would cause “spreading” of the response curve, as shown below, 

 

 
                                                                    Figure 5. Tracer response in a plug-flow reactor with a slight  

              amount of mixing in the direction of flow. (Roberts, G. 2009) 
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3.1.2. Ideal Continuous Stirred-Tank Reactor 

In an ideal CSTR, the feed mixes instantaneously into the contents of the reactor, and 

the composition of the effluent stream is exactly the same as the composition of the fluid in the 

reactor.  If a pulse of tracer is injected at 0t = , it will mix instantaneously with the fluid in the 

reactor.  The concentration of tracer in the reactor at 0t =  is as high as it ever will be.  This is 

because the fluid that enters the reactor at later times does not contain any tracer, and because 

the tracer begins to leave the reactor as soon as it is injected, since the composition of the 

effluent stream is the same as the composition of the fluid in the reactor. 

The concentration of tracer in the stream leaving the CSTR has a maximum at 0t = , 

and it declines continuously thereafter.  The tracer response curve for an ideal CSTR will 

resemble the one shown below (Roberts, 2009). 

 

 
                                                                     Figure 6. Tracer response in an ideal continuous stirred-tank  
                                                               reactor (Roberts, G. 2009) 
 
 

3.2.  Non-Ideal Reactors and the Residence Time Distributions  

 Real equipment always deviate from the ideal flow patterns, plug flow and mixed flow.  In order 

to account for these deviations from ideality, some interrelated factors like the residence time 

distribution (RTD), the state of aggregation and the earliness and lateness of mixing of material 

flowing through the vessel, may yield an approximate picture of the real/non-ideal flow pattern.  

 Deviation from the two ideal flow patterns can be caused by channeling of fluid, by recycling of 

fluid, or by creation of stagnant regions in the vessel.  
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  Residence time distribution or RTD functions provide a quantitative way to describe how much 

time a flowing fluid spends in a reactor and can be obtained from a stimulus-response experiment 

like the previously discussed tracer injection technique. 

 

3.2.1. The Exit-Age Distribution Function, ( )E t  

If we consider a vessel with a constant density fluid flowing through it at steady state 

and the fluid crosses the boundaries of the vessel only by convection (there is no diffusion 

across the system boundaries, i.e., closed vessel ), then, the exit-age distribution function, ( )E t , 

is defined as 

( )d fraction of fluid leaving the vessel at time  that was
               in the vessel, for a time between  and d

≡E t t t
t t      

 The exit-age distribution function is also known as the external-age distribution function 

and can be represented graphically in the following figure 

 

 
                                                                        Figure 7. The exit-age distribution curve E or RTD for fluid  

                                                      flowing through a vessel  (Levenspiel, O. 1999) 
  

By definition, 

0

( )d 1E t t
∞

=∫                                                                                                                                                (52) 

 The fraction of fluid in the effluent stream that was in the vessel for a time between 

0t =  and t t= is given by 

              0

fraction of fluid in the exit stream that 
( )d

was in the vessel for a time less than 

t

E t t
t

 
=  

 
∫                         
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 Similarly, the fraction of fluid in the effluent stream that was in the vessel for a time t  or 

longer is given by 

              

fraction of fluid in exit stream that was
( )d

in the vessel for a time greater than t

E t t
t

∞  
=  

 
∫

   
  Now, consider a pulse of tracer is injected right at the inlet of a closed vessel at a time 

 0t = , then 

               

fraction of tracer in the effluent stream that was
in the vessel for a time between  and d

fraction of fluid in the effluent stream that was
in the vessel for a time between  and d

t t t

E
t t t

 
 + 

 
= = + 

( )dt t
 

  The fraction of fluid that was in the vessel for a time between t  and ( d )t t+ is just 

 ( )d .E t t   Since all the tracer was injected exactly at 0t = , the fraction of tracer that was in the 

 vessel for a time between t  and dt t+  is  

              0

fraction of tracer in the effluent stream that was ( )d
in the vessel for a time between  and d

( )d
∞

 
= +  ∫

QC t t
t t t

Q C t t
 

 where Q  is the volumetric flow rate through the vessel in 3m s  and ( )C t is the concentration 

 of tracer in the exit stream at any time t . 

  This leads to 

0

( )( )
( )d

C tE t
C t t

∞=

∫
                                                                                                                                        (53) 

  Equation 53 allows calculating the exit-age distribution function ( )E t from the tracer 

 response data that is obtained after a pulse experiment. 

 

3.2.2. The Cumulative Exit-Age Distribution Function, ( )F t  

 An alternative approach to the pulse experiment is a step input of tracer.  Consider 

again a vessel with a constant density fluid flowing at steady state.  There is no tracer in the 

influent fluid.  Then, at time 0t =  the concentration of tracer in the feed is abruptly changed to 

a value 0C  and is maintained at this concentration.  



 

26 
 

  The concentration of tracer in the effluent stream is measured continuously.  Eventually, 

 the effluent tracer concentration will become 0C .  This type of step input experiment is 

 illustrated in the following figure. 

 

                                          
                                                                             Figure 8. Cumulative exit-age distribution function, ( )F t ,  

                                               resulting from a step input tracer test (Roberts, G. 2009) 
 

  The cumulative exit-age distribution function, ( )F t , is defined as the fraction of fluid in 

 the effluent stream that was in the vessel for a time less than t .  

           

fraction of fluid in the exit stream that was in the
( )

vessel for a timer shorter than ,  i.e., between 0 and 
F t

t t
 

≡  
   

  The cumulative exit-age distribution function can be obtained from the curve of tracer 

 concentration versus time, as shown above.  Suppose that the concentration of tracer in the 

 feed to the vessel was changed from 0  to 0C  exactly at 0t = .  If the concentration of tracer in 

 the effluent stream is ( )C t  at some time t , then the fraction of fluid that was in the vessel for a 

 time less than t  is 0( ) .C t C   Therefore, 

0

( )( ) C tF t
C

=                                                                                                                                               (54) 

  In equation 54, ( )C t is the concentration of tracer in the effluent stream after a 

sharp step change in the inlet tracer concentration from 0  to 0C  at 0t = . 
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3.2.3. Relationship between ( )F t and ( )E t  

  From the definition of ( )E t  , 

                 0

fraction of fluid in the exit stream that 
( )d

was in the vessel for a time less than 

t

E t t
t

 
=  

 
∫                                

  However, the right-hand side of this equation is by definition ( )F t .  Therefore, 

0

( ) ( )d
t

F t E t t= ∫                                                                                                                                         (55) 

  Differentiating, 

d ( )( )
d
F tE t

t
=                                                                                                                                           (56) 

  Equation 56 shows that ( )E t is the slope of the ( )F t  curve at any point in time. 

