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Tanks in Series Model for Continuous Stirred Tank Electrochemical Reactor
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It is attempted in the present investigation to study the residence time distribution of electrolyte in a continuous

stirred tank electrochemical reactor. The electrolyte flow behavior has been experimented on by using both
pulse and step input techniques. The exit age distribution curves obtained under various operating conditions

are critically analyzed. A theoretical model basedtanks in serieshas been developed to describe the

electrolyte flow behavior inside the continuous stirred tank electrochemical reactor, and the model simulations

are validated with experimental observations.

Introduction oxide coated electrodes and the reuse of treated wastewater for
o ) ) ) dyeing applications have been attemptetl.

Day-to-day human activities and the industrial revolution have  ~ pifrerent types of electrochemical reactors ranging from
influenced the generation of large quantity of effluent. The conyentional plate and frame cell to advanced electrodes such
treatment of industrial effluent has become indispensable as suchyg three-dimensional electrodes are used for electrochemical
effluent contaminates bodies of water and may be toxic to many yrqcesses. The design or selection of suitable electrochemical
life forms. Since most of the industrial effluents are difficultto  g5ctor is very important in electrochemical process as the
degrade, the dlgposal of mdustrlall effluer}t has become a major actor geometry plays an important role in the process yield.
environmental issue. In general, industrial effluents are char- £y ansive work has been reported on the analysis of
aﬁten_zeoll to have da Iargde arg%qnlt of S;‘Spende% SOI'dSa h'ggperformance of various electrochemical reactors. Bengodet al.
chemica Sxygen emand and biological oxygen demand, andgy gied the flow behavior of electrolyte in a filter press type
varying pri. _ _ ~electrochemical reactor and reported residence time distribution

Conventionally, industrial effluents are treated by physical, ysing a commercial ElectroSyn cell. The authors observed both
chemical, and biochemical techniques. Because of the largethe axial and lateral dispersion phenomena in a plug flow
complexity of the composition of effluent, most of these pehavior. Lidia and Marfzhave experimented the treatment of
traditional methods are becoming inadequate. As the environ-textile effluent of reactive dye Red Procion H-EXGL using an
mental regulations becoming more stringent day by day, new electrochemically generated redox mediator in a filter press cell
and novel processes for efficient treatment of effluent at low and developed a model for exit age distribution. The authors
operating cost are needed. In this perspective, researchers argaported that the electrolyte flow behavior is close to plug flow.
focusing on advanced oxidation processes such as electrochemitrinidad and Walshverified dispersion and SchneideBmith
cal technique, wet air oxidation, ozonation, and a photocatalytic models for a laboratory filter press reactor using the pulse tracer
method for the degradation of organic compounds present intechnique and observed wide deviation of these models from
the wastewater. Among these advanced oxidation processesihe ideal plug flow model, while the authéfsreported the
electrochemical treatment has been receiving greater attentionconversion expression for batch, plug flow, and continuous
due to its unique features such as complete degradation withoulstirred electrochemical reactors in terms of mass transfer
generation of solid sludge, energy efficiency, automation, and ¢pefficient.

. ) .
cost effectiveness? _ _ Carpenter and Robetisstudied the mass transport and

In electrochemical technique, electron is used to degrade all residence time distribution in a parallel-plate flow oscillatory
the organics present in the effluent without generating any electrochemical reactor for the reduction of ferricyanide and
secondary pollutant or biproduct/sludge. The advantage of thereported that the oscillatory flow enhances the mass transport
electrochemical technique is high removal efficiencies with low rate. Jose Gonza lez-Garcya et%studied the hydrodynamic
temperature requirements compared to nonelectrochemical treathehavior in a filter-press electrochemical reactor, assembled with
ment. In addition to the operating parameters, the pollutant three-dimensional carbon felt electrodes. Polcaro &t ak-
degradation rate depends on the anode material. When electroperimented water disinfection process and hydrodynamics study
chemical reactors operate at high cell potential, the anodic in a stirred tank electrochemical reactor using a boron-doped
process occurs in the potential region of water discharge anddiamond electrode and developed model for two CSTERs in
hydroxyl radicals are generated. On the other hand, if chloride parallel configuration.
is present in the electrolyte, an indirect oxidation via active  The flow characteristic of electrolyte in an electrochemical
chlorine can be operativayhich has been successfully adopted reactor is of great importance. The objective of the present
for treatment of several industrial effluents. In our earlier jnyestigation is to study the residence time distribution in a
investigations, in situ catalytic oxidation of textile effluent using  continuous stirrer tank electrochemical reactor. A theoretical
model based on “tanks in series” has been proposed to describe

