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FOREWORD

The design of the ventilation and air cleaning systems to prevent
radioactive contamination of working areas and surroundings under normal and
accident conditions is a vital part in the general design of all nuclear
facilities.

Under the abnormal conditions arising in nuclear facilities, the

gas-borne nuclides of main concern are radioiodine and radioactive
particulates presenting a complex problem with concentration, chemical form
and physical properties requiring retention technology different from normal
operation.

Extensive research efforts have been undertaken in the world scientific

community advancing the status of systems to maintain high air cleaning
efficiency under the extreme abnormal conditions.

The IAEA Co-ordinated

Research Programme to upgrade technology in the area started in 1983 on the

recommendations of a previous programme and the development covering a five
year term is described in this document.

Research laboratories from ten

Member States participated, Belgium, German Democratic Republic, Hungary,

India and Yugoslavia for three years with Austria, Canada , Federal Republic
of Germany, Republic of Korea and UK for lesser periods.

Research

co-ordination meetings were held in Belgium (1984), Canada (1986) and
Hungary (1988).

The IAEA wishes to express thanks to the participants in the programme.
The IAEA officers responsible for the meetings in turn were S. Gorbunov,
W. Bahr and V. Friedrich and the final report was the responsibility of
G. Plumb, Division of Nuclear Fuel Cycle.
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1. INTRODUCTION

All work involving the handling of radioactive material may cause the air

to become contaminated.

Releases from nuclear facilities to the atmosphere

during normal operation are usually small and account for a very minor

fraction of the total radiation exposure of the public.

However without

adequate design, in abnormal or accident conditions the release of airborne
radioactive material - and hence the exposure of the local population and of
workers - could be much higher.

The techniques adopted for reducing the quantity of radioactive airborne
material discharged from nuclear facilities vary in detail, depending on the

type of plant concerned; generally, they involve the use of particulate
filtration systems and gaseous sorption systems.

These cleaning systems must

be properly designed and operated so that the prescribed release limits will

not be exceeded.

Radioactive off-gas cleaning technologies currently employed

for normal conditions in the nuclear facilities have been developed to operate

efficiently where the form and quantity of radionuclides and other
contaminants are well known.

The state-of-the-art of nuclear air cleaning

technologies, the design, operation, testing and monitoring of air cleaning
systems and the components have been described in detail in the IAEA Technical
Reports Series (see refs. [1-10]).

Under abnormal and accident conditions in nuclear facilities (especially
in nuclear power plants and fuel reprocessing facilities), the airborne
radioactive materials of primary concern are iodine and radioactive

particulates.

These present a complex set of technological problems since the

concentration, chemical form and physical characteristics may require

recovery/retention technology different from those employed under normal
operating conditions.

Also the physico-chemical conditions (temperature, air

humidity, pressure transient, and concentration) of other airborne

contaminants can be very different from those which exist under normal
operating conditions.

In the world scientific community, extensive research efforts are being
directed to investigations on the behaviour of high efficiency filter
materials and air cleaning devices under extreme conditions and on the

development of advanced processes and technologies for iodine and particulate
retention under abnormal and accident conditions.

The participants of an IAEA

Co-ordinated Research programme on "Comparison of High Efficiency Particulate
Filter Testing Methods"

, which was terminated in 1982, recommended the

sponsoring of basic filtration research to promote the development of more

effective and reliable filtration units for accident conditions.
Recognizing the current status of this technology and the expanding base

of nuclear power plants and reprocessing facilities, the IAEA, in accordance
with the recommendations of the participants of the previous programme,
initiated a new Co-ordinated Research Programme on "Retention of Iodine and
Other Airborne Radionuclides in Nuclear Facilities During Abnormal and

Accident Conditions".

The programme started in 1983 and terminated in 1988.

Research laboratories from 10 Member States were participating in the
programme.

Five laboratories (from Belgium, GDR, Hungary, India and

Yugoslavia) had been participating for three years with five other

laboratories (from Austria, Canada, FRG, Republic of Korea and UK)
participating for one or two years.

The chief scientific investigators met in

three research co-ordination meetings (SCK/CEN Mol, Belgium 1984, Ontario
Hydro, Toronto, Canada 1986, and the Institute of Isotopes of Hungarian
Academy of Sciences, Budapest, Hungary, 1988) to discuss the results, to

co-ordinate future work and finally, to draw up conclusions and
recommendat ions.

This final report consists of a brief scientific background (Chapter 2),
the scope of the Co-ordinated Research Programme including the scientific

projects of the individual participants (Chapter 3), some conclusions
(Chapter 4), and recommendations drawn up by the chief investigators during
the final meeting (Chapter 5), and a collection of the scientific reports of

the participants which represents the essential part of this document

(Chapter 6).
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2. SCIENTIFIC BACKGROUND
Currently employed radioactive off-gas and air cleaning technologies for
routine operating conditions for nuclear power plants and, to a lesser extent,
fuel reprocessing facilities are fairly well developed since experience has

been accumulated over many years of normal operation.

For the range of normal

operations occurring in the different nuclear facilities, reliable data has
been obtained on source terms covering arisings, physical and chemical

characteristics of the aerosols and volatile contaminants.

The properties of

the various filter materials and adsorption systems have been evaluated and
there is a high degree of confidence in the design of the air cleaning systems

for normal situations.
Any process involving radioactive materials may give rise to contamination
in the form of radioactive gases, vapours and aerosols to an extent which will

depend on the nature of the process and the radioactive materials involved.

The most important volatile contaminants are fission product noble gases,
fission product iodine isotopes in the form of elemental iodine or organic
iodides and submicron aerosols which can bear a great variety of fission

products (mainly iodine isotopes) and activated corrosion products (e.g. Co/

Cs, Fe isotopes).

For these contaminants the basic air cleaning processes are

high efficiency particulate filtration (for aerosols) and adsorption (for
iodine retention and noble gas delaying).

The basic component of the aerosol filtration train is the High Efficiency
Particulate Air (HEPA) filter.
removing submicron particles.

It has a high performance efficiency for
The service life of HEPA filters is determined

by the pressure drop, and in particular cases by the radiation level on the

filter, rather than by a fall-off in removal efficiency.

Since HEPA filters

have relatively low dust holding capacity, prefilters are often used upstream
from HEPA filters to prolong service life.

The filtering medium, or paper,

consists of very fine fibres in a matrix of larger diameter fibres.

The most

widely used material is fibre-glass held together by an organic binder.

Adsorbers containing activated charcoal, which has a large specific
3 2
surface area (of the order of 10 m /g), are used for removal of
radioiodine from air or gas streams in nuclear power plants.

The activated

charcoal can be impregnated with chemicals to enhance the removal efficiency
for organic iodides.

These chemicals are usually either I , KI or

triethylenediamine (TEDA).
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The base charcoal can be obtained from coconut or other nut shell, wood,

bituminous coal, petroleum sludge or animal bones.

Coconut and coal were

preferred because they contain impurities which improve the adsorption

efficiency.
The most important characteristics of HEPA filters are the removal

efficiency and pressure drop.

Both characteristics are strongly influenced by

the operating conditions (temperature, air humidity, particle size
distribution of the aerosols, air flow rate, pressure transients).

In the

case of the charcoal adsorbers, the removal efficiency and the break-through
of different iodine species are significantly affected by the physical and

chemical characteristics of the air stream to be filtered.
It is obvious that any changes in one or more of the airstream parameters
occurring in abnormal operation of the nuclear facility can lead to efficiency

loss of the air cleaning system causing unacceptable radioactive release.

The

proper set of technologies necessary to accommodate the postulated process
abnormality or accident condition must be developed and integrated into the
overall off-gas cleaning system so as to minimize efficiency losses and
thereby to minimize radioactive releases.

R & D investigations are required

as follows:
-

to characterize the radioactive materials expected to be released from
the various classes of postulated accidents;

to obtain the necessary technological data to adequately understand
mechanisms of iodine retention for the specific chemical forms

released under varying conditions;
to determine the extent to which existing retention systems need to be
modified to adequately handle off-gas releases from the wide range of

abnormal and accident conditions;
to develop special new technology particulate equipment capable of

high efficiency operation under abnormal/accident conditions (high
temperature and relative humidity, large volumes of off-gases and
pressure transients);
-

and

to review and expand the scope of technical data on the use of
inorganic and other sorbents for radioiodine and determine the
effectiveness under varying conditions.
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Since there has been far less field experience on the performance of air
cleaning systems under abnormal or accident conditions, extensive research

efforts are needed involving relevant laboratory experiments and theoretical
investigations of the influence of various air stream parameters on the

removal mechanism of particulate filters and adsorbers.
The development of filter testing methods which can be used reliably
under high temperature and high humidity conditions is also necessary.

Most

of the test aerosols used for HEPA filter testing are either not stable at

high temperatures or react with water vapour.

The detection method can also

be disturbed by a high moisture content in the air.

In the case of charcoal

adsorbers the long term effect of air humidity on the performance of the
adsorbent can invalidate the test results through parallel vapour adsorption

and chemical reaction with charcoal impregnants.

Theoretical developments in

this area are also necessary.

More detailed descriptions of the various existing nuclear air cleaning
systems and components as well as filter testing methods can be found in the
references given in Chapter 1.
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3. SCOPE AND OUTLINE OF THE CO-ORDINATED RESEARCH PROGRAMME
The Co-ordinated Research Programme was intended to promote the exchange
of information making results of current investigations in various

laboratories available to each participant in a timely manner and to review
the work in progress in the field of gaseous waste treatment technology with

particular reference to iodine retention and collection of particulate matter
under abnormal operating events.

The main topics investigated by the

participating laboratories were the following:
-

Theoretical models and experimental studies of removal mechanism of
organic and oxygenated iodine species by different sorbents;

Studies of physical/mechanical/chemical properties of alternative
adsorbents for radioactive iodine removal;
-

Influence of different parameters (temperature/ relative humidity/

face velocity, etc) on removal efficiency of iodine trapping systems;
-

Changes in performance of iodine trapping equipment due to the
degradation of sorbent materials (ageing, weathering, poisoning of

impregnated charcoals);
Investigation of behaviour of HEPA filters subjected to simulated
accident conditions

and

Development of new sensitive methods and equipment for testing off-gas
cleaning system components, including methods capable of demonstrating

compliance with more stringent criteria in terms of performance
requirements under more severe in-plant conditions.
The summary record of the Research Coordination Meetings is as follows:

Meeting No. 1
Dates:

24 - 28 September 1984

Location:

SCK/CEN, Mol, Belgium

Hosts:

Government of Belgium

Responsible Officer: Mr. S. Gorbunov

Visit:

Mol Laboratories

Attendees:

Mr. P. Patek, Austria
Mr. J. Deworm, Belgium

Mr. W. Ullmann, DDK
Mr. H. Deuber, FRG

Mr. V. Friedrich, Hungary
Mr. K. Ramarathinam, India
Mr. Soon Chang, S. Korea
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Meeting No. 2

Dates:

2-6 June 1986

Location:

Ontario Hydro, Toronto, Canada

Hosts:

Government of Canada

Responsible Officer: Mr. W. Baehr
Visit:

Bruce Power Station

Attendees:

Mr. J. Deworm, Belgium

Mr. W. Ullmann, DDK

Mr. V. Friedrich, Hungary
Mr. K. Gandhi, India
Mr. D. Broadbent, UK
Ms. L. Vujisic, Yugoslavia
Mr. M. Rabat, Canada

Mr. Soon Chang, S. Korea
Meeting No. 3
Dates:

25 - 29 April 1988

Location:

Institute of Isotopes, Hungarian Academy of Sciences

Hosts:

Government of Hungary

Responsible Officer: Mr. V. Friedrich

Visit:

Paks Nuclear Power Station

Attendees:

Mr. W. Siegers , Belgium
Mr. W. Ullmann, DDR
Ms. Z. Koppany, Hungary
Mr. K. Ramarathinam, India

Mr. B. Billinge, UK
Ms. L. Vujisic, Yugoslavia

Mr. M. Rabat, Canada
Mr. Soon Chang, S. Korea
The scientific projects of the individual participants are listed below:

Austria

Peter R.M. Patek

+

The behaviour of HEPA and ceramic filters during abnormal conditions in
an incineration plant was investigated.

The influence of pressure peaks, high

temperature and the presence of acids in the off-gas were studied during the

+ Peter R. M. Patek died during the course of the programme.
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operation of the incinerator plant.
filters was observed to decrease.

The service life of the electrostatic
Abnormal behaviour of the ceramic filter

candles and corrosion effects in the HEPA filter housings were observed.

The

reasons for the abnormalities were investigated.
Belgium
J.P.

Deworm

The aim of the project was to develop related HEPA filter test methods
with the source term related to normal and accident conditions.

The HEPA

filter testing method using heterodisperse liquid test aerosol and "Single
Particle Laser Particle Size Spectrometer" (SPLPSS) was developed.

Laboratory

and in-situ testing of HEPA and ultra efficient particulate air filters (ULPA)
were performed for quality assurance purpose.

The penetration of ultra-fine

particles through HEPA filters was also investigated based on the theory of
resuspension due to the recoil energy of a captured particle bearing
alpha-active isotopes.

German Democratic Republic
W. Ullmann

The project consisted of the following activities:
o

Testing of filter materials on the laboratory scale;

Modification of the existing test stand for the investigation of
filter materials under high temperature and high humidity
Selection of a suitable test aerosol and a sensitive detection
method for temperatures up to 150 C and humidities up to 60%.
Preliminary experimental investigations under ambient and special

conditions
Testing of selected filter materials in accordance with the

conclusions of the Second Meeting of Coordinated Research
Programme, Toronto, 2-6 June 1986.
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o

Testing of full-size filters in laboratory rig;

Modification of the existing test stand for the investigation of
full-size filters under high humidity
-

Preliminary experimental investigations in connection with the
testing of a special full-size filter for filtration of liquid and
solid aerosols, Soviet FARTOS Z-500/ type.

Federal Republic of Germany
H. Deuber
The influence of ageing of various activated carbons on the retention

efficiency for methyl-iodide was investigated.
Hungary
V. Friedrich

The influence of higher temperature and relative humidity on the
resistance and removal efficiency of a perchlorvinyl-based fibrous HEPA filter
material was investigated.

Theoretical and experimental investigations on the

removal mechanism of activated carbon adsorbents were performed.

The

applicability of K CO_ aerosol produced by nozzle-type atomizer for
£

J

in-situ testing of HEPA filter systems was investigated.

distribution of the K CO

The particle size

aerosol was determined by cascade impactor and a

centrifugal aerosol spectrometer which was developed at the Institute.

The

influence of temperature and relative humidity on the removal efficiency of
activated carbon for methyl-iodide was also investigated using the continuous
air flow apparatus developed at the Institute.

India
K. Ramarathinam

The research work was carried out on:
-

Evaluation of micro glass fibre filter media under conditions of high
temperature, humidity and gamma radiation;

Performance of impregnated activated charcoal in respect of their

removal and retention of radioiodine under high temperature, humidity,
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gamma radiation and washout of impregnants due to bulk condensation of

water vapour

-

and

Evaluation of prototype units of HEPA and iodine filters, to ascertain
the overall performance under exposure to air streams of high

temperature, humidity and gamma radiation.

Republic of Korea
Soon Heung Chang
A theoretical adsorption model was developed to predict the time

dependent removal efficiency of Triethylenediamine

(TEDA) impregnated

charcoal for methyl-iodide under various operating conditions.

The

time-dependent break-through of methyl-iodide was studied in laboratory
experiments.

A mathematical model and the corresponding numerical solution

was also developed.
United Kingdom
D. Broadbent and B. Billinge

The role of oxidative ageing and hydrocarbon poisoning was investigated

in the overall weathering of both potassium iodide and triethylene diamine
impregnated charcoal used in filters on air cleaning systems.

The causes of

the ageing of TEDA carbons and the possibility of using these at temperatures
higher than ambient was also examined.
Yugoslavia
L. Vujisic

The concentration ratio of different radioiodine species (molecular
iodine, organic iodides) was investigated in different ventilation and air

cleaning systems of the Krsko Nuclear Power Plant.
trapping iodine species has been developed.

A new filter material for

The performance of the new

fibrous carbon material (FCM) and the impregnated version (FCM-TEDA) was
studied in laboratory experiments under high temperature and high relative

humidity conditions.

The mechanism and the thermodynamic parameters of

methyl-iodide and n-hexane adsorption on the new adsorbent were also

investigated.
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4. CONCLUSIONS
The following conclusions are based on direct findings of the
participants of the Co-ordinated Research Programme and are valid for the
range of equipment and conditions tested.

Care must be taken in any

extrapolation of the results.
4.1

HEPA Filtration

The particulate removal efficiency of .glass fibre filter media did not

vary with exposure to high temperature up to 120 C or to exposure to
humidities below about 95% RH, relative humidity.
Static exposures of HEPA filters at up to 200 C and up to eight

hours did not cause performance deterioration when tested after
cooling.

Further development of test methods is desirable for the

direct evaluation of particulate removal performance of full size HEPA
filters under high temperature and high humidity conditions.
-

Comparison of the test results by the participants when carried out on

filter media from a single source under ambient conditions with
efficiencies less than 99.99% showed no contradictions.