 

3.2.4. Moments of Residence Time Distributions 

 The nth moment of a function, ( ),f x  about the origin, is designated nµ and is defined 

as 

0

( )dn
n x f x xµ

∞

= ∫                                                                                                                                       (57) 

  The function ( ),f x  is a distribution function, just like ( )E t . 

 

3.2.4.1. The First Moment of ( )E t or the Average Residence Time 

   Consider the first moment of ( )E t  about the origin, 

1
0

( )dtE t tµ
∞

= ∫                                                                                                                              (58) 

 And as previously described, ( )E t is just the fraction of fluid elements that stay 

in the reactor for a time between dt t+ .  Integrating the above equation over the whole 

range of possible residence times gives the average time, t ,  that an element of fluid 

spends in the reactor, so that 

1
0

( )dt tE t t µ
∞

= =∫                                                                                                                      (59) 
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 As presented in section 3.1.1 for a PFR, assuming that the fluid enters and 

leaves the reactor only by convection, i.e., the reactor is a closed vessel, the following 

can be shown 

τ= =t V Q                                                                                                                                (60) 

 Equation 60 is particularly useful in diagnosing the reactor’s behavior and 

checking its operating conditions.  In any reactor, the volumetric flow rate can be easily 

set or measured.  This is not the case with the actual reactor volume or volume of 

reactor that is filled by fluid in which the reaction is taking place. 

 

3.2.4.2. The Second Moment of ( )E t or Mixing 

  The second moment commonly used to compare RTDs is taken about the mean 

and is called the variance, or square of the standard deviation.  It is defined as 

2 2 2
2

0

( ) ( )dt t E t tσ µ τ
∞

= − = −∫                                                                                             (61) 

The magnitude of this moment is an indication of the spread of the distribution 

or degree of mixing of fluid particles throughout the reactor.  The greater the value of 

this moment is, the greater a distribution’s spread will be.  

 

3.2.4.3. The Third Moment of ( )E t  

  The third moment is also taken about the mean and is related to the skewness.   

   The skewness is defined by 

3 3
3 2

0

1 ( ) ( )dms t t E t t
σ

∞

= −∫                                                                                                       (62) 

 The magnitude of this moment measures how extended a distribution is 

skewed in one direction or another in reference to the mean. 

Rigorously, for complete description of a distribution, all moments must be 

determined.  Practically, these three are usually sufficient for a reasonable 

characterization of an RTD. 
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3.2.5. Normalized RTD Function, Θ( )E  

 Frequently, a normalized RTD is used instead of the function ( )E t .  If the parameter Θ

 is defined as 

t
τ

Θ ≡                                                                                                                                                          (63) 

a dimensionless function ( )E Θ can be defined as 

( ) ( )E E tτΘ ≡                                                                                                                                            (64) 

and plotted as a function of Θ .  The quantity Θ  represents the number of reactor volumes of 

 fluid based on entrance conditions that have flowed through the reactor in time .t  

 The purpose of creating this normalized distribution function is that the flow 

performance inside reactors of different sizes can be compared directly.   

 

4. Modeling Non-Ideal Reactors 

Not all tank reactors are perfectly mixed nor do all tubular reactors exhibit plug-flow behavior.  In 

these situations, some means must be used to allow for deviations from ideal behavior.   When dealing 

with first order reactions, the RTD is sufficient to diagnose the reactor’s performance, but in order to 

predict conversions and product distributions for such systems, a model of reactor flow pattern is 

necessary.  In order to model these patterns, combinations and/or modifications of ideal reactors to 

represent real reactors are employed.  The RTD is then used to evaluate the parameter(s) in the 

proposed model.  

 The overall goal is to use the following equation 

RTD data + Kinetics + Model = Prediction                                                                                                 (65) 

 

4.1. Dispersion Model 

 The dispersion model is used to describe non-ideal tubular reactors.  This model assumes that 

there is an axial dispersion of the material, which is governed by an analogy to Fick’s Law of 

Diffusion, superimposed on the flow as shown in figure 9.  Therefore, in addition to transport by 

bulk flow, FUA C (where  the term U is the empty tube or superficial velocity and FA is the 

reactor’s cross-sectional area), every component in the mixture is transported through any cross 

section of the reactor at a rate equal to ( )d d−  FDA C z  resulting from molecular and convective 

diffusion, where D is referred as the dispersion coefficient in m2 s-1. (Fogler, 2006). Convective 
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diffusion (i.e., dispersion) means either Aris-Taylor dispersion in laminar flow reactors or turbulent 

diffusion resulting from turbulent eddies.  Radial concentration profiles for plug flow and a 

representative axial and radial profile for dispersive flow are shown in figure 9.  Some molecules will 

diffuse ahead of molar average velocity while others will lag behind. 

 

 
                                                          Figure 9. Representation of the dispersion model (Levenspiel, O. 1999) 

 

4.1.1. Balance Equations 

A mass balance is taken on a particular component of the mixture (say, species A) over a 

short length z∆ of a tubular reactor of cross section FA to arrive at 

d1 0
d

− + =A
A

F

F r
A z

                                                                                                                                   (66) 

Combining equation 66 and the appropriate equation for the molar flux AF , an 

expression involving  flow, reaction and dispersion can be written as 

2

2

d d 0
d d

− + =A A AC C rD
U z z U

                                                                                                                        (67) 

This equation is a second order ordinary differential equation.  It is non-linear when Ar is 

other than zero or first order.  

When the reaction rate Ar is first order, ,A Ar kC= − then equation 68 is amenable to an 

analytical solution.   

