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Abstract—Residence time distribution (RTD) measurements were carried out when electrolyte flows through a tubular
electrochemical reactor having parallel plate electrodes using impulse response experiments. The experiments were
performed at flow rates varying from 10 — 40 Iph. A two-parameter model has been developed to explain the flow
characteristics of electrolyte in the reactor and the proposed model is validated with experimental observations.
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l. INTRODUCTION
With the advent of industrial revolution in the last few decades, the main source of water pollution is the waste
material discharged by the various industrial units such as textile industries, tanneries, dairies, refineries, chemical, plastic,
food producing plants etc. These industries discharge wastewaters containing a variety of pollutants such as dyes, dissolved
inorganic salts, organics and suspended material into public water bodies thus causing harmful and undesirable water
pollution. Removal of pollutants and color from the industry wastewater has become a challenge especially in view of the
stringent pollution control regulations.

Biological oxidation [1], adsorption [2], coagulation by aluminium or iron salts [3] are some of the traditional
methods employed in the treatment of industrial waste water before their disposal or reuse. These physicochemical methods
have many disadvantages in term of efficiency, cost, regeneration or secondary pollution [4-7] though they may be efficient
and economical in some specific applications. In order to overcome these disadvantages, many attempts have been made to
find new, efficient and low cost waste water treatment methods. In the recent years, wet air oxidation [8], ozonization [9],
Fenton and photo Fenton oxidation [10], supercritical water oxidation [11] and electrochemical oxidation [12] are some of
the new techniques tried in waste water treatment. Among these, electrochemical oxidation seems to be more promising as it
offers many advantages such as selectivity, cost effectiveness, environmental compatibility, safety, energy efficiency,
versatility and amenability to automation [13-15]. Lin and Peng [16] had applied this method for textile industry waste water
and achieved significant removal of organic matter. Radha et al. [17] had investigated the effect of current density and py in
the electrochemical oxidation treatment of textile effluent. Piya areetham et al [18] had conducted laboratory scale
experiments in a cylindrical axial flow reactor to reduce color and COD in distillery waste water using electrochemical
oxidation technique.

The flow behavior of electrolyte through a reactor plays a crucial role in the selection or design of the reactor. The
residence time distribution (RTD) analysis has been widely used for evaluating the hydrodynamic performance of non-ideal
chemical reactors. It helps in the diagnosis of stagnant and bypassing zones in stirred tanks or the dispersion and dead zones
in plug flow reactors. Bengoa et al [19] used RTD analysis to model the flow between two electrodes in a filter press type
electrochemical reactor and described the flow throughout the cell by a dispersed plug flow model. Carpenters and Roberts
[20] investigated the mass transport and residence time charecteristics of a parallel plate oscillatory flow reactor and reported
mass transport enhancement under certain conditions. They compared their results with that predicted by an axial dispersion
model. Ferro et al [21] developed theoretical models for the evaluation of RTD curves on a variety of vessels and validated
the models with experimental RTD curves taken from literature. Lima and Hodouin [22] measured the RTD in an industrial
cynaditation tank and explained it by the presence of bypassing and stagnant zones in the reactor. Lidia and Martha [23]
made a scale up study of an electrochemical reactor for treating textile waste water. Flow characteristics were defined by
RTD function and experimentally determined decolorization efficiency was compared with that predicted by the knowledge
of E(t) and kinetic expression. Hsu et al. [24] simulated the electrolyte flow through a channel of cylinders by a unit cell
model and derived analytical expressions for the flow field and residence time distribution. They had validated the model
with experimental observations. Andriy et al. [25] modeled RTD curves in a flow through super critical water oxidation
(SCWO) unit by an axially dispersed plug flow model. Fernando et al. [26] employed the stimulus response technique in
filter press type electrochemical reactor and observed at low and intermediate Reynolds number, the liquid flow pattern
deviates considerably from axial dispersion model.

