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Abstract

The adsorption model to predict the time dependent removal efficiency of methyl iodide by trie-
thylenediamine (TEDA) impregnated charcoal bed under humid condition is proposed. Under humid
conditions, the reduction of equilibrium adsorption capacity and effective pore diffusivity is consid-
ered. The predicted values are compared with the experimental results.
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solution, (g mole/cm?)

Nomenclatnre F  :volumetric flow rate, (cm3/sec)
€  : gas phase concentration, (g mole/cm?) K  : Langmuir constant
€ :intraparticle concentration in pore fluid, K’ . Freundlich constant
(g mole/cm3) K, :external mass transfer coefficient, (cm/
C, . gas phase concentration at bed inlet, (g sec)
mole/cm?) Npore - number of pore diffusion mass transfer
C; : concentration of methyl iodide in aqueous unit, (=15Dyqcee (1 —ep) V/r 2 F
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s : saturation pressure, (atm)
gq  : adsorbent phase concentration, (g mole/g)
g :intraparticle concentration on the pore

P :total pressure, (atm)
P

surface, (g mole/g)
g¢* : adsorbent phase equilibrium concentration,
(g mole/g)
equilibrium adsorption capacity by liquid
phase adsorption at the composition of
capillary condensed phase, (g mole/g)

R :constant separation factor,(=~l—_—*_—}<—co—)

R : gas constant

Sp i surface area of dry pore, (m?/g)

Sc¢  :surface area of condensed pore, (m?/g)

Sr  : total surface area of charcoal, (m?/g)

T . throughput parameter (___@_—-_[_V‘C_Bﬂ‘_l>
: throughput p =" AV/F

T, : absolute tempeatrure, (°K)

4 . time, (sec)

Ve :volume of condensed pore

Vi, : molar volume of condensed liquid, (cm3/g

e

art

mole)
X  :dimensionless fluid phase concentration,

(=C/Cy)
X» : volume fraction of methyl iodide in con-

densed free liguid

Greek Lettér

a :contact angle

eg  : void fraction of adsorption bed

A : distribution coefficient, (=¢*pz/C;)

pe . bulk density of adsorption bed, (g/cm?)
P . density of methyl iodide, (g/cm?®)

g, :density of adsorbent particle, (g/cm®)

¢ :surface tension of condensed liquid, (dy-

ne/cm)
1. Introduction

After a postulated LOCA in light water reac
tors, it is very important to control the release
of radioactive organic iodide (mainly methyl
iodide) to atmosphere for the safety of nuclear
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power planti~¥,

In the previous paper®, the adsorption model
to pereict the performance of TEDA impregna-
ted charcoal bed that is one of the most effec-
tive means for the removal of methyl iodide,.
under dry condition was proposed. The removal
efficiency of methyl iodide by impregnated cha-
rcoal bed, however, is strongly influenced by
the presence of water vapor in air stream, and.
decreased with increasing relative humidity. In
very high humid condition, the performance:
falls off abruptly. Since, following a LOCA,the
relative humidity of air stream in a containment.
becomes very high, it is necessary to predict the.
useful time of charcoal bed undr humid conditio~
ns. This paper intends to analyze quantitatively
the influence of the relative humidity on the
efficiency of a charcoal bed.

2. Theoretical Consideration

The theoretical model to describe the perfor-
mance of TEDA impregnated charcoal bed is
proposed as follows. The following assumptions
have been made for the modelling.

a) The cylindrical adsorption bed of depth
Z and D¢ is packed with the spherical charcoal
of radius r,. .

b) The air mixture containing a single absor-
bable component flows through the bed at a
constant superficial velocity U under the isoth-
ermal and isobaric condition.

¢ Axial diffusion in the fixed adsorption bed.
is negligible with respect to bulk flow.

d) Concentration gradient in the radial dire-
ction in the gas phase, is negligible.

The governing equation for modellin are as

follows.
Gas phase mass balance in the bed
oc oc og _
U‘a-z—’FSB'F'f‘PB‘a?‘-—O {€

boundary conditions,
9=0, ¢=¢=0, at t=0, 2>>0
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¢=¢y, at 2=0, t>0
Mass balance in a charcoal

#C | 2 aC\__ oC aq
D‘"’“( ot T Tor >—s" ot TPy a

2

External mass transfer, or boundary condition

for charcoal pellets.