2

2

d d 0
d d

− − =A A AC C kCD
U z z U

                                                                                                                    (68) 

However, by letting 0A AC Cψ =  and z Lλ = : 

2

2

1 d d . 0
d d

Da
Pe

ψ ψ ψ
λ λ

− − =                                                                                                                     (69) 



 

31 
 

The quantity Da in equation 69 is called the Damkohler number for convection in a first-

order reaction and physically represents the ratio 

Rate of consumption of A by reaction
Rate of transport of A by convection

Da kτ= =                                                                       (70) 

 The other dimensionless term is the Peclet number, Pe , 

Rate of transport by convection
Rate of transport by diffusion or dispersion

= =
ULPe
D

                                                           (71) 

 in which L  is the characteristic length term.   

 

4.1.2. Boundary Conditions 

For a closed-closed vessel, we have plug flow (no dispersion) to the immediate left of 

the entrance line ( 0z −= ) (closed) and to the immediate right of the exit ( )z L z L+= = =

(closed).  However, between 0z +=  and z L−= , there are dispersion and reaction.  The 

corresponding entrance boundary condition is (Fogler, 2006) 

 At 0 :z =     (0 ) (0 )A AF F− +=  

 Substituting for AF yields 

0

(0 ) (0 )A
c A c c A

z

CUA C A Da UA C
z +

− +

=

∂ = − + ∂ 
 

 Solving for the entering concentration 0(0 ) ,− =A AC C  

0
0

(0 )A
A A

z

CDaC C
U z +

+

=

∂−  = + ∂ 
                                                                                                         (72) 

 At the exit, the concentration is continuous and there is no gradient in tracer 

 concentration. 

At :z L=                
0 ( ) ( )

0

− +

=


∂ =

∂ 

A A

A

C L C L

C
z

                                                                                               (73) 

 Now, solving the dispersion reaction balance (Eqn. 69) for a first order reaction and a 

 closed-closed system, the boundary conditions in dimensionless form are 
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At 
0

1 d0   then 1 (0 )
dPe
ψλ ψ
λ +

+= = − +                                                                                             (74) 

At 
d1   then 0
d
ψλ
λ

= =                                                                                                                          (75) 

 At the end of the reactor, where 1λ = , the solution to equation 69 is 

(Levenspiel, 1999): 

2 2
0

4 exp( / 2)1
(1 ) exp( 2) (1 ) exp( 2)

AL
L A

A

C q Pex
C q qPe q qPe

ψ = = − =
+ − − −

                                             (76) 

 where 

1 4q Da Pe= +                                                                                                                                     (77) 

  Outside the limited case of a first order reaction, a numerical solution of the equation is 

 required, and because this is a split-boundary- value problem, an iterative technique is required.  

 To evaluate the exit concentration or conversion given by equation 76, it is necessary to 

know both the Damkohler and Peclet numbers.   

 The Damkohler number and the dispersion coefficient can be determined using kinetic 

and RTD data through equation 70.  Similarly, the Peclet number can be found experimentally by 

determining τ and 2σ  from the RTD data and then solving the following equation (Levenspiel, 

1999): 

( )
2

2 2

2 2 1 exp Pe
Pe Pe

σ
τ

= − − −                                                                                                            (78) 

 Some authors have questioned the accuracy of the method of moments approach 

represented by equation 78, concluding that it produces a biased estimate of mean residence 

time and dimensionless variance when compared, for example, to a nonlinear regression 

approach (Haas et al., 1997). 

 

4.2. Tanks-in-Series Model 

 This model can be used in any case where the dispersion model has been applied.  When 

deviation from plug-flow is small, both the dispersion model and the TIS model yield identical 

results. 

 The number of tanks in series can be determined by calculating the dimensionless variance 2σ Θ

from a tracer experiment, and using the method of moments procedure 
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2 2

0

( )d 1σ
∞

Θ = Θ Θ Θ −∫ E                                                                                                                                    (79) 

( )
( ) ( ) ( )

( )1
2 2 1

2
0 0

1 ! 1d 1 d 1 1
1 ! 1 ! 1 !

σ
−∞ ∞

− Θ + − Θ
Θ +

Θ + 
= Θ Θ − = Θ Θ − = − = − − −  

∫ ∫
n n n

n n n
n

n n nn ne e
n n n n n

             (80) 

 The number of tanks in series is 

2

2 2

1 τ
σ σΘ

= =n                                                                                                                                                    (81) 

 This expression represents the number of tanks necessary to model the real reactor as n  ideal 

tanks in series.  If the number of reactors, n , turns out to be small, the reactor characteristics are 

those of one or two CSTR in series.  On the other hand, when n turns out to be large, the reactor 

characteristics approach those of a PFR. 

 If the reaction is first order, equation 82 can be used to calculate the conversion, 

11
1 τ

= −
 + 
 

A nx
k
n

                                                                                                                                         (82) 

 It is acceptable (and usual) for the value of n  calculated from equation 81 to be a noninteger in 

equation 82 to calculate the conversion.  
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III. Experimental Plan 

 

 The experimental plan followed herein consisted in:  

o Using a continuous flow, bench-scale EC reactor with aluminum electrodes. 

o Performing tracer tests using different reactor configurations and fluid velocities to obtain RTD 

data. 

o Executing a series of electrocoagulation experiments using a synthetic oily wastewater in order 

to calculate the reaction order and kinetic constant for the oil and grease removal reaction. 

o Performing reactor modeling using both the dispersion model and the TIS model. 

o Conducting data analysis and interpretation of results. 
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IV. Laboratory Equipment and Experimental Set-Up 

 

1. Electrocoagulation Reactor. 

 The reactor used in this research was purchased from Ecolotron Inc. of Seabrook, TX. Its design 

is property of Gavrel et al. under US Patent No.: 7087176 B2, registered on August 8th, 2006.  It is 

described as “an apparatus for the high-pressure electrocoagulative treatment of aqueous and viscous 

fluids and sludge...”  This unit includes a plate and frame design and can be tightly closed mechanically. 

Plates are individually separated by recessed, gasketed, non-electrical conductive spacer plates that 

completely enclose and isolate all fluids, electrical contacts and electrodes within the reactor structure.  