The review of the literature indicates that though much work has been done on RTD studies in electrochemical
reactors, very few models accounting for the different possible zones in the reactor and exchange of material between them
have been developed. In this work a two parameter model is proposed for the residence time distribution of electrolyte in a
tubular flow reactor considering the active and stagnant zones and the flow circulation between them. The proposed model is
validated with experimental observations at different operating conditions.
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1. THE PLUG FLOW ELECTROCHEMICAL REACTOR (PFER)
Figure 1 shows schematically a tubular electrochemical plug flow reactor with parallel plate electrodes.
Electrolyte flows through the reactor at constant volumetric flow rate, Q, and a linear velocity, u. For a single reaction of the
form

A+ne —B 1)
The change in the concentration of reactant A from inlet to exit is given by

I
Q(Cai—Chn) = oF (2

This expression is of limited use in the design of the electrochemical reactor as it provides no insight into the microscopic
variations of concentration, current density and electrode potential occurring along the ‘x” direction in the reactor. Therefore
a material balance on a finite differential section of length 6x has become necessary.

[ 5%5

QCalx— QChalx+ 5x = T (3)

where L is the overall reactor length.
Dividing equation (3) by x and taking the limit as dx becomes infinitely small gives
A L=

—Q T “)
which can be written in the form
40 Lef (5)

Py Tl

A
where dt == and the factor, =, the electrode area per unit volume.

For parallel plate configuration, = = 1/ d where d is the inter-electrode gap.
The electrode kinetics is assumed to follow Butler-Volmer type equation,

= = ':'f;': ':.45 — Ky 'fg (6)

F

where kr; and &z, are the forward and backward reaction rate constants respectively and £ , C3 are the surface

concentrations.
Reaction (1) is assumed as irreversible and follows the Tafel reaction. Then the current density can be expressed in terms of
the mass transport A for steady state operation as [27]

= = ke (Ca—C5) @
where k; ; represents the mass transfer coefficient of A. Equation (6) can be written for Tafel reaction as
== kO ®)

Combining equations (7) and (8) the surface concentration can be eliminated resulting in surface concentration in terms of
bulk concentration as
1 Krita

o Kr (9)

r g

kra

Substituting equation (9) in equation (5)

Ca_  __Hmba
e = % oo :du (10)
where D, is a Damkohler number and defined as I, = x &

Hra

which on integration gives

Rfibla
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(1+Dg)

Equation (11) has two limiting forms for high and low Damkohler numbers for limiting current operations. At low I, it
reduces to the expression

INCCC =In(1 =X, ) =—okat (12)
and at high I': reduces to

In(C,lC) =In(1 — X, ) =—oksy 7 (13)
Equation (13) enables the computation of the rate constant of species A, (k¢;) based on experimental observations.

2.1 The Dispersed Plug Flow Model in Reactor Design
The effect of dispersion in reactor is analyzed through the direct application of steady-state material balance equation
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——=—- -+ = (14)
Fs dz= iz o

The solution, for any form of end conditions, is [28]

Ea _ 4 sxplPe|2)

Cai  (L+q1® exp (gPeli)- (1-g) 2 expl-gPe|2) (15)

where g =+ 1 + (4kt|Pe) and k = ky, is the appropriate Pseudo-first order rate constant

1. THE RTD MODEL
As the individual fluid elements reside in the reactor for different lengths of time their residence time distribution
can be expressed in terms of an exit age distribution E(t) diagram. At any instant of time the fraction of fluid which has spent
a time between t and t + dt in the reactor is given by E.dt so that

Y E©de = 1.0 (16)

The present tubular reactor consists of parallel plate electrodes which disturb the electrolyte flow and cause mixing
inside the reactor and it is assumed that the reactor consists of two zones namely active zone and dead zone and that there is
fractional exchange of electrolyte between active and dead zones. The schematic representation of the proposed model is
shown in Fig.2.

The electrolyte volume in the reactor is split into active volume (in active zone) and dead volume (in dead zone) which is
expressed mathematically as

V= Vo + V(I - ) 17
where o is the fraction of active volume.

The active flow can be related to flow through active zone and dead zone by
QL =QpL; + QBC (18)

where Q is the volumetric flow rate of the electrolyte and £, £ and C.are the tracer concentrations of the electrolyte

streams at the reactor inlet, reactor exit and in the stream reversing from the dead zone to active zone respectively. B
represents the fraction of flow between dead and active zones.

The tracer material balance equation for the active zone in accordance with the proposed model is

QL+ QPL,. =QL, +QBL, + Vai (19

dr

The first term in equation (19) is eliminated using the condition, i.e., Att=0, £, = Candatt>0; {, = 0.