-

Existing test methods for HEPA filters are designed only for ambient

conditions.

For realistic testing under high temperature and high

humidity, development work on metallic or SiO

promise.
4.2

aerosols showed good

Further development was regarded as necessary.

Activated Carbon Adsorbers
-

Effect of high temperature at low RH
o

KI/KOH-coconut carbons under dry air conditions gave constant

methyl iodide removal efficiency up to 100 C
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o

KI - coal carbons are efficient up to 180 C

o

TEDA-carbons perform well up to 100 C

under dry conditions.

-

The effect of high temperature at high RH
o

All granular carbons have a high capacity for water vapour at high

RH, and any of the consequent loss of methyl iodide removal
efficiency may be reduced by the addition of chemical impregnants.
o

Kl-carbons show a progressive decrease in efficiency with

increasing RH.

Presence of the impregnant, however, maintains a

sufficient efficiency even at 98% RH at ambient temperature.

o

KI/KOH-coconut carbon showed a fall in efficiency from close to
100% down to 98% at 90 C when test conditions were changed from
20°C to 90°C at 97%RH.

o

Kl-coal carbons were found by other workers to have a slightly
increased performance at higher temperature.

o

TEDA-carbons showed constant initial efficiency independent of

humidity up to 70 C and 90% RH.

However, the ageing rate greatly

increased above 50 C and the effect is considered below.

-

Ageing

Ageing (which is defined as a deterioration of carbon performance due
to moist air exposure) is slow on Kl-carbons under normal conditions

of <50% RH.

At higher humidities ageing of these carbons can be rapid

so that use of Kl-carbons for continuous operation in high humidity

air is not consistent with economic carbon filter life.

On

TEDA-carbons the ageing rate is slow at high humidities below 50 C
and they are now the preferred adsorbent for ambient air environments
in UK CEGB stations.

Above 50 C the rate of TEDA ageing increases

rapidly with relative humidity due either to vapour phase removal of

the impregnant or its conversion to a less efficient compound.
Continuous use at high RH above 50 C is not favoured.

-

Poisoning
Poisoning is defined as the adsorption of air pollutants with
subsequent loss of methyl iodide adsorption efficiency.

A wide

variety of organics has been found on carbon filters taken out of
service after continuous operation. Using xylene as a representative
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organic it was shown that adsorption of 5% by weight of xylene reduced the
K values* of both KI and TEDA carbons by five units.

The effect of combined

ageing and poisoning, although not additive, is still greater than either
effect alone.

This efficiency loss is too great even with TEDA carbons for an

economic filter life and the use of guard beds of unimpregnated carbon, or
deep beds is necessary for filters in continuous use.

-

Effect of bulk condensation on KI carbons
Bulk condensation of moisture on the charcoal results in the rapid

decrease in the CH I removal performance due to washout of
impregnant.

Effect of irradiation
Exposure of coconut shell carbons to gamma radiation from 2.8x10

8.4x10

to

rads had no effect on the subsequent methyl iodide removal

efficiency.
-

Adsorber unit behaviour
Evaluation of prototype units of impregnated charcoal, under exposure
to high temperature and humidity (90 C, 90% RH) over a periods of 8
hours showed marginal decrease in the CH I removal efficiency.

The

effect was interpreted as due to the adsorption of moisture from the
flow of high humidity air.
These evaluations were part of the programme to produce and confirm
fixed bed models. Experimental results under dry air conditions with
high CH I inlet concentrations are not immediately applicable to
high humidity conditions since changes occur in surface area chemistry.

The definition of the K value: K = (log DF)/t, where DF is the

decontamination factor (i.e. the ratio of the inlet and outlet gas
concentrations) and t is the gas residence time in the adsorption column.
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5. RECOMMENDATIONS

5.1

Test methods for HEPA filters are appropriate only for ambient conditions

and it is recommended that development work should be continued for high
temperature, high humidity performance assessment. The programme should
be based on SiO
5.2

or metallic aerosols as initiated in this CRP.

Further work is recommended to develop iodine adsorbing materials with

extended operating life for conditions of high humidity above 50 C.

The impregnated carbons currently available are limited to applications
up to 50 C at high humidity impregnated with TEDA.

5.3

Fibrous carbon materials (FCM) have demonstrated high hydrophobicity with
good iodine retention and it is recommended that further work is carried

out to exploit this towards the development of more robust adsorbents.
5.4

Further investigations are recommended on TEDA losses from granular
carbons.

5.5

Means for prevention of surface oxidation should be investigated for FCM

and other materials to extend the operating life of Kl-carbons in moist
air operational conditions.

21

CONTRIBUTIONS OF THE PARTICIPANTS

APPLICATION OF A NEW TECHNOLOGY FOR
THE QUALITY ASSURANCE TESTING OF ULTRA
EFFICIENT PARTICULATE AIR FILTERS
J.P. DEWORM, W. SLEGERS

Centre d'etude de 1'energie nucleaire (SCK/CEN),
Mol, Belgium
Abstract

HEPA filter test methods were developed with source terms appropriately
extended to accident conditions.

A Single Particle Laser Particle Size

Spectrometer (SPLPSS) method was developed using the HEPA filter testing
method and heterodisperse liquid test aerosol.

Laboratory and in-situ testing

of HEPA and ULPA filters was performed and found very valuable for quality

assurance purposes.

The new SPLPSS methodology would not be limited by

investment costs, requirements in qualifying operators or fragility of

instrument.

1. INTRODUCTION

High efficiency particulate air (HEPA) filters are defined in the standard IES-RP-CC-

It is apparent that without knowing the SOMP
a priori, a filter-test procedure should be
able to determine the penetration curve in
function of particle size.

001-B3T as : "throv-auay extended-media drytype filters in a rigid frame having minimum

A review of the SOMP-values up to 1977 by Ka-

particle-collection efficiency of 9S.9? * for
0.3 micrometer thermally-generated dioetyl-

size for the tost aerosol rather then 0.3

phtalate (OOP) particles, and a maxima* clean
filter pressure drop of 2S daPa, vihen tested
at rated air-flou capacity". The selection of
0.3 urn for testing HEPA-fliters was based on
the theoretical and experimental findings of
Langmuir and Blodgett [1] forty years ago,
who showed that 0.3 urn was the size of the
most penetrating particle (SOMP). The dependence of filtration efficiency on particle
size is now well established. An increase in
particle size will cause increased filtration
by the interception and inertial inpaction
mechanisms whereas a decrease in particle size enhance collection by Brownian diffusion.
As a consequence, there is an intermediate
particle size region where two or more mechanisms are simultaneously operating, this is
a region where the penetration (P) through
the filter is a maximum as illustrated in
fig. 1 (efficiency n - 1 - p).
Lee and Liu [2] have shown that the SOMP is
not a constant, but varies with filtercompo-

sition and operating variables.

poor [3] indicated that 0.13 urn would be the
Mm. Recent evidence was obtained from re-

search by Yaoada [4], conclusions were that
at a standard face velocity of 2 cm/s, the
SOMP for glassfiber media and for HEPA-filter aedia were situated in the range 0.10 to
0.1B tim. Other evidence was given by da Roza
[5] who Bade an interpretation of measured
values of the SOMP's and calculated the ra-

tio's penetration at SOMP over penetration
at 0.3 MB. He obtained values of the order
of 7 for this ratio. Similar observations
were reported from research in our laboratories [6]. We obtained at nominal flow rates (2 cm/s face velocity) a SOMP of 0.12 urn
and penetration ratio's (as defined above
of 10. A typical penetration particle sice

curve for an HEPA-filter is respresented in
figure 2, the SOMp-value is 0.12 urn.
The present standard test procedure (DOPQ107) uses a thermal generated monodisper-

se OOP-test aerosol and a light scattering
photometer for the determination of the penetration in accordance to the U.S. Army
136-300-175A standard.
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FIG 2 Penetration particle size curve

Several investigators have found recently

Therefore a methodology was developped consis-

that this DOP-testaerosol is not a 0.3 urn
monodisperse aerosol as had been assumed,
but rather, heterodisperse with a count median diameter of 0.18 Mm and a geometric
standard deviation of 1.4 PI. The above
mentioned objections for using 0.3 urn as
test aerosol together with the difficulties

ting in principle of a heterodisperse liquid
test aerosol together with a s_ingle £article
.laser £article size spectrometer (SPLPSS) .
The principle for testing is given in fig. 3.

The reason for taking a liquid aerosol is
that small pinholes cannot be plugged during
the test procedure, giving a wrong indication

of obtaining a 0.3 UD nonodisperse DOP-

for the penetration value. This methodology

aerosol, gave benefit to the development of

can be used with four different goals for the

a new technology for the quality assurance

quality assurance testing of filters :

testing of HEPA-filters.

* obtaining the actual filtration characteristics of the filter medium and through statistical grab sampling obtaining an index
for the quality assurance of the filtermedia
used for the manufacture of HEPA-fliters.
* obtaining an index for the penetration at

The methodology for obtaining a monodisperse
aerosol for the test aerosol was a requirement forty years ago. Since reliable particle
size analysers were lacking at that tune, only a particle concentration system was needed
as detector. At present single particle size
spectometers based on different physical properties are existing. Monodisperse aerosol
generators were also developped nevertheless
most of these generators give only low particle concentration, insufficient in combination
with testing at high flowrates or ultra efficient filtermedia.
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the SOMP for a HEPA filter, this test inclu-

des the testing of the filter medium, sealing between filter medium and frame, frame
and gaskets.

* obtaining an index for the efficiency at the
SOMP for the filtration system, this includes HEPA-fliters and filter housing. This
index is obtained at delivery of the instal-

TEST FILTER

HEPA-FILTERED AIR

AIR FLOW

DOWN STREAM
MEASUREMENT

AEROSOL
DILUTER

GENERATOR

UPSTREAM
MEASUREMENT

FIG 3 Schematic of SPLPSS methodology

lation and for the quality assurance pro-

2.2. Penetrometer for HEPA-fliters

gram!) as follow up of the installation.

2. METHODOLOGY FOR TESTING WITH THE LASER
PROBE____________________________

2.2.1. The instrumental requirements for the
application of the new test methodology.

The test method consists always in the injection of the challenge aerosol upstream of

* A laboratory test rig (fig. 4) was con-

the filter (filtermedium, HEPA-filter, fil-

structed for flow rates from 300 to 3000 mVh.

tration system) and determination of up- and
downstream concentrations in function of
particle size (figure 3). The performance of
a filter can be calculated from :

The loop is provided with up- and downstream
(S.-S,) sampling ports and an injection port
for the challenge aerosol (S, or S ).

(C

up)Ri/tup

(DF)

Ri

(i)
(B

/t

ds>Ri Bds

(DF)

» decontamination factor for the parRl
tide size range Ru penetration
1/(DF)Kl
equals (P)
0 3 efficienRi

(C

)

- upstream total counts for the specified range Ri (number of parti-

t

- upstream sample time (s)

The air velocity is regulated by adjusting

the fan-motor (V) speed and measured with a
calibrated vane anemometer (S,).
Air is sucked from the laboratory and filtrated through HEPA-filters (F3-F&). The temperature (T) and humidity (H) can be adjusted
in order to perform the test in standard conditions of temperature (20° C) and humidity
(50 » r.h.). In this way the test is standarized and depends not on the ambient laboratory conditions.

cles) .
(Cds) . » downstream total counts for specified range Ri (number of particles)
» downstream sample tune (s)
Cds
(Bds)
« background total counts (extraneous particles) for the specified

t

range Ri (number of particles)
• background sample time

Ri - range of particle size under consideration for the spectrometer (in urn)
i • channel width in urn
This formula takes into account a same sample flow rate for up— and downstream sampling, otherwise a correction should be applied.

* single particle laser particle size spectrometer

The detector for the determination of the upand downstream particle concentration is the

Knollenberg [8] aerosol counter, known as the
active scattering spectrometer (ASAS-X Particle Measuring Systems Inc. Boulder). The
principle of the detector consists that the
particle stream (flow rate 0.5 - 1.5 crnVs)

crosses the central region of a He-Ne laser
beam (2 mW, X » 632,8 run, 9 laser beam « 200

urn, operating in TEH
mode). The aerosol
stream and the laser beam cross in the focal
point of a parabolic mirror. The scattered
light is finally collected through a photodiode with the help of different optical means.
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sampling port downstream or upstream

a

" iff j'^»i6'^h'r

C. ~j
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system for humidification
heating coil

outlet for air for open circuit

FIG 4 Schematic diagram of the test rig
The electrical pulses from the photodiode are

classified by means of a pulse height analyser
into 60 channels divided in four overlapping
particle ranges of IS channels (R
urn,

R

. 0.24-O.B4 urn, R

0.09-0.195 urn).

: 0.60-3

: 0.15-0.30 urni »3 :

The photodetector signal is a

monotonic function of the diameter (or size)

the laser probe is limited to about 10 particles/cm1. This value is determined by the
sensitive volume and the aerosol flow rate
and admitted coincidence losses of 10 %. The
upstream concentration needed for a standard

test is 10 particles/cm*, necessitating dilution of the upstream concentration, of a

of the particles [9]. At present an instru-

factor 500, before admittance to the sensi-

ment is designed to sense particles as small

tive volume. A small diluter was constructed

as 0.06 urn.

The range 0.06-1 urn is an ideal

range in connection with the penetration
characteristics of the HEPA-filter media at

the present flow rates. The whole system has
the capability of providing an interface
signal where data acquisition is transferred
directly to a HP-85 desk computer, forseen
with a data acquisition/control unit. The
same SPLPSS is used as detector for up- and
downstream measurements. The methodology of
a dual probe for up- and downstream measureBents complicates the procedure for testing

and influences the error propagation of the
methodology. Another disadvantage is the
cost, since the dual probe methodology requires two distinct devices at the same tine. Both detectors must give identical particle number response, which is far from being the case in practice. Calibration for

exact number response with an aerosol is for

(fig.

5), consisting of two successive dilu-

tion steps. The principle of a dilution step
is to split the aerosol stream into two
paths, one following a pair of high efficient particulate air filters, the other
passes through a capillary tube. At the exit
of the capillary tube, the filtered gas
stream and undiluted aerosol stream are mixed, resulting ideally in an aerosol identical in every way to the undiluted original
except at reduced concentration.
The original particle concentration upstream
C , is calculated from the measured concen-

tration Cup* . For a dilution ratio 0 the axpression
r

is Cup -DC upm
The dilution ratio D is defined by the flow

rat* through the capillary tuba Q and the
total undiluted flow rat* entering th* diluter inlet Q_ » D - fij/QpTh* capillary serves as a laminar flow meter

the moment not realistic.

Co measure th* flow rate through th* capilla-

* «" aerosol dilution system for measurement

ryTh* flow r»t* Q is determined by manuring
th* pressure drop bf ov*r a length of th* capillary tub*. Th* experimental dilution ratios in function of the pressure drop over
the capillaries, for the particle sire range,
under consideration, are used (table 1).

of the upstream concentration.
Indeed in the case of single particle detec-

tions, the presence of more than one particle in the scattering volume of the sensor
will result in coincidence particle counting. The aerosol concentration admitted to
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HEPA-fliter

2
3
it
5
6

clean air section
regulating valve
diluted air sample
intake of undiluted sample
capillary

7

measurement of the differential

8

pressure over the capillary
mixing section

9
10

bending^ flow rate ~ I m,/h
sample to SPLPSS I.5 cm /a

5.4 1/h

FIG.5. Schematic diagram of diluter.

Table 1 Dilution factors in function of the iP of the laninar flow meter
(indicated standard deviation are standard deviation* of the swan
for n • 10 measurements)
1dilution facto rs

Differential
pressure
fiP
daPa

Pantide size ranje (um)
0.09-0.195

0.15-0.30

0.24-0.84

0.60-3

15

1400+17

20

960+14

1650+18

1770+28

1710+31

1580+21

1130+15

1200+16

1210+21

1080+15

25

650+5

760+5

820+6

040+13

740+6

30

490+6

S80+5

620+6

630+10

560+6

0.09-3

"
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median diameter of the generated particles
is 0.2 iim with a gecewtrical standard deviation of 1.8. The output is about 0.3 g/min
per nozzle. Using different nozzles permits

The error propagation for the determination
of the DF can be calculated fro* 2

Ri ' upa Hi___up
Cd,

us to obtain particle concentrations of 10
- I

„.

upm Ri
UpB

per cm*.For a flow rate of 1700 m*/h a total
counting rat* in the range 0.09-3um of 2.10
p/s is obtained. SO % of these particles are
situated in the SOHP-range (0.09-0.195 urn).

Rl

A representative particle size distribution
is given in figure 7.
'Cds

^Bd.
* The downstreaa sample is taken at a flow-

Assuming that the randoa counting process of

the spectrometer was a Poisson process, in

for aerosol sampling are without importance

which the standard deviation is approximated
by the sqaure root of the count number; and

below 3 u», if the air stream IB well

mixed.

that all terms are random and independent,

From this small air stream only a sample

the above equation is :

DF

rate of 1 m*/h. The isokinetic conditions

stream of 1.5 cmVs comes into the sensitive volume of the SPlfSS.