The reactor also exhibits an influent and effluent chamber at both ends to provide the means of fluid 

transfer between fluid conduits or tubing and the reactor chambers.  

 Metal plate and spacer dimensions are shown in figure 10. 

 

                     

                    
                                                       Figure 10.  Plate and spacer dimensions (Andrade, M. 2009) 
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 For the purposes of this research, an electrocoagulation cell or reactor cell is defined as the 

chamber formed between two metal plates and one spacer, as shown in figure 11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Inside each reactor cell, the fluid flows vertically either downward or upward and passes to the 

following cell through the electrode openings or slots. Therefore, the area perpendicular to the direction 

of flow, FA , is considered to be equal to the area of this opening.  Similarly, the active electrode area, 

A , or the area of electrode surface perpendicular to the direction of electrons flow and that is 

undergoing electrochemical reaction (metal dissolution), is given by the open section of the spacer. 

 This reactor design has the advantage of being versatile enough to allow for modifications of its 

original configuration. Thus, it is possible to vary the number of cells, electrode material and 

dimensions and even the positioning of the plates using the same frame.  The supplier’s reactor 

configuration calls for an 8-cell reactor with upward/downward flow, or the electrodes fixed so that 

their slots are in horizontal position.  This has the purpose of promoting a turbulent flow along the 

reactor.   

Figure 12 shows the effect of rotating the electrodes plates by 90 degrees. With the slots 

oriented vertically, the fluid follows a horizontal path toward either left or right. 

 

 

 

Electrode plates 

Spacer 

Electrode opening 
 or slot 

Positive Current 
(+) 

Negative Current 
(-) 

Figure 11. Electrocoagulation cell components (not to scale) 
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As mentioned earlier, the reactor has influent and effluent chambers that allow the fluid to 

enter and exit the electrochemical cells from and toward the external conduits. This is true 

regardless the amount of cells or slots orientation.  Therefore, in order to account for this additional, 

non-reactive volume, equation 83 is used 

2
=

+
R

CELL
CELL

VV
n

                                                                                                                                            (83) 

where CELLV is the individual cell volume, RV the reactor volume calculated from the RTD data (see 

equation 85), and CELLn is the number of cells corresponding to that RV .  

  The reactor’s characteristic length, L , is given by the following equation 

= R

F

VL
A

                                                                                                                                                              (84)  

 

 

 

90°  

Figure 12. Rotation of electrode plates.  The slots are re-oriented 
 vertically, as a consequence the fluid follows a horizontal path. 
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2. Electrocoagulation Experiment 

 The experimental phase was executed using aluminum electrodes to which direct electric 

current was applied from a regulated power supply.  The unit was operated as a monopolar reactor. A 

simplified diagram of the experimental set-up is shown in figure 13. 

 

 

 

 

 

 

 

  

  

 

 

The fluid to be treated was pumped from a 45-L plastic reservoir to the reactor with a peristaltic 

Masterflex® I/P® modular analog pump system (with benchtop controller) at fixed flow rates (0.5 L min-1 

and 1.0 L min-1).  The reactor’s effluent was collected in a 2-L clear plastic container where separation of 

electrocoagulated particles occurred by electrogenerated-hydrogen-gas flotation.  The final sample was 

withdrawn from the bottom of this container into a 1-l glass beaker.  All the fluid conduits were of 12.7-

mm plastic tubing. 

 The fluid feed to the electrocoagulation reactor was prepared in the laboratory in order to 

simulate bilge water heavily contaminated with hydrocarbons.  This synthetic emulsion (SE) consisted of 

5000 mg L-1 of motor oil SAE-30, 2500 mg L-1 of diesel, 2500 mg L-1 of gasoline, 200 mg L-1 of sodium 

chloride and 2500 mg L-1 of Tween-40 as surfactant.  The mixture was vigorously agitated for at least 12 

hours at 800 rpm using an Arrow Engineering ® electric stirrer.  The resulting emulsion had a 

conductivity of 960 μS cm-1 and a pH of 7.8. 

 Hydrocarbons concentration was determined through the hexane extractable gravimetric 

method (US EPA approved #10056, ASTM equivalent #5520B). Oil and grease and total petroleum 

hydrocarbons (TPH) include any material that may be recovered as a substance that is soluble in the n-

hexane extractant. These include substances such as relatively non-volatile hydrocarbons, vegetable oils, 

animal fats, waxes, soaps, greases and related materials. When measuring oil and grease (HEM) 

Power Supply 

SE reservoir 

+  -  +  -  +  -  +  -  +   

Reactor Separation 
tank 

Sample 

Figure 13. Bench-scale electrocoagulation experiment set-up. 
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gravimetrically, the substances are extracted from the sample with n-hexane, then the n-hexane is 

evaporated. The residue left is weighed to determine the concentration of oil and grease materials in  

mg L-1. 

 

3. Tracer Experiment 

 Tracer tests were carried out using the same electrocoagulation reactor with aluminum 

electrodes, as described before.  Note that in this case, no electric current was supplied to the 

electrodes.  

 The set-up for these experiments is illustrated in figure 14 and included two 45-L plastic tanks 

containing fluids of different conductivity, A and B.  The peristaltic modular pump transferred the fluids 

at a constant flow rate from the reservoirs to the reactor through 12.7 mm plastic conduits.  Proper 

tubing configuration allowed for switching between fluids and purging either of them from the system 

when required.   

 

 

 

 

 

 

 

 

  

 

 

 The reactor effluent was collected in 30-mL vials and its conductivity measured with an Orion® 

benchtop multimeter.   Fluid A consisted of a low conductivity solution, usually tap water (conductivity ≈ 

400 μS cm-1) while fluid B was a high conductivity brine (conductivity≈ 14000 μS cm-1) prepared in the 

laboratory by adding sodium chloride to tap water until the desired conductivity was reached. 