K;(C—C) =D,,ore(%f~),=r, )

In the previous paper®, the adsorption of met-
hyl iodide by TEDA impregnated charcoal un-
der dry condition showed constant pattern
condition and was explained well by pore diff-
usion controlling mechanism. Therefore, the
solution of Eq. (1), (2), and (3) gives, -

Nowe (T-D=—51— | —2yA-BX
__R 1+ /I—(1-RX
1—RI“[ - VI—(1-R)X ]
v R JI—A—R X+ JR_
e Ll e ol B
+C,, ¢y
where

_ 1.0
prore—‘ Rz,0+1_ 83 (1___R)0,92

Ci=2.44—-2.15R

If water vapors exist in air stream when air

containing methyl iodide passes through a char
coal bed, the capillary condensation of water
vapors into the pores of charcoal takes place
and the removal efficiency is decreased. There-
fore, we consider the reduction of adsorption
capacity of methyl iodide due to the capillary
condensation of water vapors.

When water vapors exist in air, the pore size
that capillary condensation occurs depends on
the relative humidity. At a given relative hum-
idity, the capillary condensation takes place
in micropores and does not take place in macro-
pores.10:10 To estimate the adsorption capacity,
the following assumptions have been made.

a) Only vapor phase adsorption of methyl
iodide takes place, and adsorbed amount of

water vapor is neglected in the dry pore where
capillary condensation does not take place, bec-
ause the hydrophilic areas are much larger than
the hydrophilic areas on the pore wall of cha-
rcoal.

b) In the capillary condensed pore, there
takes place the dissolution of methyl iodide
from the gas phase and successive liquid phase
adsorption on the wall of capillary condensed
pore.

¢) By the adsorption of methyl iodide, the
contact angle of water in adsorption step gives
the same value as that in the desorption step.

d) The methyl iodide concentration in air
stream is so low that the value of contact angle
is the same as that of single adsorption isothe-
rm of water vapor.

Based on these assumptions, the equilibrium
methyl iodide adsorption capacity (gua®) is
the sum of the amount adsorbed in the dry
pore (g;*), the amount adsorbed on the wall
of condensed pore by liquid phase adsorption
(¢:*), and the amount dissolved in the conde-
nsed pore (gs*), that is

T*orar=q*1+ g%+ g%, (%)
where

¢*1=¢*Sp/Sr (6>

7*:=¢*1S¢/Sr ]

9% 35=0nXn(Ve—q*2/ om), ®

The liquid phase equilibrium adsorption in
Eq. (7) is obtained from the liquid phase adso-
rption in the aqueous solution of which conce-
ntration is in equilibrium with the gas phase
concentration of methyl iodide.

R.A. Hasty!? obtained the partition coefficient
() between the vapor phase and the liquid
phase of methyl iodide in the range of concen-
tration ‘of p.p.m.. These data can be correlated
as follows, in the range of concentration of
6.4X107° to 1.28x10""M and of temperature
of 4.8 to 68.5°C:

logyo(B) = —4. 82+-15%

o ©
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The capillary condensation of water vepor
into the pores of charcoal can be expressed by
well known Kelvin equation. If the charcogl
of pores that the capillary condensation occurs
is given by the following equation:

rp=—20 VLCQSﬂ/ (RcTal.nP/Ps) ‘ (-10)
apd the value of cosa is 0.62 for the water
yapori®i®,

The distribution of pore volume and surface
area of impregnated charcoal with respect to
the pore radius is determined from the desorp-
tion isotherm of nitrogen measured at liguid
Ritrogen temperature.

3. Experiments

3.1. Materials and Reagents

The activated charcoals used in this experi-
ment are coconut based granular type,and both
of methyl iodide (CH,;'*1) and iriethylenedia-
mine (TEDA) are research grades. These cha-
teoals were dried at 200°C under the vacuum
<ondition of 10->mmHg for 4 hoyrs and impr-
egnated with TEDA in aqueous solution. The
properties of impregnated charcoal are listed in
Table 1.

3.2. Removal of Methyl lodide Byimpregna-
ted Charcoal

The schematic diagram of experimental app-
aratus is shown in Fig. 1.