J

R1

2.2.2. The procedure for the test with the
penetrometer consist of i

since iC - /C

For the calculation of the fractional standard
deviation of O the Measured standard deviations of the different termea are used. The
tern C

* Calibration of the SPLPSS

Prior to the measureawmts, the detector is

calibrated in term of particle size using

„. is always large, pemitting to

Upmnl

neglect hist. The error at a 95 % level for the
different H£PA or ULPA filters are auonarized

in table 2.
• an aerosol generator for the challenge aerosol. Dioctylphtalate (OOP, di-2 ethyl hex-

yl phtalate OEKP) is the liquid used for generating the test aerosol. The aerosol is obtained by nebulizing OOP at room temperature
by compressed air, with the help of Laskin
nozzles (fig. 6) [103. This generator requi-

res a supply of compressed air at 1.5 bar to
operate a s>axis)usi of 8 nozzles. The number

polystyrene latex particles (PSL Dow Chemicals) . The nominal diameters of the particles are 0.18 and 0.45 urn. The index of refraction for the PSL is 1.S9 and slightly
different for the DEHP with n - 1.48. The

particle size is corrected for this difference.
* Alignment of the laser bean is performed
on a regularly base.
* Determination of the instrumental background noise counting rate is determined
with the SPLPSS functioning with a KEPA-

fliter at this sample entrance.

Table 2 Fractional error on the methodology (assumptions 10 p/cn upstream
concentration, background concentration less than 0.01 p/cm , counting
interval 100 s)
Efficiency

DF

at 95 % confidence level

at 0.12 um

99.99
99.999
99.9999
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Fractional error

io4
io5
io6

10
10
40

I M.BBCB
Sl« di>tr<hottofi loo* cm»{tloiii:
2*'C

2ft r*Utlm

I •.BIBB

Light neateerint

FIG.6. Particle size distribution of the challenge aerosol.

CONNECTOR

AIR OUTLET

SPLASH PLATE

SUPPORT PIPE

.NOZZLES

FIG.7. Aerosol generator for nebulizing OOP with Laskin nozzles.

The background particle concentration downstream the HEPA-filter is determined during a
15 minutes counting period, consisting of 5
Measurement cycles.
• The injection of the challenge aerosol is
done one to five minutes prior to measurement,
in order to stabilize the generator output.
The injection place satisfies the condition
of ensuring a uniform distribution of the
test aerosol over the whole filter surface
under test.
* The downstream Measurement is performed

prior to the upstxean determination. The condition of an homogeneous sample is fulfilled.

The sample period is 15 minutes.
* The upstream measurement is performed with
a dilutor between the upstream sample and the
SPLPSS. The penetration is calculated for the
the size range were the SOMP is situated.
2.2.3. Sensitivity of the test methodology.

The method for defining detection limits is
based on the assumptions of Currie [111. He
defines a critical level L which must be exceeded before a sample can be said to contain
particles above the background level. This
level is obtained from the standard deviation
o obtained from five successive measurements
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of the background level of the SPLPSS
L

C

In this case the

is reported as :

- 2.33 OD (o_ in counts)
B

B

The total count difference is defined as :

(C

\

ds'Ri

for

ds Ri

(C-B)ds.Ri

C'
(C B)

" 'Ri ' —
together with its 95 % confidence interval.
Assuming that the random counting process
of the detector follows a Poisson destribution, the detection limit at a 95 % confidence level for an upstream concentration
count rate of 10 p/s is given in table 3.

'Cds * Sd.

than we can only re(C-B)ds.Ri < 2
port a "less than" value for the particle
count rate (95 % level).
If C>

a
(C_.Ri.ds
, )max « C' (C-B)Ri.ds
_ _._,.
. +• 2.13 /a* B •*• O
C

o

is the standard deviation of the real

counts downstream. The (Df),^ is reported as
"greater than" value :

Table 3 : Detection limit at the SOMP for
different background count rates

Rl

DF detection limit at the SOMP

Background
P/»
The detection limit L is defined as I.
4.65 O. If C' (c_B)Ri ds
than we can
report a particle count rate value with its
two sided 95-percent confidence interval.

fc

Cd« " Sds

100 s

200 s

0.1

7.106

io7

0.01

2.107

3.107

Table 4 Determination of the penetration for cocmercial available HEPA and OLPA filters
tested at their nominal flow rate
I'enetration

Particle size

range

tun

HEPA 99.97%DOP

HEPA 99.995%

| HEPA 99.9999%

Ap - 25 daPa

(ULPA)

|

at 1870 n3/h

at 1700 m3/h

(ULPA)

1.40xlO~*

1.40x!0"5

| less than 5.56 io"7

0.097-0.104

1.51

1.45

| less than 4.36

0.104-0.111

1.64

1.41

I

0.111-0.118

1.62

1.14

0.118-0.125

1.65

| less than 2.78
| lass than 2.94

0.125-0.132

1.70

0.09-0.097

SOMP 1.10
SOMP

1.14

|

| at 600 B3/h

less than 4.54

| less than 2.27

|
:

0.132-0.139

1.61

1.26

| less than 1.96

0.139-0.146

1.55

0.90

| less than 1.67

0.146-0.153

1.38

O.BS

| less than 1.52

0.153-0.160

1.34

0.81

j

0.160-0.167

1.2B

0.75

| less than 1.30

0.167-0.174

1.26

0.70

| less than 1.25

0.174-0. 181

1.19

0.66

| less than 1.20

0.1B1-0.1B8

0.99

0.56

| less than 1.07

0.188-0.195

0.88

0.78

j

less than 1.37

less than 0.92

{

10~7

'

1
1.36xlO~4

0.09-0.195

1 . 18xlO~5

Ap

daPa

|

22
610x610x292

Dimension in

26
610x610x292

1 5.68
1
|

1
30

|

| 610x610x66

BD

1

Filter area m

16,8

23

1
1
1

32

12
1

For a counting tine of 40 s per particle
size range R , and for five successive mea-

surements cycles, the total sampling tine
amounts to 15 minutes. This Beans that an
efficiency less than 99.9999 % could be dedetemined on the test rig.
Different HEPA- and ULPA-filters were tested
on our test rig. Some of the obtained results are summarized in table 4.

2.3. Penetrooeter for filternedia
A special filterholder was constructed to
contain a filter paper sheet of IS x IS en.

FIG.8. Collision generator, for nebulizing OOP
and for small flow rates.

This filter holder was built into a duct in
which the flow rate could be changed in order
to obtain different face velocities through
the filter paper (1 to 4 cn/s). The test aerosol was obtained by nebulizing OOP with a
Collison generator (fig. 8). The upstream
particle concentration was measured with the
SPLPSS, depending on quality of the efficiency of the paper, dilution say be required.
Such tests were performed on sheets, of the

sane lot, used for the manufacture of normal

HEPA-fliters. From table 5 one can conclude
that filter characteristics may vary from one
sheet to another, for the same paper roll.
For the filtermedium tested the SOMP was situated in the particle size range 0.146 0.153 MB.

Table 5 Penetration of filter medium used for HEPA-fliters, tested at a filtration
velocity of 2 cn/s.
penetration :( 10

particle size
range
Urn

sheet

sheet

n°l

n°2

sheet
n°3

mean value
n»2 en n"3

0.09-0.097

9.9

30.3

33.1

31.7

0.097-0.104

11.2

31.0

37.3
39.0

34.1
36.1
37.2

|

0.104-0.111

10.6

33.3

|

0.111-0.118

34.6

39.8

0.118-0.125

12.5
13.4

36.0

41.8

38.9

0.125-0.132

13.9

35.7

48.1

41.9

0.132-0.139

15.8

45.6

43.3

0.139-0.146

14.9

47.3

42.8

0.146-0.153

SOHP 15.4

SOMP 41.1
38.4
39.0

SOMP 50.5

44.7

0.153-0.160

15.0

36.9

44.5

40.7

0.160-0.167

14.3

37.8

44.0

40.9

0.167-0.174

14.5

33.5

45.5

39.5

0.174-0.181

13.6

34.2

42.9

38.5

0.1B1-0.1BB

13.4

33.3

34.2

36.2

0.188-0.195

12.6

29. 8

38.0

33.9

0.09-0.195

13.6

35.0

42.6

38.8

0.15-0.30

9.0

22.1

27.4

24.7

11

16

13

ip daPa
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2.4.

Penetrometer for testing mask canisters

system is not a necessity since the upstream
number concentration is smaller than 10
p/on*. Tests performed on two different types of HEPA filter mask canisters are summarized in table 7. These tests were performed
at a constant flow rate of 120 1/min.

The canister contains mostly a high efficiency particulate air (HEPA) filter sometimes
foreseen with a quantity of activated charcoal for removal of gases and vapors.
At present the German standard DIN 3181 Tell

3. EXPERIENCE WITH IK-SITU LASER PROBE

2 deals with differential pressure and penetration values for their standarized test.
Three classes were defined in this standard

3.1.

TECHNOLOGY

(table 6).

The laser probe has been applied since 1982
for in situ testing of installed HEPA-filters. The OOP test method, in accordance to
the standard ANSI N510-19BO was used in Belgium since 1965 for in situ testing of HEPAfiltration systems. Nevertheless the limit
of sensitivity of the sensor practically li-

Table 6 . Classification of mask canisters as
defined by the German standard
DIN3181 Tell 2

Filter- Differential
class
pressure daPa

Penetration at
95 1/min
Paraffin
30 I/mm 95 1/nin NaCl
max.
nax.
max.
oil max.

PI

6

21

2.10-1

P2

7

24

6.10~2

P3

12

42

5.10"*

Considerations

mits the "index of penetration" to values of
10 . The installation of a second HEPA-filter, after the carbon adsorption traps in
the newer nuclear power plants or as a second barrier for the plutonium fuel facilities, introduced problems in the determination of the overall penetration index as determined with the above mentioned standard.
Indeed, the actual overall penetrations are
far below 10 . There was a trend in Belgium to use the SPLPSS as a detector for re-

2.10~2

10~*

The test is performed with a small test rig
with a Collison aerosol generator (fig. 8)
and a OOP-challenge aerosol. The dilution

Table 7 Penetrations for mask canisters

particle size

penetration

range
urn

P. filterclass

|

P

filterclass

1
0.09-0.097

5.09 10"2

|

0.097-0.104

6.25

|

1.50

0.104-0.111

6.55

|

2.09

0.111-0.118

5.14

|

1.04

0.118-0.125

4.96

|

0.95

0.125-0.132

4.72

|

0.82

0.132-0.139

4.50

|

0.76

0.139-0.145

4.43

|

0.64

0.145-0.153

4.25

|

0.57

0.153-0.160

4.10

|

0.48

0.160-0.167

3.83

|

0.37

0.167-0.174

3.60

|

0.30

0.174-0.181

3.26

|

0.28

0.181-0.188

2.42

|

0.20

0.188-0.195

2.60

|

0.13

0.09-0.195

2

4.07xlO~

|
1

34

1.00

10"4

|

|
|
4

0.52xlO~

1

solving this problem, rather than performing
two successive in-situ tests with a comon
forward light scattering photometer. This
trend was manifested by the idea to transfer* the leakage test into an efficiency
test, which is valid for the overall system
(filter medium, housing, frame, gaskets,
sealants and separators).
The SPLPSS allows to obtain the penetration

The idea to establish an acceptance criterium
with a particle size range of 0.09 - 0.195
Mm, seems to be reasonable from the point of
view for minimizing sampling time, and thus
minimizing loading of the filter with DOP-aerosol as well as for the instrumental possibilities and statistical considerations.

in function of the particle size. The maximum of the particle size penetration curve
determines the minimum decontamination fac-

ter each replacement of filters owing to a
too a high differential pressure over one stage. The flow rate for the different systems

tor, regardless of which polydisperse chal-

may be situated between 3.000 - ISO.000 m»/h.

lenge aerosol is used. The decontamination

The results in the SOMP-range change from one

factor determined in this way corresponds to

year to another and is mostly increasing due

the safest conditions of exploitation. The
advantages of this sensitive method with the
laser probe are multiple :
* existing systems can be tested without the
need for auxiliary ducts and valves between
the different in serie HEPA-filters, to inject the challenge aerosol, and for the actual flow rates.
• HEPA-filter systems in series can be tested
as a whole.

Testing can be performed without any interruption of the clean-up operation.

3.2. Acceptance criteria for tandem KEPA-fil-

The present frequency of HEPA-filtertesting
is situated between 12 and 18 months, and af-

to the the dustloading of the filter and thus
better filtration characteristics (see table
8) .

3.3. Dae of a fluorescent laser spectrometer
The inleaking particles and thus the background counting rate after the second HEPAfilter in industrial installations puts
Mostly restrictive limits on the detection
of high DF-factors.
This problem can be resolved with a fluorescent laser spectrometer [12].

Testing with the fluorescent laser spectro-

tration

requirement for the whole filtration system.

•etor it performed with a dye labelled DOPaerosol (dye - Potomac yellow n* 838 Dayglo
Color Corp. Cleveland) with an excitation
wave length of 440 nm, well within the bandwith of the He—Cd laser and an emission wave
length of 490 nm.

As already explained the minimum decontamination factor corresponds to the safest conditions. This condition is fulfilled when ta-

The fluorescent SPLPSS works in two modes :
all particles or only fluorescent particles. In this way a distinction can be made

king the maximum penetration size of the fil-

between in-leaking particles and those coming from the challenge aerosol.

For the nuclear power plants the second HEPA-

fliter is needed for retaining the carbon
particles dragged along with the air flow. A
decontamination factor of 10

is a

ter as the most restrictive parameter.

Table 8 Determination of the decontamination facts in function of time for
a filtration system with a nominal flow rate of 13 600 m /h,
consisting of two HEPA-filters in serie
Date of

Tandem system

|

in situ testing

DF 0.09-0.195 urn

[

March/82

> 1,3 106

|

1
December/83

6

> 3,5 10

|

March/85

> 3,8 106

|
1

35

* the filtration system for quality assurance and follow up by in situ testing.
The investment costs, requirements on the

At present with the He-He loser only a upper
limit can be determined for the decontamination factor for tandem filtration systems.
Nevertheless with the fluorescent SPLPSS,
+fi
decontamination factors as high as 10

qualification of operators and fragility of
the instrument are not a Imitation for
this new methodology.

could be investigated.
4. SUMMARY

The SPLPSS is a very valuable instrument for
testing of :
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FILTER TESTING UNDER SPECIAL CONDITIONS
W. ULLMANN, P. HAMEL, W. SCHULZ
Staatliches Amt fur Atomsicherheit

und Strahlenschutz,
Berlin, German Democratic Republic
Abstract

It is reported on the results of preparative work to construct
or reconstruct testing equipment for testing of filter materials
under normal conditions and at increased temperature and humidity
and for testing of full-size filters under normal conditions and
at increased humidity and on experimental investigations. 1'or aerosol measurement a scintillation particle counter and a laser aerosol spectrometer Partoscope fi-LA were used. The generation and the
properties of the test aerosols are described in detail.

The investigations of filter materials were concentrated on
testing selected filter materials on lab-scale, using a KaCl test
aerosol (CMD = 0.18 urn; 6.. = 1,8). In addition, extensive investigations on a full-size filter FART03-Z-500 have been made. This
filter is intended for separating liquid or solid polydisperae
aerosols from air or gases and can be regenerated by spraying or
washing.

1. WORKING PLAN

The research project No. 3700/RB on "Pilter testing under special
conditions" is part of the IAEA coordinated programme on "Retention of iodine and other airborne radionuclides in nuclear facilities during abnormal and accident conditions".
The work to be done in the GDE in accordance with contract No.
3700/RB will be concentrated on aerosol filtration. Investigations
are necessary concerning especially the influence of increased
temperature and humidity on the filtration process because there
are no or only insufficient experiences in this field for new filters under accident conditions and for aged filters, both under
normal and accident conditions. For the situation in the GDR maximum values of 150 °C and 100 % relative humidity are assumed to be
valid.
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In accordance with the "Recommendations for coordinating research on retention of particles" elaborated during the Research
Coordination Programme Meeting in 1,'IOL/Belgium (September 24 to 28,
1984), the GDR has to perform the following investigations:
- Testing of filter materials
. Quantities to be determined: pentration, pressure drop
. Parameters: temperature, humidity

- Testing of HKPA-filters on laboratory rig
. Quantities to bo determined: penetration, pressure drop
« Parameter (new and. aged filters): humidity
In the SAAS at first extensive work was done to construct or reconstruct testing equipment for these investigations. Since the
required laser aerosol spectrometer Partoscope R-LA was delivered
only in September, 1985, and was then out for repair for a longer
period, a postponement of deadlines by one year for the research
project v/ag applied for and cofirmed by the Agency.

Out of the seven contracts concluded within the framework of
the Coordinated Research Programme five will expire in 1987.
Therefore, as a result of the Second Meeting of the Coordinated
Research Programme in TOROFTO/Canada (June 2 to 6, 1906) it was
recoutnended to finish the research programme in 1987 and, in consideration of the latest findings from the accidents in TMI and
CHER.NO.BYIj, to prepare a new coordinated research programme. The
discussions in TORONTO also led to a modification of the working
programme for the contracts at present being implemented. The
followinb provisions were made:

(1) Testing selected filter materials made available to all workers interested on lab-scale under provided normal conditions
(see 2,1.),
(2) After submitting the results of (1) a decision is to be made
for the establishment of test standards for investigation
under abnormal conditions,
(3) Pull-size tLBPA-filter tests will be performed in the years to
come.