 

 

 

 

Fluid A  

Reactor 

Fluid B  
Purge 

Sample 
collection 

Figure 14. Bench-scale reactor tracer test set-up 
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V. Experimental Procedures and Data Acquisition 

 

1. Step-Input Tracer Tests  

 Working with a reactor at a bench scale imposes certain restrictions.  Among them, the limited 

flow rate range due to reactor and tubing dimensions may be the most important one.  It is virtually 

impossible to fully introduce a significant volume of tracer by an instantaneous pulse in the reactor’s 

inlet.  Consequently, performing an input step tracer experiment on such unit becomes challenging and 

the results are inaccurate.  This was confirmed while running pulse step experiments for a previous 

research.  Therefore, step input tracer tests were performed instead, using sodium chloride as a tracer 

and conductivity as the traced parameter. 

 To perform the step input tracer test in the laboratory, low conductivity water or fluid A was 

initially fed to the reactor at a constant flow rate until it was completely filled and steady state was 

achieved.  Then, at a time designated as 0 0=t , the influent to the reactor was rapidly switched to high 

conductivity water or fluid B and simultaneously, the first sample of the effluent stream taken.  After 

this first sample, taken at 0t , the effluent stream was sampled every 5 seconds and its conductivity 

measured until the conductivities of the effluent and fluid B became equal. 

 The output data from this test was recorded as time vs. conductivity for a given reactor 

configuration, fluids A and B rate of flow and conductivity. 

 Step-input experiments were performed for different reactor configurations and flow rates.  

Tests were run with the electrode’s openings oriented both horizontally and vertically and, in each case, 

with a flow rate through the reactor of 1.0 and 0.5 L min-1.  

 The results of this first set of experiments with horizontal electrode’s slots are presented 

graphically in figures 15 and 16.  Figure 15 shows the tracer response for an 8-cell reactor with the slots 

in horizontal position and a flow rate of 0.5 L min-1 through it.  Figure 16 shows the results for a similar 

experiment but with a flow rate of 1.0 l min-1 through the reactor.  Detailed results are shown in the 

appendix, tables 4 and 5. 
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Figure 15. Tracer response curve for an 8-cell reactor with 
horizontal slots and Q=0.5 L min-1 

 
 
Figure 16. Tracer response curve for an 8-cell reactor with 
horizontal slots and Q=1.0 L min-1 

   
 
 Similarly, another set of experiments was carried out using the same 8-cell configuration but 

rotating the electrodes by 90 degrees so that their slots were now oriented vertically.  The tracer 

response was recorded for the 8-cell reactor with vertical slots and flow rate of 0.5 L min-1 and  1.0 L 

min-1 and plotted in figures 17 and 18, respectively.  Results are summarized in the appendix, tables 6 

and 7. 

 

 
 
Figure 17. Tracer response curve for an 8-cell reactor with 
vertical slots and Q=0.5 L min-1 

        

 
 
Figure 18. Tracer response curve for an 8-cell reactor with 
vertical slots and Q=1.0 L min-1 

 

 

 The following group of experiments consisted in performing the same step input test but varying 

the number of cells from one to eight for a fixed flow rate. For these, the electrode’s slots were kept 

vertically oriented.  Figure 19 presents an example of the results obtained from the tracer tests 

corresponding to a 1-cell through a 4-cell reactor with a flow rate of 1 L min-1 through it.  Note that the 

conductivity of fluid A and B was not the same for all the experiments in this series.  Further data 

manipulation is necessary to be able to compare and analyze these results. 
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                                                  Figure 19. Example of step input tracer test results for reactor 
                                                  with vertical slots and flow rate of 1.0 L min-1 
  

 Complete results are presented in the appendix, tables 4 through 7, along with those obtained 

for a flow rate of 0.5 L min-1. 
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2. Electrocoagulation Experiments 

 A series of electrocoagulation experiments were performed running a constant flow rate of 1 L 

min-1 of the synthetic emulsion described in the previous section through the reactor.  Aluminum 

electrodes with their openings oriented vertically were used as both cathode and anode (the reasons for 

this configuration are detailed later).   For each experiment, 8 L of SE were passes through the reactor, 

the effluent was collected after 5 min of operation in a clear 2-L capacity container and the final sample 

was drawn through a valve located at the bottom of the container after a 10-min separation time.  

Hexane extractable materials or HEM were measured in each sample using method 10056. 

  As with the step input tracer test, the reactor was fractioned in its individual electrochemical 

cells so that the effluent could be characterized at different lengths from the reactor’s inlet point.  Thus, 

electrocoagulation experiments were run in a 1-cell through an 8-cell reactor. The data obtained from 

these experiments was recorded as HEM in the effluent vs. number of cells for a given SE composition, 

flow rate current intensity and applied potential. 

 

                                                                    Table 1. Electrocoagulation experiments results 

 
 

                 Table 1 and figure 20 show the results obtained in electrocoagulation experiments 

running 1 L min-1 of a constant composition influent stream (SE), aluminum electrodes with vertical slots 

and average applied potential of 33 volts.   
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                                                     Figure 20. Electrocoagulation experiments shown as HEM vs. number 
                                                 of electrochemical cells. 

  

 Processing of this data is presented in the following section and will allow determining the 

kinetic constant 'k for EC under similar operational conditions. 
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VI. Methodology for Data Processing 

 

 The procedure used for analyzing the experimental data followed the order stated in equation 

65 

RTD data + Kinetics + Model = Prediction                                                                                                 (65) 

 First, with the results obtained from the step input tracer test, RTD data was computed. Second, 

the results from the electrocoagulation experiments were used to confirm the assumed reaction order.  

Finally, the described non-ideal reactor models are applied to the data generated in the previous two 

steps. The resulting information is compared to that of ideal plug-flow behavior and will allow predicting 

the outcome of electrocoagulation treatment under different operational conditions and reactor 

configuration.   

 

1. RTD Data Calculation 

 With the data collected from the step input tracer test, the cumulative exit-age distribution 
function, ( )F t , is calculated using equation 54 

0

( )( ) C tF t
C

=                                                                                                                                                              (54) 

with ( )C t being the conductivity of the sample from the reactor’s effluent collected at time t  and 0C  

the conductivity of fluid B.  ( )C t  and 0C  have been corrected by subtracting the background 

conductivity or conductivity of fluid A. 

Next, by equation 56, the exit-age distribution function, ( )E t , is determined for each ( )F t . 

d ( )( )
d
F tE t

t
=                                                                                                                                                           (56) 

 Once ( )E t has been obtained, the first moment of ( )E t or average residence time, τ can be 

calculated by graphical integration of equation 59. 