The tracer balance for the dead zone can be written as

El
e

QBC: = QR + V (1-0)°2

(20)

Equations (19) and (20) can be solved using Laplace transform with the boundary condition that at timet=0, £; = 0,

The initial tracer concentration £ can be calculated using the equation

Co=1 (21)
where “q’ is the tracer quantity.

The tracer concentration in the active zone £, can be related to reactor active volume as

c.=+, 22)

The mean residence time is defined as the ratio of volume of the reactor to the volumetric flow rate.
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™+l

(23)

|

Taking Laplace transform and rearranging equations (19) and (20) yields (analytical solution of the equations is given in
appendix)

PR [z228]

P (24
= (IE t

where E;, E,, By are given by

B, = ,:i:,’ B, = .:;s--:gE - - _,, (25)

And H; and A- are given by

R, =2((8, +8,) - /B, — 5.7 + 455 (26)

H: = _?:I::I:B: T E"::I T x'. ':E: _B: :': T 433‘] (27

The residence time distribution function for a pulse input of tracer is obtained by taking inverse Laplace transform of
equation (24) using a Heaviside Expansion theorem [29] as

F F_ B

R 1 P v df= - - 2w
Eg) =2=—"—|(R, +By)e "¥ — (R, + B, Je ¥ (28)

i
Ep (Ry—R2)

Equation (28) can be used to determine the exit age distribution function of tubular electrochemical reactor for pulse tracer
input.

V. EXPERIMENTAL

The schematic diagram of the experimental set up is shown in Fig.3. It consists of a reservoir, dosing pump and the
tubular electrolytic flow reactor, connected with rubber tubes. The reactor is a cylindrical acrylic column of 5cm diameter
and 21.5cm length having a hold up volume of 350 ml. It has an inlet at the bottom and an outlet at the top and is connected
to 0-20 A and 0-15V DC regulated power supply. The reactor has three (03) number of parallel plate cathode (20cm x
3cm x 0.15¢m) and two (02) number of anode (20cm x 3cm x 0.15cm) held vertically and parallel to each other with an inter
electrode gap of one (01) cm in between the electrodes. All the electrodes were made of mixture of metal oxides (RuO,,
IrO,, and TiO2) of 6um thickness coated over titanium base metal.

Experiments were conducted in the tubular flow reactor for studying residence time distribution and assessing
COD reduction and color removal. For RTD studies the tubular reactor was operated with water as electrolyte fluid and Acid
Green V dye solution as tracer in pulse input. The samples were analyzed using UV-vis spectrometer. For electrochemical
oxidation, synthetic dye effluent of Acid Green V has been prepared at two different inlet concentrations. The electrolysis
was carried out under galvanostatic mode covering a wide range of operating conditions. Samples were collected at the
outlet of the reactor for the estimation of color removal, COD reduction and pH at steady-state conditions.

V. RESULTS AND DISCUSSION
The electrolyte behavior in the electrochemical reactor has been simulated for pulse tracer input using the model
equation and are presented in Figs. 4-7. The exit age distribution E(t) can be calculated from tracer output using the
following equation.
E(t) = LI (29)

I, cleddt

where c(t) represent the exit tracer concentration at time ‘t’.
The mean residence time can be calculated as
E= [, tE(t)dt (30)
The E(0) has been calculated using equation (28) and converted to E(t) by dividing mean residence time of the
electrolyte.

The effect of exchange flow ratio, ‘B’ between dead and active zones on exit age distribution function for a given
active volume fraction o = 0.5 and a steady electrolyte flow rate Q=10 Iph is shown in Fig.4. It is seen that at higher values
of B exchange of electrolyte between active and dead zone has improved resulting in increased effective active volume of the
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reactor. Further, it can be inferred that when B = 0, E(t) gives the age distribution of only the active zone indicating the
absence of the dead zone.

The effect of active volume fraction o on exit age distribution for a given exchange flow ratio B =0.5 and a steady
electrolyte flow rate Q =10 Iph is shown in Fig.5. It is seen that the active volume fraction seem to have no significant
impact on the residence time distribution function. It can be inferred from Fig.4 and 5 that increase in the exchange flow
ratio B and decrease in the volume occupied by the dead zone (1- ) increase the active volume of the reactor. The reduction
in the effective active volume of the reactor caused by the increased dead zone volume is compensated by the enhanced
mixing between the two zones due to the increased exchange flow ratio thus resulting in negligible influence on the
residence time distribution.