* Corresponding author. E-mail: nbsbala@annauniv.edu. Tel.: the electrolyte flow behavior, and the model simulations have
91-44-22203501. been verified with the experimental observations.
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e 1 Substituting eq 8 in eq 5 and rearranging the equation results
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whereD; and D, are Damkohler numbers for the forward and

o reverse reactions, which can be defined as
vill V2 V3
1 kz
Figure 1. Schematic of the continuous stirred tank electrochemical reactor. Dl = K and D2 = K
1 2

Continuous Stirred Tank Reactor Model . .
) . . ) The overall material balance for the reactor in terms of
Let us consider a simple electrode reaction as given below cgoncentration can be written as

A+ne < B" (1) Cy=C,+Cy (10)

where ‘0" refers to number of electrons. The above reaction  Substituting forCg in eq 9 and rearranging the results gives
can be controlled by either by kinetic or mass transfer. The

limiting current density can be related to the mass transfer 14 oK,
coefficient a$* C (1+ D, +D,)
A 1
: .= 11
i, =nFk,C 2) Cai ot(k; t k)
(1+D,+Dy

wherek, refers to the mass transfer coefficient abdefers to

the bulk concentration. If the reaction takes place in a continuous For an irreversible reaction the terka becomes zero, and
stirred tank electrochemical reactor [Figure 1], then the material then the eq 11 is reduced to

balance can be written as

C
is a1 (12)
UCpi = Co) =2 @3) Cai (1+P)
The eq 3 can be written in term of residence time as where
oTi p— otk
Ca—Ca=1F “4) - (1+D)y

whereCa; and Cp refer to initial and final concentrations and The eq 12 represents the conversion equation for a continuous
o refers to the interfacial area of the electrode. The electrode stirred tank electrochemical reactor. For CSTERs connected in
kinetics is assumed to follow ButleVolmer type equation, series the eq 12 can be modified as
ie.
] Can _ 1 (13)
L=k, CS —K,CS (5) Can-1 otk

= 14— L
nF (1+D,)

wherek; andk; represent the reaction rate constants for forward o ) )
and reverse reactions, respectively, ﬂidand CS are surface where ‘N” represents the number of tanks in series. The eq 13

concentrations. The current density can be expressed in term$an be rearranged és

of the mass transport of A for steady-state operation as C ( otk, \-N
AN 1

1+ D, (14)

[ Cyi
E=ku(C—CY) (6) A
Tanks in Series Model
wherek;; represents the mass transfer coefficient of A. The eq

6 can be written in terms of mass transport of B as Tanks in Series model has been proposed to describe the flow

characteristics of the electrolyte in a CSTER. It is assumed that
i s the CSTER consists of three tanks connected in series [Figure
nE_ kio(Cg — Cg) Q) 1]. Accordingly the tracer material balance for the tank 1 can
be written as
where k » represents the mass transfer coefficient of B.