Below, it is reported on the results of preparative work and on
experimental investigations. As scheduled, the investigation of
filter materials on lab-scale was concentrated on testing selected
filter materials under normal conditions (see 2.1.). In addition,
extensive investigations have already been made on a full-size
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filter (see 5.1.) to gaine experience for future investigations
in accordance with the data to be elaborated by the workers of
the research programme and confirmed by the IAEA.
2. AEROSOL MEASUREMENT

J?or aerosol measurement a scintillation particle counter and a
laser aerosol spectrometer were used.

Fig. 1 shows the principal set-up of the scintillation particle counter. The aerosol measurement is based on the light emission of atomic 1m vapour excited in an air-hydrogen flame. In
contrast to flame-photometric determination of the concentration
of JUaCl aerosols /1/, here the particle size distributions of
toad aerosols were measured /2/. J?or this purpose it was presupposed that there is only one particle each in the excitation
part of the flame, in this case there is an unambiguous relationship between light intensity and particle mass. Since the particles have to be individually and succesively introduced into the
flame, the measurable particle concentration is limited. The
measurement of single particles requires high sensitivity. The-

refore, a special burner was used which produces a very small,
extremely stable flame. After amplitude analysis, the pulses were
registered in ten counters, all particles above a size adjusted
in calibration being indicated.
interference filter

burner
chamber

optical system

hydrogen

aerosol

Fig. 1

Design of scintillation particle counter (schema)
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The laser aerosol spectrometer used is the Partoscope H-1A
type from AHA'JLEL Instrumente GmbH. This laser light-scattered
spectrometer represented as block diagram in Pig. 2 was supplied
with the Agency's support. Ihe measuring device is characterized
by the following data /3/ ;
-

Principle:
laser:
Measuring range:
Maximum, concentration:
Plow rate:
Display:

right angle light scattering
helium-neon laser (632.8 nm) with open cav.
u.1 to 2.0 yum
2,300 particles per cm-'
^^n —•
300
8-digit decimal display

Aerosol

Laser

Ipre-ampUfier —* Amplifier I—4pulse transformer!—-

Fig. 2

Comparator
Automatic range selector

Laser scattered-light spectrometer Partoscope R-LA

(block diagram)

3. GENERATION OF TEST AEROSOLS

Por filter testing three routine methods are available in the SAAS
(see 4.1.3.) using the following test aerosols:
- j?olydisperse jwaCl aerosol,
- Polydisperse paraffin aerosol,
- Polydisperse foaCl aerosol with attached short-lived radon daughter products.
tfor the investigations described in 4. and 5.1. mainly the polydisperse itfaCl test aerosol was used, the particle size distribution of which is shown in Pig. 3. If the particle size distribution is approximated by a logarithmic normal distribution the
following values for the median value CMD (50 ^-value; Count Medi40
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Fig.3 Measured cumulative distribution of the used
NaCl test aerosol, relative to the number of particles

an Diameter) related to particle number and for the geometric
standard deviation
are obtained:
&

v

Cl iD = 0.18

urn j 6

= 1.8
The UaCl test aerosol can be used for investigations at high
temperature (= 150 °C) and normal humidity, -dlectron-microscopic
investigations of heated Had particles in the SAAS showed that,
up to 150 °G scheduled for investigations, no destruction of
crystal form occured. At increased humidity the use of HaCl aeroo

sol is possible only to limited extent because, from a certain
levelof humidity, the known growth in size of toad crystals and
their transformation to liquid droplets will occur.
.Besides,
for aerosol
was laid on
consists of

i'ig. 3 schematically shows the aerosol generator used
generation. In its development particular emphasis
simple design and simple operation. The generator
a cylindrical vessel partly filled with an aqueous
4]

NaCl solution. The compressed air fed in at the bottom bubbles
through the ivaCl solution and thus produced liquid drops. These
are partly precipitated at the wall and the lid of the vessel and
partly carried along on the air flow out of the generator. After
mixing with the testing air flow which is by far greater the water
evaporates. Therefore, the filters are tested with dry MaCl crystals. The concentrabion and size distribution of the particles
supplied by the aerosol generator mainly depend on the geometric
dimensions of the vessel, the diameter of the compressed air inlet, the working pressure, the liquid level in the vessel and the
concentration of the aqueous JWaCl solution (e.g. 2.5 cj» aqueous
JNaCl solution). Thus it is possible to adjust optimal conditions
for the given testing task. Both with respect to concentration
and particle size distribution, the aerosol generator has a very
good long-term constancy.
j?or special investigations (see 5.1.4.), monodisperse latex
test aerosols of different particle size are available.

To investigate aerosol filters at increased temperature and
humidity, SiOp test aerosols are very well suited as standard
test aerosols. Fig. 4 shows the particle size distributions and
geometric standard deviations of seven monodisperse S1C>2 aerosols
generated in the SAAS by Rommler and Blume. After respective radioactive labelling, such aerosols were used in the SAAS for investigating the penetration depth of aerosols into filters.
•a
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Fig.<f Measured cumulative distribution of seven Si02 aerosols generated in the SAAS,relative
to the number of particles
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4. TESTING OF FILTER MATERIALS ON LAB-SCALE

4.1.

Testing of selected filter materials under normal conditions

4.1.1. lest programme

The filter materials made available to all interested workers are
four different types of i'iicrotex ?H from <J. C. Binzer Paper manufacture. They are intended to be used in ELGPA-filters and consist
of micro-glass fibres. The producers specify the following properties /4/ :
J?H 863/2

Quality
Basis weight, g/m

2

70-3

EH 863/1 W EH 929
80 t 5

82 t 5

PH 1047
77-3

Thickness, mm

U42 - 0.030.58 - 0.080.46 - 0.050.37 - 0.39

Pressure drop, Pa
(at 5-3 cm/s)

350 t 30

Penetration
(at 5 cm/s; BS 4400)

3.10-4

370 t 30
1.10"4

530 ± 50
2.10"5

580 t 30
1.10"6

These materials are to be investigated with respect to their penetration and their pressure drop under the following teat conditions:
Humidity:
Temperature:
Linear velocity:
Test aerosol:

50 c/o relative humidity
25 to 30 °C
2 cm/s
Selection is up to the respective worker (see 4.1.2.)

4«1.2. Test rig and test aerosol

J?ig. 5 schematically represents the set-up of available test rigs
in the SAAJD for investigating filter material under normal conditions. Three different test methods are used /5/ :
- Test method I
. Test aerosol: polydisperse NaCl aerosol
. Aerosol measuring device: scintillation particle counter for
measurement of particle size distribution, total number and
total mass of waCl particles
. Measurement of total penetration and of penetration as a
function of particle size

43

air jiinlet
air

prefilter
HEPAf ilter

air t outlet
aerosol
generator

flow meter

*

filter
material

,,
sampling
tube

..
sampling
tube

(scintillation particle
counter

or

laser aerosol spectrometer )

Fig.5 Existing test stand for the investigation of filter materials
under normal conditions (block diagram)

- Test method II

o Test aerosol: polydisperse paraffin oil aerosol
. Aerosol measuring device: aerosol photometer for determination of total scattered light
. Measurement of total penetration
- Test method III

„ Test aerosol: short-lived radon daughter products attached
to polydisperse jNaCl aerosol
. Aerosol measuring device: alpha counter (after separation of
aerosol by using measuring filters)
. Measurement of total penetration
For investigations of the selected filter materials test method
I was used. Test method III was used only for a number of additional measurements. The itfaCl test aerosol used is characterized
by the values Ci-iD = 0.18/urn and 3 = 1.8 (see 3. and Fig. 3).
o
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4»1.3» Measuring results and conclusions

The values measured for the pressure drop of the selected filter
materials agree with the producers' data. The values measured are
represented in tfig. 6 for linear velocities of up to 10 cm/s.
Levices used for penetration measurement were both the laser
aerosol spectrometer Partoscope fi-LA and the scintillation particle counter. .tfi&. 7 shows for the four selected filter materials the dependence of penetration from the particle size of the
itfaCl test aerosol measiusd with the Partoscope rt-LA. The measuring results confirm the sequence stated under 4.1.1« of the
penetration of the selected filter materials. The penetrations
obtained for small particles are higher than the values stated
by the filter material producers. It is assumed that this is due
to the different test methods.

Fig.6

Pressure drop of the selected Mikrotex filter materials as a function
of the linear velocity

45

IU "

1 1

t

1

i i

T

i

Lin. velocit y s 2cm/s

Tempera tur •e •• 25 to 30°<c

6-

Rel.humidity = 'tOto50 X)

3-

———— F^{ 863/2
_._._Fh\ 863/1 W

2-

_ _ _ _ _ Cl

1 929

F^HOW

-

-

63OJ
C

01

»«.»

2-

—•»*.

I,
jf. ^

—
3-

~ ~

210-5—

—

6-

. ...
„„— =-=.

3-

-

2—

ii

7

icf

;•

;3

<h

!5

'7

10°

Particle size

Fig.7 Penetration of the selected Microtex filter material
for NaCl test aerosol (laser aerosol spectrometer
Partoscope R - L A )

l?ig. 8 and Fig. 9 show the dependence of penetration from the
particle size of the i^ad test aerosol for the Wicrotex filter
materials FE 863/2 and 863/1 W measured by using the Partoscope H-1A and the scintillation particle counter. The results
obtained with the two devices agree relatively well. Existent
deviations are due to different measuring principles.

For high-quality filter materials the available equipment
for the defined dilution of the aerosol withdrawn before the
filter material to be tested has to be improved. For the time
being, they allow only the adjustment of dilution factors of up
to 1 : 1,000, so that great uncertainties follow particularly
for very low penetrations of the filter materials.
4.2. Testing at increased temperature and humidity

For the investigation of samples of filter material at increased temperature and humidity various components of the test rigs
used for investigations under normal conditions were modified.
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Fig. 10 shows the block diagram of the modified test rig. To
moisten the air, an electrically heated steam generator is used.
The test aerosol is heated up by an electric air heater. The test
rig is equipped with sensors for temperature and relative humidity as well as respective indicating and writing devices. The
section for testing samples of filter material has been completely reconstructed. Fig. 11 shows details. The sample of filter
material to be tested is fixed in special clamping rings. In the
central part of the testing section several clamping rings can
be also arranged successively, if necessary.

Two testing sections (A and B) have been set up as shown in
Fig. 10. Both are installed in an electric furnace in parallel
connection, as shown in Fig. 12. When running testing section A

with and testing section B without a sample of filter material
the penetration of the material sample tested can be determined by mutual connection of both sections to a suitable aerosol
measuring device, using heated connection pipes. Thus the difficulties are avoided which are associated with sampling at high
temperature and humidity.
To check the testing equipment, various preliminary investigations have been made at increased temperature. At first, the
thermal decomposition process of glass fibre paper UK 13-100
(made in the GDH) was investigated. For this purpose the filter

material was heated for 120 min and then the pressure drop characteristic was measured at room temperature. Pig. 13 shows the
results. Above 300 °C the pressure drop decreases, probably as

a result of thermal decomposition of filter paper.

Then the filter paper was measured after preparation with
water vapour for 3 min. The pressure drop of filter paper decreased again above 300 °G (see Pig* 14).
Using test method I (sea 4.1.2.) and the modified test stand
(see Fig. 5), the penetration of glass fibre paper JtfK 14-120 was

measured at normal and higher temperature (50, 100 and 150 °C)
as a function of particle size. Fig. 15 shows the results of this
paper made in the GDIl and used for pre-filtration (linear velocity 10 cm/s). The change of penetration at higher temperature
of up to 150 °Q seams negligible for this type of filter material.
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Fig.11 Testing section for filter material
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Fig.10 Modified test stand for the investigation of filter materials
under high temperature and high humidity (block diagram)

Fig.12 Two testing sections forfitter material installed
in an electric furnace in parallel connection

Fig.13 Pressure drop of unheated and heated (120 mm)
glass fibre paper NK13-100

Fig.14 Pressure drop of unheated and heated (120 mm) glass fibre
paper NK13-100 measured after preparation with water vapour (3 mm)
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Fig.15 Penetration at normal and higher temperature for NaCl test aerosol
(glass fibre paper NK ft-120;scintillation particle counter)

5. TESTING OF FULL-SIZE FILTERS ON LABORATORY RIG

5.1.

Testing of filter Jj'ARIOS-Z-500 under normal conditions
and after regeneration with water

5.1.1. Description of filter PARTOS-Z-500
FARTOS-type aerosol filters from Soviet production are intended
for separating liquid or solid polydisperse aerosols from air
and other gases. The filters can be regenerated by spraying or
washing. When using the filters for retention of liquid aerosols
or fogs a continuous "self-cleaning regime" can be attained. For
this purpose the liquid separated in the filter layer and drained by gravitation is continuously let out of bhe filter casing.
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Fig. 16 shows the design of a FARIOB-Z-500 filter. The filter
layer is about 5 mm thick and between covering layers of glass
fibres tissue. It consists of glass fibres of about 1 /am diameter
and is undulatorily arranged around a perforated cylinder, using
separators of stainless steel sheet. The filter casing is designed as a pressure vessel. It consists of stainless steel. The
connecting branches are arranged axially (g'as inlet) and radially
(gas outlet). The producers specify the following technical data
for the FARTOS-Z-500 filter:
V = 500 m3/h (0.139 m3/s)
jjfoininal volume flow:
p S 500 Pa
Pressure drop of dry filter:
Pressure drop of wet filter:
3,000 Pa
4
Penetration of dry filter:
P § 10~
Penetration of filter at
3
self-cleaning regime:
P = 10 ~
- Permissible operating pressure
20 kPa (pressure below atmosfor filter casing:
pheric pressure) up to

-

150 kPa (excessive pressure)
- Operating temperature:
= 100 °C
- Permissible mass concentration: 50 mg/nr for dry aerosols
500 ing/m3 ±-0r mists
Dispersions of salts, acids or
- Separable substances:
organic compounds, water and

oil mists as well as soluble
aerosols

Fig. 16
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Aerosol filter FARTOS-Z-500

5.1.2. Test programme

The use of FARTOS-Z-500 filters as safety-relevant components requires detailed knowledge of filter properties, particularly under
conditions of long-term operation, as a basis for planning and designing as well as for assessing the reliability and safety properties of filter equipment.

The test programme implemented so far covers the investigation
of the following parameters:
- Pressure drop of filter in dependence of volume flow, on drying
time after regeneration and on number of regeneration cycles
- Penetration of filter in dependence on volume flow and number
of regeneration cycles
- Penetration of filter in dependence on volume flow, on particle size of test aerosol and on number of regeneration cycles.
5.1.3-

Set-up of filter test rig

The investigations were made on the filter test rig of the SAAS.
The test rig is dimensioned for a steplessly adjustable test air
volume in the range from 300 to 5»000 nr/h (dependent on the

pressure drop of the filter to be tested) . Fig. 17 shows the details of the test rig important for performing the test programme according to 5.1.2.
water (for regeneration )

FARTOS-Z-500

mixing device
fiftffi

clean air inlet
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Fig. 17 Testing of the filter FARTOS-Z-500 on laboratory rig (see Fig 25)
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The test aerosol is admixed via probe to the test air cleaned
in several steps. The air-aerosol mixture is homogenized and fed
into the filter to be tested. Filter penetration is determined
by taking samples and comparing aerosol concentrations and particle size distributions before and behind the filter.
The duct network of the test stand is subjected to excessive
pressure. Therefore, possible leaks in the channel network cannot
affect particle concentration. The temperature and relative humidity of air can be controlled within certain limits. They are
measured before and behind the filter to be tested. 5or the determination of humidity, a capacittative humidity sensor (QUARZ AG,

Zuerich) has proved a success.
A spraying system installed in the filter casing serves to regenerate the FAflIOS-Z-500 filter.
5.1.4. Measuring results and conclusions
- Pressure drop of the ]?ARIOS-Z-500 filter

To check the producers' data, the pressure drop of the unused
filter was determined in dependence on the volume flow through
the filter. The measuring values represented in Pig. 18 agree
with the producers' data. As expected, the course of pressure
drop within the range of nominal passage is approximately linear.

1000-1

750Q.

E

250-

0,05

0,10 0,15 0,20
——————»- Volume flow, rn 3 /s
250

500

750

——————•> Volume flow, m 3 / h

Fig. 18 Pressure drop of the new filter unit FARTOS-Z-500
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0,25

The pressure drop of the filter intensively sprayed with regeneration liquid or immersed into it was determined for the
nominal volume flow (500 m^/h) in dependence of the temporal
course of regeneration cycles (Pig. 19). To dry filter material,
a
500 m-yh were passed through the filter. On an average, air temperature was about 24 °C, relative humidity of fed into the filter about 40 "jo.
2500-

2000o
a

1500-

po.

XJ

to
v>
t_

Q.