0

( )dτ
∞

= ∫ tE t t                                                                                                                                                            (59) 

 The upper limit of the integral in equation 59 is determined through equation 52.  This is the 

time t  in which the conductivity of the reactor’s effluent equals that of fluid B and the tracer test ends. 
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0

( )d 1E t t
∞

=∫                                                                                                                                                               (52) 

 Now, in a similar way, the second moment of ( )E t or variance can be found by integrating 

equation 61, 

2 2

0

( ) ( )dσ
∞

= −∫ t t E t t                                                                                                                                             (61) 

 Also, and in order to be able to compare results from tracer tests corresponding to different 

reactor configurations, we can normalize the RTD data by means of equation 63 and 64 finding the 

dimensionless parameter Θ and dimensionless function ( )ΘE , respectively. 

t
τ

Θ ≡                                                                                                                                                                         (63) 

( ) ( )E E tτΘ ≡                                                                                                                                                          (64) 

A plot showing ( )ΘE  vs. Θ represents a useful tool for diagnosing reactor’s performance and 

identifying deviations from ideal flow behavior. 

Detailed results of RTD calculation for each of the reactor configurations examined is presented 

in Appendix A table A.1 through A.4. 

Finally, the actual reactor volume is determined from the following equation 

τ=RV Q                                                                                                                                                                     (85) 

This volume is an important outcome from the tracer test because when compared to the 

maximum reactor volume, MV , it shows the fraction of the reactor volume that is either empty or 

contains stagnant fluid (fluid not participating in the reaction).  This is called the dead volume or DV . 

The average cell volume is then calculated by equation 83.   

2
=

+
R

CELL
CELL

VV
n

                                                                                                                                                    (83) 

  Knowing the reactor volume, the reactor’s characteristic length, L , is found with equation 84, 

= R

F

VL
A

                                                                                                                                                                     (84)  

and the mean fluid velocity (in the direction of flow) in m s-1  using 

τ
=

Lv                                                                                                                                                                         (86) 
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Since the calculated characteristic length gives an indication of the effective distance traveled by 

any particle inside the reactor, it is feasible define the effective electrode area, EA , as the electrode 

surface exposed to the fluid along the reactor.  This area is of importance because it accounts for dead 

volume or empty space in the electrochemical PFR.  Thus, assuming that the cell width, W , remains 

constant 

2
=E

CELL

LWA
n

                                                                                                                                                            (87) 

 A summary of these results is presented in Appendix A, table A.5 through A.8. 

 

2. Reaction Rate Calculation 

 Using the data obtained from the electrocoagulation experiments, the integral method of 

analysis as described in section 2.2 is used herein for determining the reaction order and the kinetic 

constant 'k  for the reactor. 

 Assuming that the electrocoagulation of oil and grease is a first-order reaction process, and that 

the reactor behaves as an ideal PFR, according to equation 47, the points resulting from plotting the  

( ), ,0ln HEM L HEMC C  vs. τ should fit a straight line which slope yields 'k .  The HEM concentration in the 

influent SE and the effluent samples have been measured as explained earlier and the average residence 

time, τ ,  have also been calculated from the RTD data. 

( ),

,0

ln ln 1 'τ
 

= − = −  
 

HEM L
HEM

HEM

C
x k

C
                                                                                                                  (47) 

 A trendline through the data points was drawn using MS Excel.  The values of slope, intercept 

with the ordinate and R2 were found also with the same tool and are presented in the following section. 

 

3. Reactor Modeling                                                   

 In this section, both the data obtained from the step input tracer tests and the 

electrocoagulation experiments are correlated through non-ideal models in order to account for 

deviations from ideal flow and also be able to predict conversion under conditions distinct to the 

experimental ones.  Results from applying the dispersion model and the tanks-in-series model are 

obtained and compared next. 

 For using the dispersion model, equation 76 has to be solved by non-linear regression to adjust 

the kinetic and RTD data.   
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( ),
2 2

,0

4 exp( / 2)1
(1 ) exp( 2) (1 ) exp( 2)

= − =
+ − − −

HEM L
HEM

HEM

C q Pex
C q qPe q qPe

                                                       (76) 

 This was accomplished using the DataFit® software.  Detailed results are presented in the 

appendix, table 12 and figure 30. 

 The Peclet number used in the dispersion model was calculated through equation 78 and 

corresponds to the for the 8-cell reactor.  This approach is valid if similar hydraulic behavior of the fluid 

in each reactor cell is assumed.   

( )
2

2 2

2 2 1 exp Pe
Pe Pe

σ
τ

= − − −                                                                                                                           (78) 

Finally, the RTD data is used to calculate the number of tanks in series according to equation 81 

2

2

τ
σ

=n                                                                                                                                                                      (81) 

and, as with the dispersion model, equation 82 is adjusted by non-linear regression to fit the 

experimental data and to determine the value of 'k that satisfies the TIS model, 

( ),

,0

11 1
'1 τ

= − = −
 + 
 

HEM L
HEM n

HEM

C
x

C k
n

                                                                                                               (82) 

 Detailed results are included in the appendix, table 13 and figure 31.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

47 
 

VII. Data Analysis and Results 

 

1. RTD Data Analysis 

 The RTD data obtained from the step input tracer tests were used to identify the effect of 

electrode’s slots orientation and volumetric flow rate on the reactor performance.   

 Plots of the dimensionless average residence time ( ( )ΘE  vs. Θ  ) are useful for showing 

deviations from ideal plug-flow.  In order to be able to sight such deviations, the generated RTD data is 

presented in the following set of figures as a tool for comparing how the slot orientation and volumetric 

flow rate influence the reactor’s behavior.  This side-by-side comparison indicates not only that our 

reactor does not behave as an ideal PFR but also that it is sensible to changes in its electrodes 

configuration and rate of flow.  

 Figure 21 and 22 show the ( )ΘE vs. Θ curves obtained for different slot orientation at the same 

flow rate in an 8-cell reactor.  