Combining eqs 57, the surface concentration is eliminated - d_C1: cC-cC (15)
resulting the reaction rate in terms of bulk concentratfoine. 1ot ° 1
i K,Cp — kCq wherer; represents the residence time of electrolyte in tank 1;
nE = ﬁ 8 Co, and C; refer to the inlet and outlet tracer concentration of
1+ —+ tank 1. Similarly the tracer material balance can be developed

2
ki Ko for second and third tanks as given below.
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The material balance for tank 2 can be written as Differentiating eq 21 results in exit age distribution, i.e.
% —c (16)  E@) ne ™ + e +
T, —— = — t) =
2 dt ! 2 (3= )~ 1) (11— )3~ 1)
—t/
The material balance for tank 3 can be given as € 22)
(1, — 13(1, — 73)
dc, _
gt C— G @) Case lI: In this case, the three tanks are assumed to be equal

in volume, i.e.,Vi; = V, = V3. Solving eqs 15 to 17 for the
whereC, andC;z represent tracer outlet concentrations of second pulse input results in the following equatign

and third tanks, respectively, while, and 73 represent the —

residence time of electrolyte in tanks 2 and 3, respectively. The F(t) = te (23)
model is further extended for age distribution analysis for the 272
following conditions.
Case I: The volumes of the three tanks are unequal Vi:e., Equations 1517 are solved for the exit age distribution for
=V, = V). pulse input
Case Il: The volumes of the three tanks are equal {£= —
V= Vi) E) =% 24)
Case lll: The volumes of tanks 1 and 3 are equal, and the 278
volume of tank 2 is higher than those of the other tanks (i.e.,
Vi = Vs Vo > Vi, Va). While eqs 15-17 are solved for the step tracer input results,

All the above three cases have been considered for thethe following expression foF(t) is seen
simulation to find the active volume involved during the process 5 _tr
in CSTER. Fy=1- te —— e—VT(l + £) (25)
Case I: As stated earlier, it is assumed that the reactor has 2t T
three tanks of unequal volume separated by the electrodes. The . . . .
electrolyte enters at tank 1 and leaves at tank 3. The total volume Eduation 24 is used for thg(f) for the step input since the

of the reactor is the summation of the volumes of all three tanks, Volumes are equal. .
ie. Case lll: In this case, it is assumed that tanks 1 and 3 are

equal in volume and the volume of tank 2 is higher than the
V=V, +V,+V, (18) others. Accordingly, eqs 517 are solved for pulse input, i.e.

whereVy, V,, andVs represent the volumes of tanks 1, 2, and F(t) = 1 te U 4 _ht (e "2 — e '] (26)
3, respectively, andV” refers to the reactor total volume. The 17 1) (1, — 1)

exit age distribution analysis has been performed by both step ) . o )

and pulse input techniques. Solving the egs 15 to 17 for the E(t) can be obtained by differentiating eq 26, i.e.

pulse input, thé=(t) can be written for the three tanks connected
i i i i i _ 1 —t/t 717, —t/7. —t/t
in series as (For all the three cases the analytical solution given E(t) = te "+ —"—(e"2—e "] (27)
in the annexure) 74(7y — 7)) (1, — 1)
r.e i et Similarly eqs 15-17 are solved for the step input as

Fi) =1 : + 2 -

' (=)t~ 1)) (1)~ 7)) F =1+ 7,(2r, — 11)67UT1 te i rzzeft”Z 28)

—t/7 = -
T (19) (r,— 17)° (= 1) (1,— 1)

Ty — TH) T, — T
(7 = )T~ 7 Differentiating eq 28 with respect to time results in the

Differentiating eq 19 results in the exit age distributigft), following expression foE(t);
i.e. —t/T
T, — 2t,e ! !
—t/T —t/7- E(t) = ( - 2) 2 + € (1 o (l)) +
_ e " e " (t,— 1) (t;— 1) 7
Et)=1, + +
(T =3~ 7)) (1~ 1)(7, — 73) »

L) (20) 2—2 (29)
(T, = 1315 — 79) (r,— Tl)z

Solving egs 1517 for the step input and rearranging results ~ The model in egs 1929 gives the residence time distribution
in the following expression foF(t), i.e. analysis of CSTER for different geometries. These equations
are solved numerically and examined for critical operating

lee—t/rl Tzze—tlrz conditions.
F()=1- - -
(-1 —1) (- )(5n— ) Experimental Section
TSZe—tlr3