1000—— New filter unit

+
n

5th Regeneration cycle
6th Regeneration cycle

7th Regeneration cycle
8th Regeneration cycle
•i 3th Regeneration cycle
•
0

500'

x •10th Regeneration cycle

20
2 3 5
- 1 0
—«-Time after regeneration , h

0,5

Fig.19 Pressure drop of a filter FARTOS-Z-500 corresponding to the

drying process

- Penetration of the ffARTOS-Z-500 filter
!To measure filter penetration, the aerosol measuring devices described in 2. were used. The results of investigations are shown
in ffis.B 20 to 24:
. Eig. 20 shows the penetration of the filter for monodisperse
latex aerosol having a particle size of U52 ^um as a function
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of volume flow arid number of regeneration cycles, The measurements were made by itartoscope il-LA.
. Pig, 21 shows the penetration of the unused filter when using
Had test aerosol (see 3.) for the volume flows of 300, 500
Q
and 750 iaj/h in dependence of particle size. The measurements were also made by Partoscope xt-LA.
. Fig.s 22 (volume flow 300 m^/h), 23 (500 m3/h) and 24 (750
m-yh) , respectively, show the penetrations for the unused
filter and for that used after individual regeneration cycles in dependence on the particle size of the MaCl test aerosol (see 3.)- -t'or aerosol measurement, the scintillation
particle counter could be used since the investigations of
the regenerated filter were made only after drying the fibre
layer (see 5.1.3.) at a relative air humidity of about 40 c/o
(maximally 50 Jo) .
The values measured at volume flows within the range from 300
to 750 mr/h for the penetration of the dry filter are greater
than the values stated by the filter producers. This holds
both for the unused filter and for that used after individual regeneration cycles. It is assumed that this is due to
the measuring method underlying the producers' data (testing
by oil mist). In comparison, the test method used in the BAAS
also allows an assessment of the protective effect of the filter at particle sizes in the maximum ran^e of filter penetration.

The maximum values of penetration were found out in dependence on volume flow and, thus, on flow velocity at particle
diameters in the range from 0«25 to Oo4yum, With increasing
volume flow, the penetration maximum shifts towards smaller
particle sizes.
The measurements made so far show a relatively good agreement between the results obtained with laser aerosol spectrometer and with scintillation particle counter. Existent deviations are due to different measuring principles. Independent
of the water content of particles, the scintillation particle
counter allows an indication proportional to the Wad-mass of
particles. Independent of the salt content of particles, the
measuring result of the laser aerosol spectrometer is approximately proportional to the surface of particles. Consequently,
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water drops without or with small salt content carried along
by the air stream, which can occur e.g. at incomplete dryingafter filter regeneration, cause different results of measurement by the mentioned devices.
With increasing number of regeneration cycles, the penetration of the filter increases much more for the Nad test aerosol than for the latejc test aerosol (compare Pig. 20 and 22 to
24) . This likely is due to the complete soaking of the fibre
layer due to the effect of the spraying agent since, in this
way, the Nad separated on the inflow side of bhe fibre layer
is distributed in the entire filter material. Consequently,
after subsequent drying of filter material, dad-particles can
be splitt off by mechanical stress. This effect has to be
allowed for when assessing the filter since this can also occur
when the filter is used in practice.
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To fully clear up the states-of-affairs, supplementary investigation have been scheduled. These include the investigation of the effect of the drying state of the filter after
regeneration on filter penetration and the determination of
filter properties at operation under largely steam-saturated air.

5.2.

Testing at increased humidity

]?ig. 25 shows the filter test rig dimensioned for experimental
investigations at increased relative humidity of air. It meets
the following requirements:

- Effective humidification to attain relative humidities of up
to 100 $ at constant values for several hours
- Possibility of separating drops and mist
- High-grade cleaning of air from atmospheric aerosol particles
or those introduced by humidification before adding test aerosol
- Dynamic humidity measurement before and behind the test filter
- Possibility of circuit operation to improve constancy of temperature and humidity of the test flow.
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— f——:^L7 ——————
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Fi'g.25 Testing of HEPA filters on laboratory rig under high
humidity (schema)
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To moisten the air, steam is introduced since, at this type of
humidification, considerable changes of air temperature are
avoided and high efficiency of humidification can be attained.
To keep the saturation state constant, steam introduction is
overdosed and subsequently the excessive steam is retained and
simultaneously the undesired solid aerosol developed during
humidification separated in a special fibre-mat separator. To
monitor air parameters, the measuring equipment is supplemented
by corresponding measuring devices for relative humidity (see
5.1.3«). The possibility of testing filters over periods of
several hours at stable parameters is realized by switching
to circuit operation. The sampling pipes are equipped with a
heater to avoid condensation of humidity and thus an impairment of representative sampling.

i'or aerosol measurement scattered-light spectrometrers are
suitable.
In accordance with the recommendations elaborated at the
Second Meeting of the Coordinated Research Programme in TORONTO
(see 1.), investigations of full-size filters under abnormal
conditions are to be made only at a later time. To this effect,
respective data are to be supplied by the Agency.
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INVESTIGATIONS ON THE AGEING OF ACTIVATED
CARBONS IN THE EXHAUST AIR OF A PRESSURIZED
WATER REACTOR (PWR 4)
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Laboratorium fur Aerosolphysik und Filtertechnik,
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany
Abstract

Investigations were performed on the aging of five activated
carbons in the containment exhaust air of a German pressurized water
reactor to find out whether longer stay times can be obtained with
activated carbons other than that usually employed (207B (KI)) in
the Federal Republic of Germany.
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The aging with respect to the retention of methyl iodide (CIL I)
was smaller with activated carbons impregnated with KI only than with
those impregnated additionally or exclusively with a tertiary amine
(e.g. TEDA). It is concluded that, for the exhaust air examined, presently no longer stay times can be obtained with activated carbons other
than 207B (KI).
A

INTRODUCTION

In German nuclear power plants the exhaust air filters must exhibit a
minimum retention of 90 to 99 % for organic radioiodine (methyl iodide) under the most unfavorable conditions /I, 2, 3/. With iodine filters that are

continuously operated (e.g. the containment exhaust air filters of pressurized
water reactors) the stay times are frequently less than one year because of
the relatively rapid aging of the activated carbon contained in the filters

M, 5/.
The aging of activated carbons in iodine filters is essentially due to
the adsorption of organic compounds (e.g. solvents) and of inorganic compounds
(e.g. 0X , SO& , NOJv). In the first case the effective surface of the activated
carbon is lowered. In the second case reactions with the carbon (and the im-

purities such as sulphur) as well as with the impregnant may occur. Moreover,
the alcalinity of the activated carbon may be reduced /6,7/. The physical and
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chemical processes during the aging of activated carbons are being investigated both experimentally /8/ and theoretically /9/.

In the iodine filters of German nuclear power stations the activated
carbon 207B(KI) (Table I) is usually employed. Investigations are being con131I) and other iodine species
ducted on the retention of methyl iodide (CHo
by different impregnated activated carbons as a function of the aging time
under simulated normal operational conditions to find out whether longer stay
times can be achieved with other activated carbons, in particular with those
developed in recent years /10, ll/.

Table I: Data of the activated carbons investigated
Size3
(mesh)

Impregnant

Base material

207B (KI)

KI

coal

8-12

Sutcliffe Speakman (UK)

727

KI3

coconut shell

8-16

Barnaby and Cheney (USA)

207B (KI, TEDA) KI, TEDA

coal

8-12

Sutcliffe Speakman (UK)

Kiteg II

KI , amine

coconut shell

8-16

Nucon (USA)

207B (TEDA)

TEDA

coal

8-12

Sutcliffe Speakman (UK)

Name

Supplier

8 - 12 mesh: BS 410 /29/{ 8 - 1 6 mesh: ASTM D2862 /30/

In the present paper investigations are covered on the aging of five
different impregnated activated carbons in the containment exhaust air of a
pressurized water reactor (PWR4) over a period of three months. Apart from

the retention of CH ' I, the retention of
I contained in the exhaust air
was examined. Moreover, the reasons for aging were determined.
A report has already been published on measurements in the containment

exhaust air of PWR4, which partly had the same objectives /12/.
FORMER INVESTIGATIONS

Numerous investigations have been performed on the aging of activated
carbons in the exhaust air of nuclear power stations /6, 7, 13/. However, it
is difficult to judge from these investigations the aging of different activated carbons in the exhaust air of other nuclear power stations. This is in
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particular due to the complexity of the aging process and to the differences
in type and concentration of the pollutants in the exhaust air.
The investigations in the Federal Republic of Germany were so far nearly exclusively conducted with KI impregnated activated carbons, essentially
in order to identify the pollutants and optimize the layout of iodine filters
/14, 15/. Solely in the exhaust air of a research reactor was a TEDA impreg-

nated activated carbon tested, with a positive result /16/.
In other studies a good aging behavior was found with activated carbons impregnated additionally or exclusively with TEDA or other tertiary
amines /17,18/. Also during the storage of activated carbons (in closed
containers), in which the aging is relatively small, the best aging behavior
was observed with a TEDA impregnated activated carbon /19, 20/.

EXPERIMENTAL

Data of the investigated commercial activated carbons are contained in
Table I. Three groups of impregnants can be distinguished:

a) KIx;
b) KI+tertiary amine;
c) tertiary amine (TEDA).
The activated carbons 207B (KI), 727 and 207B (TEDA) have been on the
market since many years,whereas 207B (KI, TEDA) and Kiteg II have been developed in recent years.
In the investigations covered in this paper the activated carbons were

challenged with the containment exhaust air of PWR4 over a period of three
months during power operation of the reactor. (During refueling outage both

weaker and stronger /15/ aging has been observed.) The operating conditions
of the beds of activated carbons corresponded essentially to the operating
conditions of the iodine filters of German nuclear power stations in normal
situations and were largely identical with those in the subsequent laboratory
tests with methyl iodide. The parameters of the laboratory tests are given
in Table II.
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Table II: Parameters of the tests with CH.

131

Unit

Value

Temperature

°C

30 a

Relative humidity

z

40 a

Throughput

m3/h

Face velocity

CM! a

Preconditioning time

h

l

Injection time

h

1

Purging time

h

2

Bed depth

cm

Residence time
131TI .
...
injected

B

Parameter

I injected

0.88

a

50 a
b

50 a' C
j a

mCi

0.01

mg

1

- 0.1

Value (largely) identical with that during the aging in the

nuclear power plant
_> 16 h with fresh carbon
c

20 beds of a depth of 2.5 cm (diameter: 2.5 cm);

sequence identical with that during the aging in the nuclear
power plant

As for methyl iodide (CH. I), this compound is usually used as a
model substance for organic iodine compounds in retention tests. Generally, it
is to be found in large proportions in the exhaust air of nuclear power plants
/12, 21, 22/.
The tests with CH

131

I were run both with fresh and aged activated

carbon. In the second case, the original arrangement of the activated carbon
was maintained. Thus, the geometrical course of the aging within the sectioned beds could be ascertained. As indicated in Table II, the aged carbon
was preconditioned over a period of one hour only to minimize the desorption
of pollutants.
131
Details on the performance of the tests with CH- I are to be found
in the literature /7, 12/. The reproducibility in these tests is excellent
/23/. The minimum detectable penetration, determined with Nal detectors, was
10~ to 10~ Z. Prior to the test with CH- I, the
I retained by the
activated carbon from the exhaust air was measured with Ge(Li) detectors.
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Because of the low
I concentration in the exhaust air, the detection limit, related to the total
I retained, was about 1 Z per bed in this case.
(The
I from the plant was allowed to decay to a negligible quantity prior
to the test with CH. 131 I.)
In order to ascertain the reasons for aging, an additional sectioned
bed of the activated carbon 207B (KI) was simultaneously challenged with the
exhaust air. After three months, the loading of this bed with organic compounds and - by the alcalinity - with inorganic compounds was determined.
In the first case the CC1, extracts of the activated carbon were analyzed
gas chromatographically (14,24/. In the second case the ?„H values of the
E-0 extracts were measured /25/.

RESULTS

The results obtained with CH_131I are generally presented in terms of
1 -3 1

penetration here. Fig,] displays the penetration of 207B (KI) by CH,

I

as a function of the bed depth at different aging times. With the fresh
carbon, using a semilogarithmic plot,the usual linear decrease of penetra-

207B ( K I )
CH.

131

30°C,105£ R.H.

O.ls/5cm
Q 0

1

A 3.0 )

10

20

30

months

40

Bed depth (cml
FIG. 1.

Penetration as function of bed depth

at different aging times
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tion with increasing bed depth was found /23, 26/. With the aged carbon a
nonlinear course (flat at a low bed depth) of the penetration curve was obtained. This form of the penetration curve corresponds to a decrease in
aging with increase of the bed depth. With the other carbons qualitatively
similar penetrations were observed.
Important results for the activated carbons investigated are given
in Table III and in Fig. 2. The main results are as follows:
a) Prior to aging the carbons impregnated with KI only exhibited a much
higher penetration than those impregnated additionally or exclusively
with an amine. At a bed depth of 12.5 cm (residence time of 0.25 s) the
difference in penetration was up to three orders of magnitude. The
highest penetration was found with 207B (KI), the lowest with 207B (TEDA),
b) After aging the penetration of the carbons was relatively similar. At a
bed depth of 12.5 cm the difference was maximally only somewhat greater
than one order of magnitude. The highest penetration was found with the
carbon 727, the lowest again with 207B (TEDA).

Table Ills Penetration of various impregnated activated carbons by CH,
(Data of activated carbons: Table I; teat data: Table II)

Activated

carbon

Penetration (%)a

Bed depth

Residence

(cm)

time (a)

207B (KI)

12.5
25.0

0.25
0.50

2.77

727

12.5
25.0

0.25
0.50

1.52

207B (KI.TEDA)

12.5
25. 0

0.25

2.60

0.50

Kiteg II

12.5
25.0

0.25
0.50

3.61

207 B (TEDA)

12.5
25.0

0.25

1.10 (-6)b

0 months
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3 months

4.65

(-3)

( 0)

1.21 (-3)
3.67

(-3)

(+1)

5.35 (-1)
(-6)b

5.20 ( 0)

1.77 (-3)
(-5)

1.21 (+1)
2.23 (-2)
1.12 ( 0)

0.50

2.77 (-3) 2.77 • 10~3 etc.;
- : penetration lower than minimum detectable penetration (10

extrapolated

I at different aging times

5.80

- 10

Z)

(-5)

....
••-

10°-

.

1fr1-

I
I
10'5-

.

207B
(KI)

727
3

~
207B
Kitegn 207B
(KI.TEDA) Kl.aminel (TEDA)

— 0 months; —••• 3 months
30°C;/.0% RK;0.1 s/5cm,12,5cm
FIG. 2.

Penetration of various impregnated activated carbons
by CH3131I at different aging times

The low penetration of fresh amine impregnated activated carbons by
CHL
I is in keeping with results in the literature /27/, also the same finding after aging /17, 18/. However, as found here, the aging of amine impregnated carbons can be stronger than that of KI impregnated carbons. The
low penetration of amine impregnated carbons after aging is consequently
due to the better performance prior to aging. (Mention is made here of the
fact that some experts do not recommend TEDA impregnated activated carbons
for use in iodine filters of nuclear power plants because of the low inflammation temperature and high volatility of TEDA /31/.)
The aging behavior of the activated carbon 207B (KI) corresponds
essentially to that observed earlier in the same exhaust air /12/.
131

As for the
I from the exhaust air, Fig. 3 displays the distribution
1O 1
of
I on the beds of 207B (KI). The corresponding distribution obtained in
131
the subsequent test with CH^ I is also indicated. At high bed depths the
penetration by
I from the plant was higher than that by CH^ I. This may
be attributed to more penetrating iodine species occurring in small proportions

in the exhaust air of pressurized water reactors /I2, 28/. With the other
carbons, essentially the same distributions were observed.
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The loading of 207B (KI) with organic compounds is shown in Fig. 4.
Compounds of high and low volatility are distinguished. The former consisted

in particular of toluene, xylene and nonane, the latter of decane and dodecane. The high-volatile compounds were found on all the beds* in
particular on the beds 3 to 12. The low-volatile compounds, however, were
practically only observed on the beds 1 to 4. These are the beds with a
—i——,——i———i———i——i——i——i——i——i——i—
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4 •

300C.40°/oRH
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FIG. 4.

Loading of activated carbon beds with organic compounds of different volatility
at an aging time of 3 months
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131
particularly low removal of CH_ I. As the alcalinity of the aged 207B (KI)
was found to be unchanged, it is obvious that, in agreement with former
measurements, the aging was largely due to the adsorption of low-volatile
organic compounds.

CONCLUSION

From the investigations performed on the aging of five activated carbons in the containment exhaust air of a German pressurized water reactor
it is concluded that, for the exhaust air examined, presently no significantly longer stay times can be obtained with activated carbons other than that
usually employed (207B (KI)) in the Federal Republic of Germany.
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INVESTIGATION OF THE INFLUENCE OF ACCIDENT
CONDITIONS ON THE PERFORMANCE OF HEPA FILTER
AND IODINE TRAPPING SYSTEMS
V. FRIEDRICH

Institute of Isotopes,
Hungarian Academy of Sciences,
Budapest, Hungary
Abstract
The removal e f f i c i e n c y obtained in operation of a perchlorvinyl-based
f i b r o u s HEPA f i l t e r was investigated at higher temperatures and relative

humidities.