Fig.6 shows the variation of residence time distribution function with four different flow rates of 10, 20, 30 and
40 Iph , keeping the exchange flow ratio of 0.5 and 50% active reactor volume. The residence time distribution is found to
decrease with increase in the flow rate.

Residence time distribution was determined experimentally by conducting tracer studies with Acid green V dye as
the tracer solution and water as the electrolyte. The observations are presented in Fig.7. It is seen that the residence time
distribution is decreased with increase in the electrolyte flow rate. The reactor active volume and the exchange flow ratio
have been determined for the present experimental conditions and are listed in Table 1. The active volume and the exchange
flow ratio are found to increase with increase in the flow rate as anticipated. In order to check the validity of the model, the
model predictions are compared with the experimental results as shown in Fig.8 (a,b,c,d). The model predictions are found to
agree well with the experimental observations.

Experiments were conducted in the tubular flow reactor with synthetic Acid green dye effluent for determining the
extent of decolorization and COD reduction. In a typical run, the effluent of known initial concentration was mixed with
appropriate amount of electrolyte NaCl and continuously pumped at constant flow rate and current density through the
reactor. After steady state is reached samples were collected and analyzed for color and COD. The color was assessed by
measuring sample absorbance in a UV-vis spectrophotometer (SL 159, ELICO, India), keeping the Anax Value as 637 nm;
The COD was estimated by the dichromate method as per the procedure described by standard methods for examinations of
water and wastewater [30].

From experimental observations the rate constant K¢, the residence time © and the Damkohler number Da; were

determined using equation (13). The theoretical values of color and COD after treatment were calculated by equation (15).
The experimental observations are compared with the theoretical predictions and the values are given in Table 2. It can be
seen that the theoretically predicted color and COD removal efficiencies are in good agreement with the experimentally
obtained values.

VI. CONCLUSION

The residence time distribution of electrolyte in a tubular flow electrochemical reactor with parallel plate
electrodes has been studied at different operating conditions. The electrolyte was considered to flow in the reactor passing
through an active zone and a dead zone and a two parameter model accounting for the zones and exchange of flow between
them has been proposed. Exact mathematical solution of the model equations are obtained using Laplace transforms.
Increase in dead zone volume reduces the active reactor volume, but the simultaneous increase in the exchange flow ratio
compensates for such reduction as the active volume of the reactor is increased with increase in the exchange flow ratio, thus
causing negligible impact on the effective active volume. The color and COD reduction efficiencies determined for Acid
green V synthetic effluent at different steady flow rates are in good agreement with the theoretical values.
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Nomenclature

A surface area of the electrode (cm?)

Cai inlet concentration

Ca outlet concentration

ci c3 surface concentration of reactant and product at the electrode
COoD chemical oxygen demand

Da Damkohler number

E(t) exit age distribution (sec™)

F Faradays law constant

i current density (Adm?)

by 4 end k5 mass transfer coefficients (cmsec™)

k;-: and kyy forward and reverse reaction rate constants (cmsec™)
n number of electrons

q tracer quantity (mol)

Q flow rate (Iph)

56



Residence time distribution studies in flow through tubular electrochemical reactor

RTD residence time distribution
E mean residence time (sec)
\Y volume of the reactor (ml)
Greek letters
o fraction of active volume
B exchange flow ratio between active and dead zones
&(t) Dirac delta function (sec™)
0 dimensionless time
T interfacial area (cm™)
Appendix A
Material balance of the tracer in the an active zone is
-
QBL, =QC, +QBLC, + VO‘% (A1)
where €, = = |=
Material balance of the tracer in the dead zone is
QBC: = QBC: +V (Lt (A2)
Laplace transform of equations (Al and A2) are
QBC:(51=QC, (51 +QBC, (51 + Va [sC, (s} — £,(07] (A3)
QBC:(51=QC: (51 +QpL: (51 + Va :Slfi':sj - :—I] (A4)
QBC: (51 = QBL: (s) +V (L-u) [sC: (=) — €, (0] (AS)
QBC (51 = QBC (5] +V (1-0) [sC, (s) — 0] (A6)
Rearranging equation (A6)
[QB+V (1-0) ] € (=) = QL. () (A7)
(21 = q:\:—i:'
Cils) = [QF + V (1-a)s] (A8)
€, (s)= ﬁ (A9)
€. = = (A10)
[1+5]]
where £ =E; : = »i«v.
Similarly eduation (A4) is rearranged as follows
QBE: (s} =[QUI+P) + Vas] £1(s) — g (AL1)
[Q(1+p) + Vas] €1 (s) —QBL.ls) =1q (A12)
Substituting equation (A10) in equation (A12)
QULEP) + Ves——2r| €,(s)=q (A13)
| [ +2]]
Dividing equation (A13) by Vi
YR bs—rd | = L (A14)
| oz T T
Zt+s -5 |G(s) =2 (A15)
; [ ] &
lLs + T-:l - -'E_E:L'E:| C.is) = f (A16)
AT
_E—: '.3—1_1-. —%L'i- ; -
|G =2 (AL7)
SR e
C-'_|5| = _i;:-'- E: Y (A18)
T ETRATE
1+ By 5° g
where By === By = 5 =~ —and (= *