 

 
          Figure 21.  Comparison of the effect of slot orientation on RTD curves for an 8-cell reactor at Q= 0.5 L min-1. 
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  For both 0.5 L min-1 and 1.0 L min-1, positioning the electrodes so that their openings were 

vertically oriented, produced a narrower peak. This is an indication of the fluid approximating plug-flow 

behavior under this plate arrangement. However, in the case of the lower flow rate and vertical slots, 

the sharpness of the peak and its earliness with respect to the mean residence time suggest some short-

circuiting from inlet to outlet due to stagnant water.  With horizontal slots the curve is more 

symmetrical but with several decaying peaks along the tail suggesting the occurrence of internal 

recirculation.  At 1 L min -1, having the slots oriented horizontally and forcing the fluid to follow a vertical 

upward-downward path makes the curve to spread out over the dimensionless time scale, which 

translates as slow internal circulation of the fluid. 

 

 
                    Figure 22. Comparison of the effect of slot orientation on RTD curves for an 8-cell reactor at Q= 1.0 L min-1. 

 

 

 Figures 23 and 24 show a comparison of the ( )ΘE vs. Θ curves for the same slot orientation and 

different rates of flow.   
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             Figure 23.  Comparison of the effect of volumetric flow rate on RTD curves for an 8-cell reactor with horizontal slots. 

 

 

 
             Figure 24. Comparison of the effect of volumetric flow rate on RTD curves for an 8-cell reactor with vertical slots. 
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 These curves show the effect of flow rate variation on the reactors RTDs.  For both slot 

orientations, having the fluid flowing at the lower velocity generates a narrower curve but also increases 

the amount and frequency of decaying peaks.  Therefore, a flow rate of 0.5 L min-1 seems to generate 

problems of internal recirculation probably associated with the low speed of the fluid through the 

reactor.  A wider curve symmetrical to the mean detention time is common for both fluid velocities 

when the slots are horizontal but even for the higher velocity, internal recirculation remains an issue. 

 If the reactor is operated with the slots in vertical position, the horizontal path of flow imposed 

to the fluid causes little fluid stagnation indicated by the early mean but it also minimizes internal 

recirculation and improves the overall flow behavior, especially at higher velocities.  This is observed in 

the curve for vertical slots and 1.0 L min-1 in figure 24, which is nicely shaped and exhibits few signs of 

plug flow misbehavior.  

 Table 2 summarizes the calculated RTD parameters, which are presented in detail in the 

appendix, tables 8 through 11.  These results clearly indicate that the plate’s slot orientation has a 

significant effect on the overall performance of this reactor.  In general, by orienting the electrodes’ 

openings vertically, the reactor’s average residence time increases by 50% as compared to having the 

slots oriented horizontally. This effect will be exacerbated by the accumulation of electro-generated gas 

at the top of the cells when the slots are horizontal.  Similar behavior was observed for both fluid 

velocities.  

 

                 Table 2. Summary of RTD results for the 8-cell reactor operated under different configurations 
                 and volumetric flow rates. 
 

 
 

 A larger τ translates into a larger effective volume, characteristic reactor’s length and ultimately 

a bigger effective electrode area, which means higher treatment efficiency.  This is equivalent to add 

additional cells to the same reactor with horizontal slots.   
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 In this bench-scale reactor, the upward-downward path of flow resulting from plate’s slots 

horizontally oriented causes a significant loss of reactive volume. This lost or dead volume may be 

occupied by stagnant fluid or gas and remains as empty pockets along the reactor and throughout the 

entire operation.   

 The Peclet number, which gives an indication of the amount of dispersion, does not vary 

importantly among the explored configurations, but the lowest value resulted when operating the 

reactor with vertical slots and 1.0 L min-1.  Electrocoagulation experiments and subsequent results were 

obtained for this configuration. 

 

2. Electrocoagulation Kinetics 

  The results from the electrocoagulation experiments presented previously along with the 

average residence times calculated from the tracer tests for 1-cell through 8-cell reactors with plate’s 

openings oriented vertically are shown in table 3.   

 

                      Table 3. Electrocoagulation experiments and RTD results as used for verification of reaction order 

 
 

 The data points and the trendline through them were drawn on a ( ), ,0ln HEM L HEMC C vs. τ plot 

and are presented in figure 25.   

 This result confirms that the electrocoagulation of the HEM in the synthetic emulsion follows 

first-order reaction kinetics and, under the present operational conditions, assuming ideal plug-flow 

reactor behavior, the kinetic constant, 'k , is 10.0447 s− .  R2 for the linear regression is 0.979. 
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Figure 25.  Data points fitting by linear regression using ideal PFR first-order kinetics 

 

 

3. Reactor Modeling 

 From the previous result, the design equation for the EC reactor assuming ideal plug-flow 

behavior is 

( ),

,0

exp 0.0447τ= −HEM L

HEM

C
C

                                                                                                                                   (88) 

 Figure 26 shows the , ,0HEM L HEMC C vs. 'τk plot for equation 88.  

 Non-linear regression of the expression for the dispersion model for a first-order reaction in a 

closed vessel as presented in equation 76 yields a kinetic constant 1' 0.0441 s−=k with a R2 of 0.974.  

 Calculation of the number of complete mixed reactor in series, n , according to equation 81, 

resulted in 8.1=n .  Applying the TIS model equation to the experimental data and using this value of n 

resulted in a kinetic constant 1' 0.0443 s−=k  with a R2 of 0.97.  

 The design equation based on the dispersion model is  

 

( ) ( ) ( ) ( )
,

2 2
,0

30.2 1 0.012

1 1 0.012 exp 7.55 1 0.012 1 1 0.012 exp 7.55 1 0.012

τ

τ τ τ τ

+
=

+ + + − − + − +

HEM L

HEM

C
C

             (89) 
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Figure 26. , ,0HEM L HEMC C vs. 'τk curve for ideal PFR 

 

 

and figure 27 presents the corresponding , ,0HEM L HEMC C vs. 'τk plot. 

 

 
Figure 27. , ,0HEM L HEMC C vs. 'τk curve for dispersion model 
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  The TIS model, given for this reactor by design equation 90, is presented graphically in figure 28. 