A reduced performance relationship was determined due primarily

to high relative h u m i d i t y at low air flowrates and to high temperature at high
flowrates.

The applicability of potassium carbonate aerosol produced by

nozzle type atomisation was investigated for in-situ HEPA f i l t e r t e s t i n g .
Particle sizing by cascade impactor and c e n t r i f u g a l aerosol spectrometer was
developed.

Theoretical and experimental investigations were made into mechanisms for
radioiodine removal on carbon-based adsorbents at higher temperatures and
h u m i d i t i e s and included the use of specially developed continuous a i r f l o w
apparatus.

1. I n t r o d u c t i o n

The p e r f o r m a n c e of o f f - g a s c l e a n i n g systems u n d e r a b n o r m a l and
a c c i d e n t c o n d i t i o n s at nuclear f a c i l i t i e s is an important
q u e s t i o n f r o m the p o i n t of v i e w of s a f e o p e r a t i o n . The aim of
the i n v e s t i g a t i o n s b e i n g p e r f o r m e d w i t h i n the scope of the

IAEA

c o o r d i n a t e d r e s e a r c h programme on " R e t e n t i o n of Iodine and
Other A i r b o r n e R a d i o n u c l i d e s i n N u c l e a r F a c i l i t i e s D u r i n g
Abnormal and Accident Conditions11 is to investigate the i n f l u e n c e

of a c c i d e n t c o n d i t i o n s / e l e v a t e d t e m p e r a t u r e } r e l a t i v e a i r

h u m i d i t y , f l o w rate, e t c . / on the p e r f o r m a n c e of aerosol /HEPA/
f i l t e r s and charcoal adsorbers, and to develop testing methods
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applicable for laboratory tests under simulated accident conditions
as veil as in situ testing of operating filter systems.

During the first and second year of the present research

programme the influence of higher temperature and relative
humidity on the resistance and removal efficiency of a perchlorvinyl-based fibrous HEPA filter material was investigated and
theoretical and experimental investigations on the removal
mechanism of activated carbon adsorbents were performed /!/.

In the course of the third year the applicability of K2CO,
aerosol /produced by nozzle-type atomizer/ for in situ testing
of HEPA filter systems was investigated. The particle size

distribution of the KgCO,, aerosol was determined by cascade
impactor and centrifugal aerosol spectrometer developed at the
Institute earlier. The influence of temperature and relative
humidity on the removal efficiency of activated carbon for
methyl-iodide was also investigated using the continuous air

flow apparatus developed at the Institute earlier.

• Determination of the particle size distributon of Eg C 0, te st

aeros ol
Potassium carbonate aerosol has been selected for in situ testing
of nEPA filters in the NPP air cleaning systems. The test aerosol

is produced by nozzle-type atomizer. Upstream and downstream
aerosol concentrations are determined by flame-photometric method
using the specific light emission of potassium ions. The method

is a modification of the well known sodium-chloride test
standardized in the UK. The reasons why using potassium carbonate
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instead of sodium chloride are the following:

- there are different sodium compounds in the air causing a
higher background for the flame-photometric determination.
Potassium background is much lower.
- the use of chloride in NPPs is to be avoided because of its

corrosion effect.

According to recent investigations reported by many authors
the removal efficiency of EEPA filters depends on the particle

size distribution of the aerosol to be removed. Therefore it
was necessary to determine the particle size distribution of
the K2CO, aerosol. These investigations were carried out using
a centrifugal aerosol spectrometer developed at the Institute
earlier /2/«

2.1.

Determination of the particle size distribution of Kr.CC.,

aerosol by centrifugal aerosol spectrometer

The principle of the measurement: two concentrical cylinders

rotate together. The aerosol is introduced into the slit betweeen
the two cylinders by adjusted air flow. While following the air
flow between the two cylinders the particles will sediment on
the outer cylinder due to centrifugal force caused by the high

speed rotation of the cylinders. The sedimentation process, ie.

relationship between particle size and place of precipitation
can be described by the following formula based on Stokes law:

d = K

0
P. n 2

1
•7

"I

1
f
•ui! '
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where

Q: volumetric flow rate of the aerosol

d: aerodynamic diameter of the particle
g : density of the particle

L: distance of the precipitation place from the entering
n: speed of rotation of the centrifuge
K: apparatus constant

The centrifuge can be operated at four speeds /800/min, 1500/min,
3000/nin and 6000/min ./> an(* with two different inner cylinders
/ie. tvo different slit sizes/. For cylinders MA" and WB" the

L; values were 6,084 and 5f904, respectively.

The measurement was carried out by using K2CO, aerosol labelled
42
with
K radioi sotope . The radioactive aerosol was fed into the
rotating centrifuge until measurable quantity was collected

on the wall of the outer cylinder. The count-rate - proportional
with the radioactivity - was then measured along the cylinder
axis by scintillation counter. Mass and number distribution
of the particles can be calculated by the help of the above

e quati on.

Only one section of the aerosol spectrum can be determined at
a fixed speed of rotation with suitable resolution. The measuring
ranges are the following:
n, 1/min
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d,

800

2,65 - 0,70

1500

0,71 - 0,35

3000

0,37 - 0,18

6000

0,18 - 0,08

Measurements were carried out in every ranges. The data of the

four measurements resulted in the spectrum of the K 2 CO_ aerosol
in the range of 0,091 - 2,653/im by cylinder "A" and 0,088 -

2,575/uin by cylinder "B".

Mass distribution of the aerosol is shovn in Figs.l and 2.
The nazimuin of mass distribution vas found at 0,7 ~ 0,8 urn.
The mass ratio of the 0,4 - 0,5 urn particles is significant too.

M.%
20 \

W

Figure 1. Mass distribution of K_CO, aerosol as a function of particle sizof
measured by cylinder "A". Resolution 0,1/um.

20

W
\

0.5

\

i—— i—— ,—— i—— i—— ,—— i—— - ~-

W

2,0

Figure 2. Mass d i s t r i b u t i o n of K2CO, aerosol as a function of p a r t i c l e size,

measured by c y l i n d e r "B". Resolution 0,1/um.

Fi£S. 3 &nd 4 show the nass distribution at a higher resolution.
Number distribution of the aerosol is shown in Figs. 5 and

6 with a resolution of 0,1 A1™ and in Figs. 7 and 8 with a
resolution of 0,01 /urn. The maximum of the number distribution
was found at about 0,1 /uni, as it can be seen in Figs. 7 and 8.
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distribution of KgCO^ aerosol as a function of
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Figure k. Mass distribution of K2CO, aerosol as a function of
particle size, measured by cylinder "B". Resolution 0,01/in.
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Figure 5. Number distribution of KgCO, aerosol as a function of
particle size, measured by cylinder "A". Hesolution 0,1/urn.
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Figure 6. Number distribution of KgCO- aerosol as a function of
particle size, measured by cylinder "B". Resolution 0,1
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Figure 7« Number distribution of K~CO_ aerosol as a function of
particle size,measured by cylinder "A". Resolution 0,01/un.
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Figure 8.

Figure 9.

Number distribution of KnCO- aerosol as a function of
particle size, measures by cylinder "B". Resolution 0,01 /un.

Cumulative mass distribution of KgCO, aerosol as a function of particle size,
measured by centrifugal spectrometer /A - cylinder "A", B - cylinder "Bn/
and cascade impactor / C /

2.2, Determination of the particle size distribution by

cascade impact or
To verify the particle size ranges of the centrifugal aerosol
spectrometer a precision cascade impactor /Type PI 1 by firm
Retsch GmbH/ vas used. Although the resolution of this

equipment is much lover the results vere in good agreement

vith those obtained by the centrifugal spectrometer. The cumulative
mass distribution of the K 2 CO_ aerosol determined by centrifugal
spectrometer and cascade iinpactor is shown in Fig. 9»

3. Experimental investigation of fiber-glass filter material
under

simulated accident conditions

In the course of a previous IAEA programme on particulate
filter testing methods two traditional methods /DOP and
f1ame-photometric/ and the radioisotopic tracing method
were investigated regarding their applicability, accuracy,

advantages and disadvantages. In our final report /3/ it
was pointed out that the radioisotopic tracing method
/developed in. our Institute/ was specially useful for
exact determination of HEPA filter efficiencies due to
its high sensitivity. The used test aerosol /finely
dispersed, submicron size aerosol of iridium/ was not
inclined to coagulate, it was insoluble in water and
insensitive to high temperature. Because of these properties
of the test aerosol and the method itself it seemed to be
the most suitable experimental technique for investigating
HEPA filter performance under simulated accident conditions.
For preparation of radioactive test-aerosol a spark-excited
generator was used /3/. The equipment prepares finely
dispersed, submicron size aerosol from the neutron activated
metal electrode of high specific activity. The spark-excited
aerosol-generator prepares vapour-condensated aerosols by
the help of low intensity and high voltage Tesla-current.
The average of the particle diameters was 0.3 m.
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The scheme of the laboratory apparatus used for filter
tests under simulated accident conditions is shown at
Figure 10.

F i g u r e 10. The s c h e m e of the l a b o r a t o r y apparatus for f i l t e r
t e a t s under s i m u l a t e d a c c i d e n t c o n d i t i o n s .
1 - p r e f i l t e r , 2-valve, 3-air p u m p , k-rotameter, 5 ~ T e s l a - c u r r e n t

source, 6-spark-excited aerosol generator, 7-steem generator,
8-electric oven, 9 ~ s p i r a l tube, 10-filter housing w i t h f i l t e r s
to be t e s t e d , 11-U-tube m a n o m e t e r s , 12- o r i f i c e

, 13-dry

t h e r m o m e t e r , 14-wet t h e r m o m e t e r , 1 5 - t e m p e r a t u r e - r e c o r d e r ,
16-cooler, 1 7 - c o n d e n s e r , A-air i n l e t , B-air o u t l e t , C-Tesla-

current, D-heating

The inlet air is filtered by an absolute filter FPP-15~3.
The air flow is adjusted by valve 2 and air pump 3,

measured by rotameter 4. The air flow enters the sparkexcited aerosol generator 6, where iridium aerosol is

produced by the help of Tesla current excited by Teslagenerator 5» For the experiments at high air humidity
steem can be generated by the steem generator 7 and can
be mixed to the main flow. The filter housing /10/ is
put into the electric oven 8 where the temperature is
regulated. In the spiral tube 9 the air-aerosol mixture

is conditioned before reaching the filter housing. The
filter resistance is measured by manometer 11.
The flow rate of the humid air is determined by the help
of measuring orifice
12 and manometer 11. The relative
humidity of the air is calculated from the data of dry
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and wet thermometers 13 and 14. Oven temperature is recorded
by temperature recorder 15. Water is condensed form outlet
air by cooler 16 and collected in 17.

The radioactivity of the filter samples were measured by
scintillation detector and impulse sealer. The count-rate
was proportional to the amount of aerosol removed on the
filters. Since the same quantity of air passed through all
the three filter samples with the same mass rate, the
sampling was isokinetic. In that case the filter efficiency
/retention/ of filter 1 could be calculated in the
following way:
*2
R = 1 - -=—
where I, and 1^ were the measured count-rates on filter
1 and 2. Similarly the retention of filter 2 could be
calculated from !„ and I_ as well.
The first aim of the laboratory experiment was to investigate the influence of elevated temperature on the
resistance and removal efficiency of a fiber glass HEPA
filter material used in Hungarian nuclear power station.
The temperature range was 2k-'i2Q°C. Since the air flow
rate adjusted at ambient temperature increases with
increasing temperature, for comparison purposes the flow
rate dependence of the pressure drop on the filter was
determined at ambient temperature /24
C/. The results
can be seen in Table 1.
Table 1. The flow rate dependence of the filter

resistance
linear f l o w rate
/m/h/

249,5
519,8
675,7
883,6
1033,5
1247,4

/cm/s/

6,93
14,40
18,80
24,50
28,90
34,70

pressure drop
/Pa/

166,6
352,8
480,2
862,4
1117,2
1225,0
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The temperature /and flow rate/ dependence of the filter

resistance is shown in Table 2.

Table 2. The temperature dependence of the filter resistance

A/ V

/»/h/
24

56
101
198

307
418

pressure drop

linear f l o w rate

/cm/S/

/Pa/

318,3
401,2
494,0

13,72

166,6
215,6
303,8
421,4
617,4

580,5

16,12

1019,2

6,93
7,68
8,84

249,5
276,4

11,14

The flow rate dependence of the removal efficiency at
ambient temperature was also measured as it is shown in
Table 3.

Table 3.

T h e f l o w rate d e p e n d e n c e o f t h e

linear f l o w rate
/»/ t/

/cm/8/

removal e f f i c i e n c y

R

/%/

6,93
14,40

99,927

519,8
675,7

18,80

98,882

883,6

24,50

98,220

1039,5
1247,4

28,90

97,606

34,70

96,826

249,5

99,882

Finally, the temperature dependence of the removal
efficiency was measured. The results can be seen in

Table 4.
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Table 4. The temperature d e p e n d e n c e of the removal
e f f i c i e n c y /R/

A /°c/
24

56

l i n e a r f l o w rate
/m/h/

/cm/s/

249,5
276,4

6,93
7,68
6,84
11,14
13,72
16,12

101
198

318,3

307
418

494,0

401,2

580,5

R

/%/

99,92?

99,930
99,943
99,959
99,981
98,696

Comparing the m e a s u r e d data c o l l e c t e d in T a b l e s 1-4.
the f o l l o w i n g c o n c l u s i o n s can be summerized:
- The r e s i s t a n c e of the f i l t e r i n c r e a s e d with i n c r e a s i n g

flow rate of ambient t e m p e r a t u r e and this e f f e c t

was

s i g n i f i c a n t l y stronger at h i g h e r t e m p e r a t u r e s .
- A l t h o u g h the removal e f f i c i e n c y d e c r e a s e d with

increasing

flow rate at ambient t e m p e r a t u r e , when i n c r e a s i n g temperature, the r e m o v a l e f f i c i e n c y did not change or s l i g h t l y

i n c r e a s e d up to about 300 C.

- Over 300 C the removal e f f i c i e n c y rapidly d e c r e a s e d
i n d i c a t i n g that the f i l t e r m a t e r i a l was d a m a g e d .
A yellow-brown c o l o u r c o u l d be o b s e r v e d on the f i l t e r

surface. It is remarkable that even at 418 C the removal
e f f i c i e n c y is still higher than that of embient t e m p e r a t u r e

at the same flow rate.

4. Experimental investigation of synthetic fibrous HEPA filter
material under simulated accident conditions

The aim of these experiments was to investigate the influence
of elevated temperature, relative air humidity and flow rate
on the resistance and removal efficiency of the FPP-15-30
type HEPA filter material used in the off-gas cleaning and
ventilation systems of Hungarian nuclear facilities. The
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radioisotopic tracing method developed in the Institute
and d e s c r i b e d earlier /3, 4 / was used for
The method is

based on r a d i o a c t i v e

the m e a s u r e m e n t s .

Cu metal t e s t - a e r o s o l

p r o d u c e d by s p a r k - e x c i t e d g e n e r a t o r , and e x p e r i m e n t a l a p p a r a t u s
consisting of filter sample housing, units for adjusting and
measuring flow r a t e , temperature and humidity. The testa p p a r a t u s u s e d in

the f i r s t y e a r of the c o n t r a c t

was

m o d i f i e d a c c o r d i n g to the d i s c u s s i o n and s u g g e s t i o n s
obtained on the first r e s e a r c h coordination meeting.
As a r e s u l t of

these m o d i f i c a t i o n s the most important

experimental parameters (e.g. flow rate, temperature)
b e c a m e independently a d j u s t a b l e .
**'1 •

The e x p e r i m e n t a l a p p a r a t u s

The scheme of the l a b o r a t o r y a p p a r a t u s used for
t e s t under s i m u l a t e d a c c i d e n t conditions is
Figure H- The p r e s s u r e of c o m p r e s s e d air

filter

shown

entering

in
the

• i
4

1

1

Figure 1 1 . T h e scheme of the laboratory a p p a r a t u s for filter
t e s t s under simulated accident conditions

1-control v a l v e , 2 - v a l v e f o r adjusting t h e flow r a t e , 3 - r o t a m e t e r ,
4 - s p a r k - e x c i t e d aerosol generator, 5 - T e s l a current generator,
6 - s t e a m g e n e r a t o r , 7 - h e a t e d r o t a m e t e r , 8-filter housing, 9-electric
pyen, 10-spiral tube for conditioning, 11-manometer,12-temperature
r e c o r d e r , 13-dry t h e r m o m e t e r , 14-wet thermometer, 15-cooler,
16-collecting v e s s e l , A - a i r inlet, 8-air outlet
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aerosol generator is reduced to 3 bar by control valve
1. The flow rate is adjusted by valve 2. and measured by
rotametsr 3. The air flow enters the spark-excited aerosol
generator 4_._ where vapour-condensated radioactive copper
aerosol is produced by the help of neutron-activated copper
electrodes and low intensity-high voltage Tesla current
excited by Tesla generator 5. For the experiments at high
humidity steem can be generated by steam generator 6. and
mixed to the main flow. The flow rate is measured by heated
rotameter ]_3 ^ * ne temperature of the filter test. Filter
housing £ is put into the electric oven 9. where the temperature
is regulated. In spiral tube 10 the air-steem-aerosol mixture
is conditioned before reaching the filter housing. The filter
resistance is measured by manometer 11. Temperature data are
recorded by temperature recorder 12. The relative humidity
(RH, %) of the air is calculated from the data of dry and
wet thermometers 1_3 and 14. Water is condensed from the
outlet air by cooler 1_5 and collected in vessel 16.
The resistance of the filter samples can be measured
continuously during the experiment. For the determination
of the removal efficiency the filter samples are removed
from the housing after appropriate loading time. The
radioactivity of the samples are measured by Nal scintillation
detector and impulse sealer. The count-rate is proportional
to the amount of aerosol collected on the filter. Calculation
of filter efficiency from the measured count-rate is described
in 4.4.
4.2.