—— (21) The experimental setup given in Figure 2 consists of a glass
(ty = 1)(7, — 73) beaker of 300 mL capacity with PVC lid having provision for
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Figure 2. Schematic of continuous stirred tank electrochemical reactor
experimental setup: (1) overhead tank; (2) dc power supply; (3) anode; (4) -l Tl
cathode; (5) magnetic stirrer; (6) tracer injection point. 0 T e A A s ey T
0 5 10 15 20 25 3o
1.2 t (min)
— Simulat . . . . .
i i_mn Figure 5. SimulatedF(t) distribution in a CSTER for a pulse input at
* Esperimental different flow rates. Volume ratie= 1:10:1.
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Figure 3. Comparison of model simulation of exit age distribution with : \"«.
experimental observation for the pulse inpQt= 35 mL min?; volume 3 N
ratio = 1:3:2. 0 N e
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_Sim"lfﬁ“ Figure 6. SimulatedE(t) distribution in a CSTER for a pulse input at
* Experimental different flow rates. Volume ratie= 1:2:1.
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Figure 4. Comparison of model simulation of exit age distribution with 02 4 I
experimental observation for the pulse inpQt= 35 mL min?; volume ’ ’
ratio= 1:1:1. ”
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an anode and a cathode. R4iD and a stainless steel sheet of 0 5 10 15 20 25 10
t (min)

6.5 x 5 cn? were used as anode and cathode, respectively. The
uniform electrolyte concentration inside the reactor has been Figure 7. SimulatedF(t) distribution in a CSTER for a step input at

maintained with the help of magnetic stirrer. Experiments were ditferent flow rates. Volume ratie= 1:10:1.
conducted on electrooxidation of dye effluent and residence time
distribution to find the nonideality of the system without an

electrochemical reaction. Results and Discussion
For electrooxidation, synthetic effluent of Acid Red 88 dye  The electrolyte flow behavior in a continuous stirred tank

has been prepared at various initial concentrations. The elec-glectrochemical reactor has been simulated for both pulse and
trolysis was carried out under galvanostatic conditions using a step tracer input using the model equations developed in the
dc-regulated power source (HIL model 3161). The effluent flow previous section. The exit age distributig(t) can be calculated
rate has been adjusted by adjusting throat valve and the samplegom the tracer output using the following equafidn

were collected for analysis of color removal at steady state. For
residence time distribution studies, the reactor was operated with c(t)
water as electrolyte. The tracer of 10 mL of 1000 ppm Acid T
Red 88 dye solution was injected at steady state and sampled Jo e dt
periodically at the outlet of the reactor and analyzed using a

colorimeter. wherec(t) represent the exit tracer concentration at time “t” .

Et) = (30)
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Figure 8. SimulatedE(t) distribution in a CSTER for a step input at  Figure 9. Experimental observation di(t) distribution in a CSTER for
different flow rates. Volume ratie= 1:4:1. pulse input.
The mean residence time, variance, and the number of tanks in 1.2
series can be calculated using the following equation.
The mean residence time distribution, for CSTER can be e e e
given as e
0.8 - K
00 -2
T= tE(t) dt 31 S/
S tE® (1) o i Q (ml mi)
& .
The variance for CSTER can be written as ,;"a' ;:
a4 /S
e 2 it --—-- 100
o’ = [ (t—7)’E(t) dt (32) i
K
The number of tankdy, can be given as 3
] ; ; . . :
2 0 5 10 15 20 25 0
N=— (33) t fmin)
o

Figure 10. Experimental observation &f(t) distribution in a CSTER for

The number of tanks in the “tanks in series model” can be step input.
calculated using eq 33. The experimental observations and
theoretical analysis of all three cases are discussed below. . ) )