Air from the gas cylinder was dehumidified
in the dryer. A part of air stream was introd-
uced to the humidifier and saturated, and then
returned to the main stream to obtain the req-

‘Table 1. Typical Properties of Impregnated Cha-

rcoal
bulk density (g/cm®) ) 0.542
mesh (Taylor) 10/12
surface area (m?/g) 873.4
impregnation 6wi% TEDA

—
—

bt Iy

] |

e

1. Air Cylinder 2. Dryer 3. Rota Meter 4. Hum-
idifier 5. Methyl iodide Saturator 6. Activated
charcoal bed 7. Gas chromatograph 8. Hygrom
eter 9. Back-up bed

Fig. 1. Schematic Diagram of Experimental App-
aratus

vired relative humidity of air stream. Also a

small part of air stream was diverted to the

methyl iodide saturator, and then return to

main stream to control the concentration of

methy] igdide.

Then air stream conditioned at the required
concentration of methyl iodide and relative humi-
dity was introduced inte charcoal bed. At each
experimental condition, for the conditioning of
adsorption bed, the methyl iodide free air with
the same relative humidity as the experimental
cendition was passed through the bed for 30
minutes, before the adsorption of methyl iodide.
Inlet methyl iodide concentration of 1. 10X 1077g
mole/cm® and a air flow rate of 20cm/sec in
superficial velocity were employed. The depth
and inside diameter of charcoal bed used are
S5em and 1.622¢cm respectively.

To estinate the influence of relative humidity
on the removal of methyl iodide, the variation
of the remeoval efficiency of methyl iodide to
the change of relative humidity (0~70%) were
mensured.

‘The charceal bed and hwmidifier were main-
tainad at 50°C, and the rest parts of experim-
endal apparatus were mainfained at 55°C to
prevent the condensation of water vapor except
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for the methyl iodide saturator. The temperat-
ures are measured by the thermocouple and
digital thermometers.

The concentrations of methyl iodide and rel-
ative humidities of inlet and outlet air stream
were analysed with a thermal conductivity
detector of a gas chromatograph (Hewlett Pack
ard 5840A with G/K terminal) and hygrometer
(Hygrotest Testo 6400) respectively. The sam-
pling of air was done by the autosampler of
gas chromatograph. The accuracy of humidity
is4-295, RH.

3.3. Measurement of Liquid Phase Adsorption

After impregnated charcoals were mixed with

the aqueous solution of methyl iodide in a flask,
the flask was shaken in the temperature contr-
olled water bath maintained at 50°C for 24
hours.

The adsorbed amount of methy] iodide was
determined by the measurement of methyl iod-
ide concentration of the aqueous solution before
and after the adsorption. The thermal conduct-
ivity detector of gas chromatograph was used
to analyze the methyl iodide concentration of

aqueous solution.

3.4. Measurement of Nitrogen Isotherm of
Impegnated Charcoal

To determine the pore size distribution and
the total surface area, the adsorption and deso-
rption isotherm of nitrogen of impregnated cha-
rcoal was measured at liquid nitrogen tempera-
ture (77.15°K) by Accusorb 2100E Physical
Adsorption Analyzer (Micrometric U.S.A.).

4. Results and Disccussion

The gas phase adsorption isotherm of methyl
iodide by the TEDA impregnated charcoal is
shown in Fig. 2 and can be expressed well by

the Langmuir equation as follows under exper-
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Fig. 2. Gas Phase Methyl lodide Adsorption
Isotherm at 50°C under Dry Condition
imental conditions.

. _ 1.743X105C
¢*(g mole/8) =137 5505 To°C

The distributions of pore surface area and
pore volume of TEDA impregnated charcoal
with respect to the pore radius are obtained
from the desorption side of nitrogen isotherm
and the results are shown in Fig. 3.

The liquid pahse adsorption isotherm of me-
thyl iodide was measured in aqueous solution
and can be expressed by Freundlich equation
in the range of methyl iodide concentration of
10™* to 10~%g mole/1 (Fig. 4):

@i*=K/Cpr=0. 486,°.73,
where ¢,/*: g mole/g-charcoal
C,;: g mole/l.

Among the total pore volume and surface
area of impregnated charcoal, the cumulative
volume and corresponding surface area of pores
that capillary condensation takes place at given
relative humidity can be determined from the
Kelvin equation Eq. (10) and Fig. 3.

The ¢*,, ¢*;, and g;* are determined by Eq.
6), (7), (8), and the gas liquid equilibrium
correlation. The variation of ¢*.a; due to the
change of relative humidity are shown in Fig.5.