The fow-rate-dependence of filter resistance at ambient
temperature

The variation of the filter resistance of different flow
rates is shown in Figure 12. The temperature of the air
was about 24 °C. The relative humidity of the air was 60 %.
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F i g u r e 12. F i l t e r resistance vs. f l o w r a t e at 24 °C and 60 X
relative humidity.

4.3.

The e f f e c t of higher temperature and relative humidity
cm f i l t e r r e s i s t a n c e
The i n v e s t i g a t e d f i l t e r m a t e r i a l made of s y n t h e t i c
p e r c h l o r v i n i l f i b r e s s u f f e r s a s i g n i f i c a n t loss a b o v e
100 °C. As a r e s u l t of s h r i v e l l i n g and r o a s t i n g the
filter resistance increases, the removal efficiency
r a p i d l y decreases. The investigations were carried out
b e t w e e n 60-100 °C and at R H = B O and 93 % relative h u m i d i t i e s
The v a l u e s of the l i n e a r air f l o w rate v a r i e d between
5-25 c m / s .
The m e a s u r e d p r e s s u r e d r o p s are s h o w n in T a b l e s 5 and 6.
Table

5.

The i n f l u e n c e of f l o w r a t e and t e m p e r a t u r e on
the f i l t e r resistance ( d P , Pa) at 80 % r e l a t i v e
humidity .

60

80

90

5,78

245

396

484

11,55

498

897

996

23,11

1505

1794

2002

V/bm/s./

90

Table

6. The influence of flow rate and temperature on the

filter resistance (4P,Pa) at 93 % relative humidity

60

80

5,78

398

451

505

11,55

900

1001

1097

1903

2197

1790

23,11

4.4.
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Investigation of the removal efficiency at higher
temperature and relative humidity
The removal efficiency of the filter sample can be
calculated from the measured count-rates that are
proportional to the amount of aerosol collected on
the filter:
= (1 -—
where I,

) . 100

and 12 are the measured c o u n t - r a t e s on f i l t e r

1 and 2 and

is the removal efficiency in %.

The removal efficiency values determined under various
conditions are shown in Tables 7 and 8.

T a b l e ^'< The i n f l u e n c e of f l o w r a t e and t e m p e r a t u r e on
the r e m o v a l e f f i c i e n c y at 80 % r e l a t i v e h u m i d i t y

65

80

95

5,78

99,920

99,821

99,560

11,55

99,836

99,703

95,923

23,11

99,576

98,164

95,610
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Table 8;

The influence of flow rate and temperature on
the removal efficiency at 93 % relative humidity

^\t/°c./
//"cm/s7^\^^

4-5.

80

65

95

5,78

98,333

97,650

97.4B6

11,55

97,697

96,386

96,011

23,11

97,262

96,277

95,435

Discussion

The results of the experiments are shown in Tables 5-8.
The individual and combined effects of the experimental
parameters will be discussed here.

Tne influence of temperature on filter resistance
Pressure drop values as the function of temperature and

air flow rate are shown in Figure 13 (,RH = 80 %) and
Figure 14 (RH = 93 %). It can be established that both
increasing temperature and flow rate result in increasing
of the filter resistance.

RH=80%

A Pi

kPa
<23.11cm/s

2,0
1,5

^
. H.5Scm/s

1.0

0,5

•

60

.5,78 cm/s

80

100 t,C

Figure 13.Filter resistance vs. temperature at 80 % relative
humidity
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RH=93%

AP

kpa

/23,l1cm[s

2,0
15

,„•-• H,SScm/s

1,0

^,. 5J8cm/s

0,5

60

80

100

Figure 14. Filter resistance vs. temperature at 93 % relative
humidity

Jhe influence of relative humidity on filter resistance

Figure 15 shows that filter resistance significantly
increases with increasing relative humidity (see also
Figure 12).
AP
kPa

23.11 cm/s
90'C

2.0

1,5

H55 cm/s
90'C

1.0

80°C

5.78cm/s
0,5-

90'C
SO'C

6CTC

93

RH,%

Figure 15. The influence of relative humidity on the filter
resistance at different flow rates and temperatures.

93

The influence of temperature on the removal efficiency
Figure 16(RH = 80 %) and Figure 17( RH = 93 %) show the
removal efficiency as the function of temperature at different
flow rates. It can be established that both increasing
temperature and flow rate result in decreasing of the
removal efficiency.

RH-80%

WO

999897969560

F i g u r e i&. R e m o v a l e f f i c i e n c y vs
humidity

80

100 f'C

t e m p e r a t u r e at 80 ^ r e l a t i v e

RH=93%
99
98
573cm/s

97
96
95
60

Figure 17. R e m o v a l efficiency vs
humidity
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temperature at 93 % relative

The influence of relative humidity on the removal efficiency
The removal efficiency as the function of relative humidity
at different air flow and temperature values is shown in
Figure 18. Conclusions of these results are the followings:
- at 5,78 cm/s air flow rate the influence of increasing
relative humidity is near the same at every tested
temperature

- at 11,55 and 23,11 cm/s flow rates the effect of
temperature
decreasing the removal efficiency is
stronger than the effect of relative humidity.
5,78cm/s
99•6S'C

•.•we
95-C

97-

93 RH.%

9965"C
97-

•fO"C
'95-C
95

93

99
97
9580

93 RH,%

Figure is. Removal efficiency as the function of relative
humidity at different flow rates and temperatures

Combined effect of temperature and relative h u m i d i t y on
the removal efficiency.
The combined effect of temperature and relative humidity
is shown in Figures 19 (V= 5,78 cm/s), 20 (V= 11,55 cm/s)
and 21 (V = 23,11 cm/s).
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V=5,7S cm/s

Figure 19.Removal efficiency as the function of temperature
and relative humidity at a flow rate of 5,78 cm/s

V= 11,55 cm/s

93 RH,%

Figure

20. R e m o v a l efficiency as the function of temperature
and r e l a t i v e humidity at a flow rate of 11,55 cm/s

V=23,Hcm/s

93

RH,%

Figure 21. Removal efficiency as the function of temperature
and relative humidity at a flow rate of 23,11
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Figure 19 shows that the effect of relative humidity is
much stronger than the effect of temperature at that
flow rate. The effect of temperature increases, the effect
of relative humidity decreases between 80-95 C at
11,55 cm/s and 23,11 cm/s flow rates (see Figures 20 and 21),
Summarizing the conclusions it can be established that the
influence of relative humidity on the removal efficiency
is stronger than the influence of temperature at low air
flow rates. At higher flow rates the removal efficiency
will be decreased by increasing temperature rather than
by increasing relative humidity.

One of the conclusions of the second research coordination meeting was that most of the test-aerosols used by
different HEPA filter testing methods are not suitable under
high temperature and high humidity conditions. For investigating and comparing appropriate test methods for such
conditions, it is desirable to use similar types of filter
materials being investigated in other laboratories. Filter
papers of four different efficiencies supplied by M/s J.C.
Binzer have therefore been taken up for evaluation.

According to the recommendations of the second research
coordination meeting the investigations were carried out
under the following test conditions:
- temperature 25 C
- relative humidity 5O%
- linear air velocity 3 m/min.

The measured filter papers were made by J.C. Binzer
Paper manufacture /FRG/. The efficiency and permeability
values specified by the manufacturer compared with the
results measured by the radioactive metallic aerosol method
are shown in Table 9.
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Table 9. Comparison of the measured efficiency and permeability values
with those given by the manufacturer

Filter paper
/manufacturer' s

mark/

Efficiency %
Given by the
manufacturer

Exp.
No.
1.

FH 863/2

99.97

2.
3.
4.

Measured

Permeability /mbar/
Given by the

Measured

manufacturer
99.9775
99.9743
99.9658
99.9666

3.5*0.3

3.48*0.04

3.7-0.3

3.69*0.002

5.3*0.5

4.82*0.25

5.8*0.3

5.37*0.15

Average: 99.9711*0 .006

FH 863/1

99.99

1.

99.9878

2.
3.
4.

99.9862
99.9899
99.9900

Average : 99.9885*0 .002
1.
2.
FH 929

99.998

3.
4.

99.9926
99.9915
99.9946
99.9947

Average: 99.9934*0 .002
1.
FH 1047

93.9999

2.

99.9993
99.9992

3.
4.
5.

99.9992
99.9992
99.9993

Average: 99.99924*0 . 0001

It can be established that the efficiency values
measured by the radioactive metallic aerosol method sufficiently agree with those specified by the manufacturer,
except in the case of the most efficient filter sample
/FH 1047/. In this case the count-rate measured on the second
filter sheet was too close to the background due to the
high efficiency of the preceding sheet and this could result
in systematic error. These measurements will be repeated
using low background arrangement or higher loading of the
filters.
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The good agreement of the measured and specified efficiency values shows that under well-defined, identical conditions, on carefully selected filter samples the radioactive tracer method can provide sufficiently correct results
for filter materials of very high efficiency. Since a significant effect of temperature and relative humidity on the
behaviour of metallic particles is not expected, the method
can be considered as one possible way to investigate HEPA
filters under abnormal and accident conditions.

5.

T h e o r e t i c a l m o d e l for the i n v e s t i g a t i o n of the p e r f o r m a n c e
of i o d i n e a d s o r b e r s

The p e r f o r m a n c e of iodine a d s o r b e r s are usually c h a r a c t e r i z e d
by the removal e f f i c i e n c y /similarily to HEPA filters/ or by
index of p e r f o r m a n c e /K

factor in ref. 5.

Eovewer, industrial p r a c t i c e and laboratory experiments

show that the p e r f o r m a n c e of adsorbers has a dynamic character,
i.e.

the removal e f f i c i e n c y changes /decreases/ in time, and

this p r o c e s s is e f f e c t e d by many parameters such as g e o m e t r y

of the column, temperature, gas composition, relative
h u m i d i t y , face velocity, e.t.c. Investigations were p e r f o r m e d

to evaluate the d e p e n d e n c e of the removal e f f i c i e n c y on some
of these p a r a m e t e r s /5/, /6/, /7/, but most of these r e l a t i o n s

are of e m p i r i c a l character. Therefore the comparison of the
results of d i f f e r e n t l a b o r a t o r y tests and the extrapolation

for long term operation and for accident conditions is difficult,

The aim of this work is to d e s c r i b e the kinetics of
adsorption in continuous flow columns by the help of
suitable m o d e l c o n t a i n i n g the p h y s i c o - c h e m i c a l parameters

of the p r o c e s s /adsorption and desorption rate constants,

concentrations, s p e c i f i c surface of the adsorbent/.
Assuming that the adsorption mechanism can be represented

by the reversible p r o c e s s e s of a d s o r p t i o n and desorption
Jonas and Svirbely /8/ investigated the kinetics of
adsorption of carbon tetrachlorid and c h l o r o f o r m

from

air mixtures by activated carbon.
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A similar m o d e l served as the s t a r t i n g p o i n t of our
investigations:
k

F

g + a 5-~r e
k

/I /

B

where g is a gas molecule, a is a free active site on
the adsorbent, e is an occupied active site, k_ is the
x
adsorption rate constant and k is the desorption rate
constant. The rate of the process can be described by
the following equation:
ft/

= kF.G/x,t/.A/x,t/-kB.E/x,t/

/2/

where G, A and E are the concentrations of the gas,
free active sites and occupied active sites, respectively,
that depend on time t and distance x measured from the
inlet site. Because of the conservation of /free+occupied/
active sites we have

A = Ao - E

/3/

where A -is the concentration of the active sites /that
is proportional to the specific surface of the sorbent/.

If the inlet gas concentration is constant in time, i.e. if

G = Go

/k/

then equation /2/ can be rewritten as follows:

if = WGo

- /WV-E

Dividing the adsorption column into elementary layers
such that the difference between inlet and outlet
concentrations for one layer is negligible, and assuming
that one active site can be occupied by one gas molecule
only, the solution of equation /5 / at the outlet face of
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the f i r s t layer reads

k
__F i A ^ . G ^
k.
B
En

1 - e

It can be seen that the first factor on the right side
of equation /6/ is the Langmuir-isotherm /according to
the initial conditions/ and the second one is the kinetic

factor describing the time dependence of the gas accumulation
in the elementary layer. On the basis of this model a
step-by-step cascade method can be built up to compute
concentration break-through curves and gas accumulation
for an adsorption column of finite length X divided into
N layers.
Figure 22 shows typical accumulation and break-through
curves calculated by the cascade method. The purpose of
these calculations was to test the mathematical equations
and the numerical method, therefore the values of Kj , I<B, A>
were fictive. Both accumulation and break-through curves
show inlet concentration dependence /input parameters are

the same with the exception of G /.

f.ain

Figure 22.

Accumulation / ———/ and break-through /•———/ curves calculated by the cascade
method in the case of N=100, DT= 0.01s, « =0. '*, |3 =20., and D =10., 5. and 0,1 for

the curve. No.l, 2 and 3, respectively. 4.ler-ki'A* ',

&•
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When searching an analytical solution for the problem of
the column of finite length, the following system of
partial differential equations is to be solved. Again

equation /2 / describes the rate of the process.
E/x,t/
= kF.G/x,t/.A /x,t/ - kfi.E/x,t/

/7

Equation /3 / gives the active site conservation
A/x,t/ = Ao-E/x,t/
while gas conservation calls forth the relation

t
+ G/y,t/J dy=V.Go.t-V. f

'/j x>
G/x,t/dt

/8

where V is the linear face velocity, x and t are variables
for distance and time. Equation /? / describes the reaction

rate, equation /8 / represents the mass balance for the
continuous flow column of finite length. This system of
partial differential equations can be solved.
In the analytical solution we assume that A/x,t/ in
equation /7 / can be replaced by its maximum value A .
It can be seen that this assumption is equivalent to the
approximation

/9
By the h e l p of Laplace - t r a n f o r m a t i on the

following

solutions were found:

, r / = / i . G .e"^ j

/dt

t/\T,

t / = G o .e

e

-B I

/'
/ll/
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where E /v , I- / is the concentration of the accumulated gas
at any and values
G /V , i-/ is the outlet gas concentration at any
and values
—

~t

""*

Io is the zero order Bessel-function
= VkBAo

/12/
/13/

In evaluating the calculati onal models above it is remarkable
that the analytical solution is proportional to the inlet
concentration G but no other concentration dependence
appears in equations /10/ and /ll/. On the other hand
equation /6/
shows an explicit concentration
dependence of E/G . This contradiction is due to the
approximation, equation / 9 /, in the analytical method.
then the G - dependence of
In fact if D o=!<:„.
G
n
r o x>
the cascade method also vanishes.
Dependence of the break-through curves on inlet concentration
as calculated by the cascade method is given in Figure 23.
7 8

Figure

23

Break-through curves c a l c u l a t e d by the cascade method /——-/ and the analytical
s o l u t i o n /———/ Equation/11/. In the cascade method N= 100, DT= 0,01s, and D =20.,
10
« » 5., l.» 0.5, 0.1, 0,05 and 0.01 for the curves No. 1 , 2 , 3 , 4 , 5 , 6 , 7 , and 8°,
r e s p e c t i v e l y . For b o t h cascade and analytical calculations c( = 0.4 and|3 = 20.

103

It is seen that with decreasing inlet concentration the curves
asymptotically tend to the analytical
analytica curve and at D =0,01
the two curves practically coincide.

6.

Experimental investigation of the removal of methyl
iodide by activated carbon

A simplified scheme of the laboratory apparatus is shown
125 I was
in Figure 24. The vapour of CH,I labelled with
produced from liquid CH_I. The concentration of gaseous
CE^I was adjusted by the temperature of the thermostate
and the air flow. The CH,I concentrations were in the
order of 0,01 - 0,5 mg/1. The lenght /bed depth/ of the
adsorbent /activated carbon granules / was 3~6 cm, diameter
1 cm. Accumulation curves were observed when measuring the
125
I activity on the column by scintillation detector and
impulse-sealer, break-through curves were registrated by
gas-chromatograph /using flame-ionisation detector/.
The first experiments were carried out at ambient temperature and 25-30 % relative humidity.