( )
,

8
,0

1
1 0.0055τ

=
+

HEM L

HEM

C
C

                                                                                                                                     (90) 

 

 
Figure 28. , ,0HEM L HEMC C vs. 'τk curve for TIS model 

 

 Figure 29 shows the , ,0HEM L HEMC C  vs. τ curves for the ideal PFR and the two non-ideal plug-

flow models studied.  The dispersion and TIS models show very good agreement and both curves 

practically overlap each other.  This is a reasonable result since the number of tanks in series obtained 

for the latter coincided with the number of cells in the 8-cell reactor, which confirms that assuming TIS 

behavior is valid whenever the dispersion model applies and for reactors with small deviations from plug 

flow, as is the case of the reactor being tested.  This means that each individual cell of the 8-cell reactor 

behaves as an independent CSTR, and, consequently, both models can be used interchangeably since 

they yield similar conversion efficiency. 

 Another indication of the quasi-ideal flow pattern in the experimental EC reactor with vertical 

slots is the proximity of both non-ideal models’ curves to the ideal PFR curve.  As expected though, 

assuming ideal behavior yields higher conversion rate for the same reactor volume, as can be derived 

from figure 29.  Such “more-optimistic” performance described by the ideal PFR equation does not take 
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into consideration the anomalies that occur in a real reactor operation, therefore, other than for 

comparison purposes, it has no validity in reactor modeling. 

 

 
 Figure 29. Comparison of , ,0HEM L HEMC C vs τ curves for different kinetic models applied to the experimental data 

 

 Regarding the effect of electrode’s slot orientation on conversion efficiency, rotating the 

electrodes may increase the average retention time from 46 s for horizontally oriented slots to 70 s for 

vertically oriented electrodes in an 8-cell reactor, as shown in table 2, and according to figure 29 this 

would represent a change of the , ,0HEM L HEMC C fraction from 0.16 to 0.07, i.e., a boost in the 

conversion efficiency of 14%.   

 These estimations are based on the RTD data obtained from the step input tracer tests 

performed using a high conductivity brine.  The increased density of the tracer fluid (from 997 kg m-3 for 

tap water at 20 °C to approximately 1004 Kg m-3 for brine with conductivity of 14000 μS cm-1) could 

promote the formation of density currents inside the reactor, favoring the horizontal path of flow over 

the vertical one.  However, considering the small cell volume and the high operating pressure of the 

reactor, these density effects may be overcome by turbulence and mixing, as suggested by the TIS 

model, which indicates that the EC reactor behaves as 8 individual CSTRs. 

 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 20 40 60 80 100 120 140

Ce
/C

o

τ, s

TIS model

Dispersion Model

Ideal PFR

Data points



 

56 
 

VIII. Conclusions and Recommendations 

 

1. Conclusions 

o Tracer tests performed on the electrocoagulation reactor indicated the possibility of abnormal 

internal flow patterns of fluids throughout the reactor.  These anomalies were manifested in the 

form of internal recirculation and pockets of stagnant fluid or gas that originate dead volume 

and shortcircuiting. 

o Rotation of the electrode plates by 90 degrees so that the electrode’s opening change 

orientation from horizontal to vertical and the fluid through the reactor follows a vertical path 

instead of horizontal, could have a quantifiable  effect on the reactor’s performance. 

o Stagnant water is the main problem observed in the operation with horizontally oriented slots.  

It was shortcircuiting in the case of slots oriented vertically.  In each case, these problems were 

increased when the fluid velocity through the reactor was decreased under 0.032 m s-1. 

o Having the electrode’s slot oriented vertically instead of horizontally may increase the reactor 

average detention time up to 50% and the HEM removal efficiency up to 14%. 

o Though flow pattern in the reactor is not ideal, the magnitude of longitudinal dispersion is low. 

o Electrocoagulation with aluminum electrodes is effective for HEM removal from stable 

emulsions and follows first-order reaction kinetics. 

o Both the dispersion model and the tanks-in-series model correlate the experimental data very 

well, yielding a R2 of approximately 0.97.  The calculated kinetic constant based on the 

dispersion model was 1' 0.0441 s−=k and according to the TIS mode, it  was 1' 0.0443 s−=k . 

However, the TIS model is preferred over the dispersion model for it offers a simpler approach 

to modeling this type of reactors. 

  

2. Recommendations 

o Based on the results of this research, it is recommended to perform a more extensive study on 

the kinetics of the electrocoagulation of HEM under different operational conditions. 

Electrocoagulation experiments similar to the ones carried out for this research should be done 

over a wider range of flow rates and HEM concentrations.  EC efficiency under different current 

intensities and electrode materials is also an aspect of this process requiring further 

investigation. 
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o For better performance and HEM removal efficiency, this reactor should be operated with the 

fluid flowing at a velocity higher than 0.032 m s-1 and following a horizontal path (slots oriented 

vertically). 

o If the reactor is to be operated under any configuration different to the ones examined in this 

research, a tracer test must be performed in order to identify potential anomalies in flow 

pattern behavior. 
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Table 4. Step input tracer test results for an 8-cell reactor with horizontal slots and Q=1 l min-1 
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Table 5. Step input tracer test results for an 8-cell reactor with horizontal slots and Q=0.5 l min-1 

 

 



 

64 
 

Table 6. Step input tracer test results for 1-cell through 8-cell reactor with vertical slots and Q=1 l min-1 
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Table 7. Step input tracer test results for 1-cell through 8-cell reactor with vertical slots and Q=0.5 l min-1 
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Table 8. Parameters for 1-cell through 8-cell reactor with horizontal slots and Q=1.0 L min-1 

 

 
 

Table 9. Parameters for 1-cell through 8-cell reactor with horizontal slots and Q=0.5 L min-1 
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Table 10. Parameters for 1-cell through 8-cell reactor with vertical slots and Q=1.0 L min-1 

 

 
 

Table 11. Parameters for 1-cell through 8-cell reactor with vertical slots and Q=0.5 L min-1 
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Table 12. DataFit results for the non- linear regression of the dispersion model 
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Figure 30.  DataFit plot for the non-linear regression of the dispersion model. 
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Table 13. DataFit results for the non-linear regression of the TIS model 
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Figure 31. DataFit plot for the non-linear regression of the TIS model. 
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