Case |.The model equations developed in the earlier section Simulatedr(t) for pulse input for the volume ratio 1:10:1. It
li.e., equations 19 to 22] have been solved Egt) and F(t) can be as_certalned from the figure that_ E?_(e decreases with
distribution under various flow conditions. Figure 3 shows the ncreasein the electrolyte flow rate. This is due to the fact that
simulated exit age distribution along with experimental observa- the volume by volumetric flow rate of the electrolyte decreases
tion for the pulse input. It can be ascertained from Figure 3 W|th increase in eleetrolyte flow rate resulting reduction in mean
that the simulated exit age distribution shows wide deviation residence time distribution. It can also be observed from Figure
from experimental observations. Similar observation has been® that the average residence time is decreases with increase in
recorded for all the flow conditions. This may be the fact that electrolyte flow rate. Slmllar observation has been recorded for
the assumption considered in case | may not be realistic in € other volume ratios.
electrochemical system. Figure 6 shows the simulated exit age distribution function

Case Il. Equations 2325 have been solved f@(t) andF(t) E(t) for pulse input at a 1:2:1 volume ratio. It can be ascertained
distribution for both pulse and step inputs. Figure 4 compares from the figure that th&(t) decreases with increase in electrolyte
the simulated exit age distribution along with experimental flow rate. This can be explained that the volume by volumetric
observation for pulse input. It can be noticed from Figure 4 flow rate decreases with increase in electrolyte flow rate
that the simulated exit age distribution shows a much greater resulting reduction in mean residence time distribution. Further
difference with the experimental observation. The deviation can it can be observed from Figure 6 that the average residence
be explained by the fact that the assumption of equal division time decreases with an increase in electrolyte flow rate. On the
of electrochemical reactor into three tanks in series does notother hand, Figures 7 and 8 show the simulatioR(®fat 1:10:1
reflect a realistic representation of the system. Similar observa-Vvolume ratio andE(t) simulation at 1:4:1 volume ratio,
tions have been noticed for all the other flow conditions also. respectively. A similar observation has been observed-(9r

Case lll. Equations 2629 have been solved fd#(t) and andE(t) distributions for the step input.

E(t) distribution for both step and pulse inputs for various The experimental, analyzed f&(t) andF(t) distributions for

electrolyte flow rates at different volume ratio of the tanks. different flow rates are given in Figures 9 and 10. It can be
Further the tanks in CSTER (tanks 1, 2, and 3) are assumed toobserved that the distributions &t) and F(t) decrease with

have three volume ratios, i.e., 1:2:1; 1:4:1 and 1:10:1. Accord- an increase in flow rate of the electrolyte. Figure 11 shows the
ingly, the simulations have been carried out for the three volume comparison of experimental observation with simulation for
ratios under various electrolyte flow rates, and the simulated different volume ratios. It can be observed from the figure that
results are presented in Figures 5 and 6. Figure 5 shows thethe simulated results obtained for a volume ratio of 1:10:1
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Figure 11. Comparison of simulateg(t) distribution with experimental Figure 13. Comparison of model simulations B{t) distribution with the
observation in a CSTER for pulse inp@.= 35 mL min 2. experimental observation§ = 100 mL mirr2.
a 0% Table 1. Variation of Reactor Active Volumes /1, V2) with
— Simulation Electrolyte Flow Rate
0.2 = Experimental Q (mL min-t Vi (crr) V2 (cm?)
35 25 250
T 0.15 4 75 23 254
g 100 21 258
&
0.1 - Table 2. Comparison of Theoretical and Experimental
Decolorization Efficiency in the CSTER for Current Density 10 mA
cm~2, Initial Effluent Concentration 100 mg L ~1, and Supporting
0.05 + Electrolyte Concentration 1000 mg L.
B % decolorization
U T T T L T Q T no Of 0—
I i
0 p 10 5 20 25 20 S. no. (mL min~1) (min) tanks theor exptl
t (nin) 1 35 7.08 1.18 67.42 60.50
b o4 2 75 3.09 1.49 54.79 52.23
. . 3 100 2.40 1.59 49.98 42.67
— Simulation
= Experimental . . .
03 Fpenmer occupied by the side compartment also was subjected to the
process due to increased mixing with the electrolyte flow rates.
Td Decolorization Efficiency. The theoretical analysis further
‘802~ extended to calculate the color removal efficiency using eq 14.
g Table 1 gives the number of tanks connected in series and the
mean residence time. The mass transfer coefficient can be
0.1 1 calculated using the following equation:
C\_ —kaS
0 T * T + T Ln(E = V t (34)
0 5 10 15 20 25 30 [
t (min)
Figure 12. Comparison of model simulations &ft) distribution with the km is the mass transfer coefficient. The experimentgl percentage
experimental observations: (@)= 75 mL min%; (b). Q = 100 mL mirr . color removal can be calculated using the following relation:
N G-
% decolorization= x 100 (35)