The breakthrough curves of impregnated



166 J. Korean Nuclear Society, Vol. 16, No. 8, September, 1984

o
@

300

oo

Surface area in pore of radius equal to or larger than r{m2/g)

Volume in porcs of radius equal to or larger than i {em?/g)

pore radius ( ;‘)

Fig. 3. Cumulative Pore Volume and Surface Area
Curves of Impregnated Charcoal
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Fig. 4. Methyl ledide Adsorption Isotherm in
Aqueous Solution

charcoal bed, however,are variep with not only
the equilibrium adsorption capacity of charcoal
but also mass transfer rate from gas phase into
the charcoal pores.

It was shown that the mass transfer ‘contro-
lling step under dry condition is the pore diff-

usion,” and it is also applied to the humid
condition. But the methyl iodide transfer under
dry condition takes place by gas phase diffusion,
on the contrary methyl iodide transfer under
humid condition is composed of the gas phase
diffusion in dry pores and the liquid phase diff-
usion in condensed pores. Mass transfer rate
in liquid phase is lower than that in gas phase
and the gas-liquid film resistance exist when
methyl iodide molecules are dissolved into con-
densed phase.

Therefore, the effective pore diffusivity, Dyore,

amole/q)

-3
.
m
13
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/
v Effective pore Diffusivity (x10-3 cm?/sec

Equilibrium adsorplion capacity (10
|
,
'
e

Relative Humidity (%

Fig. 5. Variation of Equilibrium Adserption Cap-
acity and Effective Pore Diffusivity ef
Methyl Todide According to the Change:
of Relative Humidity
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Fig. 6. Effect of Relative Humidity on the Brea-
kthrough Curves for the Adserption of
Methyl iodide at 50°C (bed depth: 5em,
superficial velocity; 20cm/sec, feed conce-
niration: 1.10x10°7 g mole/em3, relative
humidity, »; 0%, o; 30%, 2; 50% o; 70
%).



A Study on the Removal Efficiency of a TEDA...W.J. Cho and S.H. Chang 167

Tepresenting the overall mass transfer rate
under humid condition is smaller than that in
dry condition. D, under humid condition was
determined by fitting Eq. (4) and the equilib-
rium adsorption capacity as shown in Fig. 5 to
the experimental breakthrough curve obtained
at various relative humidity.

The obtained value of D,,. is also shown
in Fig. 5. From this figure, it is known that
the decrease of effective pore diffusivity is more
important than the reduction of equilibrium
capacity to explain the poor removal efficiency
of methyl iodide under high humid condition.

The calculated breakthrough curves and exp-
erimental data are shown in Fig. 6. The sum-
mary of comparison between the calculated
values and experimental data is shown in Fig.
7. As shown in this figure, experimental data
are distributed in the error range of 209 of
the calculated values except for some data.
Both agree well with each other when relative
‘humidity is 309 or 50%, however, actual equ-
Ailibrium adsorption capacity is smaller as comp
-ared with the calculated value at 709 relative
humidity. This appears to be caused by the fo-

1.0
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X {= Cout/Cin) Experimental

! L )
o nz 0.4 0.6 0.8 1y

X (= Cout/fin) Calculated

Fig. 7. Comparison between the Calculated and
Experimental Results for x (=Cout/Cin)
under Humid Condition

Hlowing facts. For the theoretical modelling to
estimate the equilibrium adsorption capacity of
methyl iodide under humid condition, it is ass-
umed that the physical adsorption of water
vapors does not occur in dry pore which capil-
lary condensation of water vapors does not take
place. In practice, however, the physical adsor-
ption occurs to some degree in dry pore at high
relative humidity. Accordingly, the dry surface
area of pores is reduced and it leads the subs-
equent reduction of equilibrium adsorption capa-
city. Also the rise of bed temperature due to
the adsorption heat of water vapor under high
humid conditions seems to the deviation of
experimental data from those calculated by iso-

thermal model.
5. Conclusion

The adsorption model to analyze quantitativ-
ely the influence of relative humidity on the
removal efficiency of methyl iodide by TEDA
impregnated charcoal bed under humid condition
is proposed.

The reduction of removal efficiency under
humid condition should be considered in view
of the reduction of equilibrium adsorption capa-
city and the decrease of effective pore diffusiv-
ity.

The proposed model predicts the removal
efficiency of charcoal bed reasonably provided
that the relative humidity is not very high.
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