The denominator of equation (A18) is written as
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B, Byy B
s+ nks—T‘J—f—jzn (A19)
Solving equation (A19) and the roots of the equation become,
Ry == ((B, +B,) - (B, - B.)? + 4B (A20)
R, = _Til:;(gi +B.)+ (B, —B. " + ‘J‘B:il (A21)
Substituting equation (A20 ,A21) in equation (A18)
TR
C.lsr= [T (A22)
ST rATE A
_ CEg
Cylzd 1 T3
S = s e
= . A t

Taking inverse Laplace transform of equation (A23) using a Heaviside Expansion theorem as

g4+

[2].
[3].

(41

(5]

[6].

[71.

8.

9.

(A24)

(A25)

(A26)

(A27)

(A28)

(A29)

(A30)

(A31)
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Table 1: The values of active volume fraction and exchange flow ratio at various flow rates.

Q (Iph)
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10 20 30 40
Active volume (o) 0.79 0.69 0.59 0.58
Exchange flow (B) 0.01 0.09 0.1 0.12

Table 2. Comparison of predicted color and COD removal efficiencies with experimental observations.
Current density 2.5 A/dm? Initial effluent concentration 3000 mgl™; NaCl concentration 10 gl

S.No. Q (Iph) t (sec) % COD reduction % Color removal
Theoretical Experimental Theoretical Experimental
1 10 126 79.60 87.50 98.24 99.93
2 20 63 63.09 69.00 93.77 98.44
3 30 42 49.06 52.00 91.98 96.54
4 40 31.5 36.17 37.50 88.26 92.74

Captions for Figures:
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Figure 1: Schematic representation of tubular electrochemical reactor with parallel electrodes
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Figure 2 : Schematic representation of two-parameter model for a tubular flow electrochemical reactor.
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Figure 3 : Schematic diagram of experimental setup
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Figure 4: The effect of exchange flow ratio on exit age distribution in a tubular flow electrochemical reactor;
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Figure 5: The effect of active volume on exit age distribution in a tubular flow electrochemical reactor; Q=10 Iph; $=0.5.

0.45
04

0.35 |

0.3

E(t) sect

0.15
0.1
0.05

0.25 |
0.2 |

Time (sec)

101ph
20Iph
30Iph
- = = 40Iph

Figure 6: The effect of electrolyte flow rate on exit age distribution in a tubular flow electrochemical reactor.

0.04
0.035
0.03
0.025
0.02

E(t) sec?

0.015
0.01
0.005
0

0

200 300

Time (sec)

400

—=—Q=10Iph
ceowee Q= 20 Iph

Q=30Iph
- = =Q=401Iph

Figure 7: The Variation of experimental exit age distribution in a tubular flow electrochemical reactor.

61



0.014

E(t) vs t for flow rate 10lph;a.=0.79;3=0.01
0.012

Residence time distribution studies in flow through tubular electrochemical reactor

------ Simulated
*
\
~ 0.008 Y

E(t)sec
P

Experimental

N,
0.006 [~

N,
0.004

0.002

+TN3s
¥ T
i
o . .
0 100 200

E(t) vs t for flow rate 20Iph;«:=0.69;3=0.09

600
Figure 8 a): Comparison of model simulation of exit age distribution with the experimental observation for flow rate 10 Iph.
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d) Comparison of model simulation of exit age distribution with the experimental observation for flow rate 40 Iph.
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