matches satisfactorily with the experimental observation. While
the other volume ratios (1:2:1 &1:4:1) give wide difference with
the experiential observation. In fact the volume ratio of 1:10:1 . o - .
. . The theoretical decolorization efficiency is good agreement
refers to the point that tank 2 has a higher volume than the . - o e
L . ... with the experimental decolorization efficiency and the values
other two tanks, resulting in a maximum volume availability . .
o . are also given in Table 2.
for the electrode process. This is a new observation recorded
in the present investigation. The same trend has been recorde
for all the electrolyte flow rates used in the present investigation.
Figures 12 and 13 show the comparison of simuldE& Experiments were carried out in a continuous stirrer electro-
andF(t) with the experimental observation for pulse input and chemical reactor to study the residence time distribution and
step input for the volume ratio of 1:10:1. It can be ascertained color removal covering a wide range in operating conditions.
from the figures the simulatede(t) and F(t) distribution The electrolyte flow behavior has been experimented upon using
satisfactorily matches with the experimental observation. The both pulse and step input techniques, and the exit age distribution
effective volume of the tanks and for the different flow rates curves obtained under various operating conditions are critically
are given in Table 1. It can be observed from the table that the analyzed. Atanks in series modélas been developed to describe
active volume (i.e.y,) increased marginally with the flow rate  the electrolyte flow behavior inside the reactor and the model
of the electrolyte. The marginal increase in active volume has been simulated under various conditions. It has been

G

%onclusion
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observed that the simulation for the volume ratio of 1:10:1 match  The eq A8 value is substituted into eq A2, and the equation
well with experimental observations. Further it has been solution can written as
observed that the flow rate increases the reactor active volume.

The model simulation has been used to determine the color

removal efficiency and observed that the color removal ef-

ficiency predicted using present model matches satisfactorily

with experimental observations.

—t/11 —t/7,
SZ B 7,€ 7,€
CO

17T T17 7 (A9)

The eq A9 value is substituted into eq A3, a@g can be

' written as
Appendix
. . C T Ze—t/rl T Ze—tlrz
Analytical Solution for the Model Proposed. Case |.All ~3_ Fiy=|1- 1 _ 2 _
three tanks are of different volumes. So the residence time of C, (3= 1)1, — 1) (rp— 1)(13— 7p)
the each tank is different and is representedriyr,, andrs 2 —tirs
for tank 1, tank 2, and tank 3, respectively. € (A10)
For the first tank, the tracer material balance can be written (1, — 13)(1, — 13)
as
& The A10 equation is differentiated and t&Bé&) become
1
Pl C,—C; (A1) _L,le—t/rl Tze—t/rz
E(t) = — — T — Tt
For tank 2, the material balance can be written as (=) —n) (=) TUZ)
78 0
dc | (All)
g =C—C (A2) (11— w7~ %)
- Case Il. All the three tanks are of equal volume, and the
Similarly, for tank 3, the balance becomes : . . -
residence timer) of each tank is same in all of the tanks.
dc, The material balance of the tank 1 can be written as
gt — G, -G (A3) dc,
1—/—=C,—C; (A12)
Equations AT-A3 are solved for pulse input of tracer, and dt
then eq Al becomes Tank 2 can be written as
C, v
—S=gtin dc
c,”© (A4) 1 £=C-C, (A13)
Thg A4 value is substituted into eq A2, and the solution can Similarly, for tank 3
be written as
c dc;
_2 — 1 (e—t/‘ll _ e—T/‘L’z) (A5) T E - CZ 3 (A14)
Co (i_1
T, T, Equations A12-A14 are solved for pulse input of tracer.

The eq A5 value is substituted into eq A3 and the solution

Equation A12 can be written as

C
becomes El =gt (A15)
C; . r,e e " °
Cy F =17, (t,— 7,)(1, — 7o) * (t, — 1)(T, — To) + Substitute theC; into eq A13 andC,/Co becomes
—Ur3 _
7.€ C, te”
——— | (A6) - = (A16)
(3= )13 — 7y Co T
Equation A6 is differentiated, and(t) becomes Substitute the above value into eq Al4 a@glCy can be
written as
E( ) ( eftlrl n eftlrz n
t)=r1 C 2, —t/
o - -1 - — 1) Bof ="t i (A17)
C 2
e—t/T3 0 2T
| (A7)
(1, — 73153~ 7y) Differentiating theF(t), E(t) becomes
Then eqs AT+-A3 are solved for step input of tracer. Equation e Ut
Al becomes E(t) = o3 (A18)
T
Cl —t/ . .
—=1-e " (A8) Equations A12-A14 are solved for step input of tracer, and
Co C; can be written as



Sl=1—e’t”

o (A19)

Substitute theC; value into eq A13 to get th€, value

C —t/t
2o B g (A20)
G
Substitute this value into eq Al4 to get the
C 2
Zofh=1-— e‘”’(l + 1) (A21)
Co 27° T
Equation A21 is differentiated, arg(t) becomes
t2e7t/r
273

Case lll. In this case tank 1 and tank 2 are of equal volumes

and the tank 3 volume is greater than these tw@ndz; are
residence times of tanks 1 and 3 respectively, ands the
residence time of tank 2.

For tank 1, the tracer material balance can be written as

dcC,
‘L'l E = CO - Cl (A23)
For tank 2, the balance becomes
dC,
Ty E = Cl - C2 (A24)
Similarly for tank 3
dcC,
Ty E = C2 - C3 (A25)

Equations A23-25 can be solved for pulse input of tracer.
C; can be written as

C, v

——=p '

c, e (A26)
The above value is substituted into eq 24, @becomes

22 — 1 (e—l/‘fl _ e-t/‘[z)

&)

T, T

(A27)

The C, value is substituted into eq A25, a4 becomes

—t/T,

C T,T,8
_3 = F(t) = 1 te_t/fl + L
Co 1717 (t1— 7))

Differentiating eq A28, theé(t) equation becomes

(e V2 — e“’fl)) (A28)

74T
E(t) — 1 (tetf‘rl + 1—2 e*t/‘[z _ e[/fl)) (A29)

71(71 — 7) (1, — 1)
Equations A23-A25 can be solved for step input of tracer

Cl *t/‘[l
60 =1l-e (A30)

C, is substituted into eq A24, an@, is written as
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C reln el
=12 2 (A31)
Co 177 T17 70
C, is substituted into eq A25, and; is written as
C 7,(2t, — 7,)e '™ —tny 7,26 U
—3=F(t)=1+ 1( 2 1)2 + te b .
Co (r, — 79) (=1 (r,— 1)
(A32)

Differentiating eq A32, thés(t) equation becomes

_t/'ll

T, — 27,)€e Ty
£ = 2)2 +-£ (1—(i))+
(t, — 7)) (1, — ) 7
rze_t/12
(T, — Tl)z
(A33)
Nomenclature

v = volumetric flow rate

Cai = inlet concentration

Ca = outlet concentration

C> andCg = surface concentration of reactant and product at
the electrode

| = applied current

i = current density

S = surface area of the electrode

n = number of electrons

N = number of tanks in series

F = Faraday law constant

o =surface area per unit volume

T = residence time

02 = variance

ki1 andk , = mass transfer coefficients

D; andD, = Damkohler numbers
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