8

7 10

Figure 24. The laboratory apparatus
l-liquid methyl-iodide, 2-ultra-thermostat, 3-ralre for adjusting CH-I vapour f l o v , 4-mixing tube,
5-rotoneter, 6-valre for adjusting air flov, 7-adsorption column, 8-gos samplers, 9 - s c i n t i l l a t i o n
detettor, 10-lead shielding, 11-safety adsorber, 12-air puap, 13-gas-chromatograph, 14-impulse-scaler,
15-recorders, 16-air f i l t e r , 17 central ventillation system
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Figure 25 shows the inlet concentration dependence of
experimentally measured accumulation curves, in Figure 26.
a pair of simultaneously measured accumulation and breakthrough curves are plotted.

__.i-.-?•• 4J«Wr

,'--'""

500

1000

Figure 25. M e a s u r e d a c c u m u l a t i o n curves at v a r i o u s i n l e t
c o n c e n t r a t i o n s /G /.

t.mm

Figure 26. S i m u l t a n e o u s l y m e a s u r e d accumulation and
break-through curves.

It is interesting that again a controversy is observed
between the results obtained in our experiments and those
resulting from reported industrial and laboratory experiments,
The resolution of this apparent contradiction is again
obvious, our laboratory experiments were carried out with
relatively high inlet concentrations for the reasons
discussed below. At such high concentrations approximation
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/9/ is not justified, i.e. the analytical m o d e l d o e s not
apply. Nuclear applications, on the other hand, usually
assume very low c o n c e n t r a t i o n s where the analytical treatment
is justified. The link p r o v i d e d by the cascade m e t h o d
b e t w e e n the two e x t r e m e concentration cases

g i v e s us a

viable strategy of experimental investigations of industrial
processes. Namely by n u m e r i c a l /cascade-type/ r e p r o d u c t i o n

of the experimental r e s u l t s the m a t e r i a l constants o( ,^2 and
D in e q u a t i o n s /12/, /13/ and /9/

are d e t e r m i n e d and with

this c o n s t a n t s analytical c a l c u l a t i o n s p r o g n o s t i c a t e i n d u s t r i a l
functioning.
This strategy m a k e s high-concentration laboratory

experiments p o s s i b l e that have the advantage that
the p r o c e s s of reaching d i n a m i c a l saturation

is

significantly faster. From the o b t a i n e d break-trough

and/or accumulation curves the physico-chemical
parameters /k^,, k R , A / can be c a l c u l a t e d . The sorbent
material can be b e t t e r c h a r a c t e r i z e d by these p a r a m e t e r s
since t h e y are i n d e p e n d e n t of the e x p e r i m e n t a l c o n d i t i o n s .

In the course of the
experiments the inlet-concentration-dependence of the
break-through curves wsre measured. The same laboratory
apparatus was used as described in the first progress
report /4/ and in Ref. /9/. The inlet methyl-iodide
4
/.
concentrations varied from 1,5.10
mol/1 to 6.10 mol/1.
The used adsorbent was granuled activated carbon with a
9
specific surface of 1125 m /g determined by BET method.
Bed depth was 4 cm, bed diameter 2 cm, linear flow rate
on the bed 3 cm/s, and the experiments were carried out
at 25 °C and 30 % relative humidity. The results of these
experiments are shown in Figure 27. From the results can
be seen that the break-trough curves show a strong inlet
concentration dependence as it was prognosticated by the
theoretical model.
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Finure 27-

E x p e r i m e n t a l l y m e a s u r e d b r e a k - t h r o u g h c u r v e s at 25 °C and 30 % r e l a t i v e h u m i d i t y .
Bed d e p t h - 4 cm, bed d i a m e t e r 2 cm, l i n e a r f l o w r a t e - 9 cm/s. M e t h y l i o d i d e
c o n c e n t r a t i o n /upstream/: 1 , 6 2 . 1 0 ~ 4 m o l / l ( c u r v e 1 ) 2,12.10" mol/1 ( c u r v e 2 ) ,

3 , 0 6 . 1 0 " 4 mol/1 ( c u r v e 3 ) a n d 5,8.10""* m o l / 1 ( c u r v e 4 ) .

6.1 .The

i n f l u e n c e of t e m p e r a t u r e and air

h u m i d i t y on the

performance of activated carbon adsorbent
According to our previous investigations /I, 9/ the p e r f o r m a n c e

of c h a r c o a l a d s o r b e r s c a n b e b e t t e r c h a r a c t e r i z e d w h e n o b s e r v i n g
t h e d y n a m i c o p e r a t i o n o f t h e a d s o r b e r th3n m e a s u r i n g t h e r e m o v a l
e f f i c i e n c y a f t e r a d e f i n i t e loading tine. The time-dependent
a c c u m u l a t i o n or b r e a k - t h r o u g h of the gas to be r e t a i n e d by
the a d s o r b e n t /in

o u r case m e t h y l - i o d i d e / i s v e r y s e n s i t i v e

to the v a r i o u s c o n d i t i o n s as gas c o n c e n t r a t i o n ,

f l o w rate, temperature, humidity, etc. The influence of
temperature and humidity was therefore investigated measuring
the break-through curves of m e t h y l - i o d i d e at

d i f f e r e n t temperature

and relative humidity v a l u e s .

Experimental conditions
The l a b o r a t o r y apparatus d e s c r i b e d in /!/

has b e e n m o d i f i e d

so t h a t a d j u s t i n g of t e m p e r a t u r e and r e l a t i v e h u m i d i t y became
p o s s i b l e . The scheme of the new a p p a r a t u s is

shown in Fig. 28.
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Figure

28. Experimental apparatus for the i n v e s t i g a t i o n of the
i n f l u e n c e of teaperature and air humidity on the
perfornaace of activated carbon

The air

f l o w is m a i n t a i n e d by air pump 20, The i n l e t air

c l e a n e d by a e r o s o l f i l t e r 1_. The air

h e a t e r 2_ and the t e m p e r a t u r e is
The air

f l o w is

is

is h e a t e d by e l e c t r i c

c o n t r o l l e d by t h e r m o m e t e r 3_.

a d j u s t e d by c o c k 4_, c o n t r o l l e d by r o t a n e t e r 8,

h u m i d i f i e d by steam g e n e r a t o r 5 w h i c h is

o p e r a t e d by e l e c t r i c

h e a t e r 7. and c o n t a c t t h e r m o m e t e r £. The r e l a t i v e h u m i d i t y is
d e t e r m i n e d by the h e l p of dry and wet t h e r m o m e t e r s 16 and 17.
The vapour of CH,I is p r o d u c e d by e v a p o r a t i n g l i q u i d CH,I
f r o n v e s s e l 10, The CH,I c o n c e n t r a t i o n is

air

d e t e r m i n e d by the

f l o w rate and the e v a p o r a t i o n rate w h i c h is c o n t r o l l e d

by u l t r a t h e r m o s t a t e 24., U p s t r e a m and d o w n s t r e a m samples can
be taken by two-way cock 11 and can be introduced in the gas-ehromatograph 26 by gas-sampler 18. Appropriate mixing and final adjustment
of temperature and humidity occurs in joint 27. The temperature of
joint 27 and the adsorption bed 14 is controlled by ultrathermostate 22.
125
When using CH
I labelled with radioactive
I the accumulation of radio•J
active CH I on the adsorption bed can be measured by scintillation counter

15 in lead shielding 13. Downstream flow is introduced in the ventilation
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system through safety charcoal bed 19 and air pump 20. Parameter ranges

during the experiments were as follows:
CH I concentration:
5 x 10 - 10 3 M/l
temperature:
15
90 °C
relative humidity:
10 - 95%

The influence of temperature and relative humidity on the performance
of activated carbon
The influence of temperature was investigated in the range of 25 - 80 C,
-4
the inlet concentration of CH I was 2,1 x 10 M/l, relative humidity
was 30%. Bed depth was 4 cm, bed diameter 2 cm, face velocity 3 cm/s, the
2
specific surface of the used granuled carbon 1125 m /g/BET. The temperature dependence of the CH.,1 break-through curves is shown in Fig. 29.

2SCC

200

t IminJ

Figure 29. The influence of tecperature on tlie break-through
curves. CH-I concentration 2,1 x 10
M/lf relative
humidity 30 %.

The influence of temperature on the dynamic saturation capacity of the
activated carbon is shown in Fig. 30. The adsorption isotherms in Fig. 30
show the maximum mass of CH I adsorbed by unit mass of carbon as a
function of inlet CH^I concentration, at 25, 50 and 70 °C and 30%
relative humidity.
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Figure

30. The influence of temperature on the dynanic saturation
capacity of activated carbon. E - the naxinun nass of
CH,I adsorbed by unit mass of carbon, G° - CB,I
concentration upstreao

The influence of relative humidity in shown in Figs 31 and 32. The
CH3I break-through curves shown in Fig. 31 were measured at 50 °C,
3 x 10—4 M/l CH31 concentration, the relative humidity was 30

/curve I/ and 75 % /curve 2/, the adsorbent was preconditioned for one
hour with dry in air both cases.

w

0,5-

WO

200

Figure 31. The influence of relative humidity on the break-through
curves at 50 °C and 3 x 10~4 M/l CH3I concentration.
1 - relative humidity 30%, 2 - relative humidity 75%
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The break-through curves shown in Fig. 32 were measured at 30 C,
-4
3 x 10 M/l CH«I
concentration, the relative humidity was 75 % and
*5
preconditioning /I hour/ with dry air for curve 1 and with humid air
(RH = 75 %) for curve 2.

Figure 32. The influence of relative humidity on the break-through

curves at 30 °C and 3 x 10~4 M/l CH$I concentration.
1 - preconditioning with dry air
2 - preconditioning with humid air (RH = 75%)

As conclusion it can be established that both increasing temperature and
relative humidity decrease the lifetime and useful capacity of the activated carbon. When searching for quantitative description of these

effects it seems to be possible to determine the temperature dependence
of the physico-chemical constants /adsorption and desorption rate
constants, active site concentration/ which are included in the theoretical model.

Ill
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EVALUATION OF fflGH EFFICIENCY PARTICULATE
AIR (HEPA) AND IODINE FILTERS UNDER HIGH
TEMPERATURE, HUMIDITY AND RADIATION
K. RAMARATHINAM, S. KUMAR, K.G. GANDHI,
S. RAMACHANDRAN
Bhabha Atomic Research Centre,
Bombay, India
Abstract

Effects of temperature, humidity and gamma irradiation were investigated
related to the performance of micro-glass fibre filter media, iodine removal

on impregnated activated charcoal and overall performance of HEPA filter and
iodine adsorber prototype units.

INTRODUCTION

The ventilation and air cleaning systems of Nuclear
facilities are equipped with High Efficiency Particulate
Air (HEPA) filters for the ultimate removal and retention
of participates and Iodine filters for the removal and
retention of radioiodine, mainly to restrict the release
of airborne radioactivity during normal operations and
anticipated operational occurences (1, 2, 3, 4, 5).
During ths course of anticipated operational occurances
the filters may be exposed to (a) high temperature and
humidity, (b) haavy entrained water droplets due to
condensation of steam or spray activation, (c) temperature
rise due to fire or decay heat of retained activity and
(d) high radiation dose due to contaminated stream or
due to highly active trapped particulates, vapours or gases*
^xposura of these filters under such conditions nay result
in performance deterioration*

As safety related problem the work on the evaluation
of main components, as that of HEPA filter media, impregnated activated charcoal and prototype HEPA and Iodine filter
units assembled using selected filter media and impregnated
activated charcoal, under conditions of high temperature,
humidity and radiation, was included as the IAEA coordinated
research programme of work. (6).
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This report details the work carried out on (aJ evaluation
of micro glass fibre filter media under conditions of high
temperature, humidity and gamma radiation,
(b)
the
performance of impregnated activated charcoal in respect
of their removal and retention of radioiodine under
high temperature, humidity, gamma radiation and washout
of impregnants due to bulk condensation of uater vapour
and (c) evaluation of prototype units of HEPA and iodino

filters, to ascertain the overall performance under
exposure to air streams of high temperature, humidity.
PERFORMANCE El/ALUATIDN DP HEPA FILTER MEDIA

The high efficiency particulate filters are assembled
using micro glass fibre filter medium (?). The glass
fibre used is to a large extent less than one micron
in diameter and the inter fibre space is quite large
compared to the fibre diameter. Glass fibre filter
papers are formed using additives to provide the
required strength and water repellancy to the medium.
The basic requirements of the medium is given in Table 1,
TABLE 1. BASIC REQUIREMENTS OF MICRO GLASS FIBRE FILTER MEDIUM
n

Basis ueight

: Not leas than 78 gm/m

Thickness

: 0.4 to 0.75 mm

Combustible Content
p

articla Retention
Efficiency

:

Not more than 5%

: Not lass than 99.97# for the
moat penetrating submicron

size aerosol.
Air Flou Resistance

: Not more than 25 mm at 2.5 mm/sec

Uater rapellancy

: "0" penetration at 75 cms uatar column.
"0" penetration at 15 cms of uater

column after irradation to
6.4 x 10
Dry Bursting strcjnjth

rada

'• Not less than 26 cms u.g. a f t o r
exposure to 300 "c
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Three different microglass fibre filter media coded A,
S and C procured from various sources, were evaluated
for their filtration and other physical characteristics
after exposure to high temperature, steam air mixture
involving high temperature and high humidity end gamma
radiation,
2.1

Effect of high temperature and radiation
A number of samples of 15cm x 15cm were exposed to different temperatures upto 35Q*C in steps of 50°C over a
period 8 hours to study the effect of temperature exposure
on the characteristics of the media such as, uater
repellancy, uet and dry bursting strength, flow resistance
and particulate removal efficiency. These filter media,
after exposure to different temperatures uare irradiated
to different gamma radiation dose levels upto a cumulative
8
^
dose level of 2.5 x 10 rads at the rate of 1.1 x 10 rads
per hour in the ISOMED gamma irradiation facility (Fig. 1)
at Bhabha Atomic Research Centre, Trombay, Bombay.

Product flow in irradiation cell

Isometric view ol the Radiation plant

(1) Concrete shielded cell (2) Source lifting cables (3) Personnel access door
(4) Mam conveyor (5) Box container (6) Source pit (7) Gamma radiation
source (8) Box loading pushers (9) Loading conveyor (10) Unloading

conveyor (11) Box unloading pushers (12) Box transfer lift (13) Container
runout beams

FIG.1 ISOMED: gamma irradiation facility at BARC
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Uater repellancy of the media uas determined using 5Qmm dia.
supported test sample installed between tuo flanges.

The uater repellancy of the media uas measured in terms
of cms. of uatsr head at uhich the first orop appears
within 10 minutes. The wet bursting strength ues determined by using 50mm dia of unsupported media and determining
the uater head at uhich the media ruptures. The height
of the uater column is taken as the measure of the ust
bursting strength. Dry bursting strength of the media
uas evaljated by clamping a 50mm dia unsupported sample
and increasing the air flow rate through the media. The
pressure drop in cms. of u.g. at uhich the media ruptures
uas recorded. The flou resistance of the medium uas
evaluated using the test set up as shoun in Figure 2 and
the particulate removal efficiency of the filter media
uas evaluated in the same set up using polydisperse
DOP aerosol and single particle counter method (§).
The results of such evaluations are summarised in
Tables 2, 3 and 4.

LEGEND :
1.

— FILTER

HOLDER

2.

— ROTAMETER

3.

— M I X I N G CHAMBER

A. —AEROSOL
5.

GENERATOR.

—TEST FILTER MCDIWM

6. —PUMP
P,-P2 PRESSURE TAPPING*
S,-S 2

FIG.2. Test assembly for evaluation of filter media.
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SAMPLING POINTS

TABLE 2. EFFECT OF TEMPERATURE AND GAMMA RADIATION ON WATER REPELLANCY OF
FILTER MEDIA
SI
No

W a t e r Reoellancv of_ filter media exoosed to Tercoeratures (eras ° f w . o )
Roan Tenp
50"C
100'C
150*C
250*C
200*C
200' C
A
B
C
A B C
A B C A B C A 8 C A B C
A
B
C

Doss

in
Hads

1.

Nil

2. 2.8x10

90* 85

1

SO '90* 84

90* 90*83 90* 90*79

1

90" 90* 61 90* 90* 0

90*

90* 0

3SO*C
A

90*

B

90* 0

C
90*

S

90* 55

90*

90* 53

90""90*45 90* 90*36

90

90*

5 90* 90* 0

90*

90* 0

90*

90* 0

90*

6

90* 50

90*

90* 44

90* 90*33 90* 90*26

90* 90*

3 90* 90* 0

90*

90* 0

90*

90* 0

90*

3. S.SxlO

+

4. 8.4xlOS

90* 38

90*

90* 32

90* 90*23 90* 90*21

90* 90*

3 90* 90* 0

90*

90* 0

90*

90* 0

90*

5. 1.4x10^

90* 21

90*

90* 14

90+ 90*13 90* 90* 9

90* 90*

Z 90* 90* 0

90*

SO* 0

90*

90* 0

90*

5. S.SxlO 7

90*

5

30*

90*

4

90* 90* 3 90* 90* 3

83

90*

2 79

90* 0

75

90* 0

65

90* 0

61

7. l.OxlO 8

90*

2

64

90*

0

SO 90* 0 46

90* 0

41

90*

0 30

90* 0

28

90* 0

30

90* 0

29

a.

90*

0

60

90*

0

BO

90* 0 45

90* 0

40

90*

0 30

80

0

30

83

0

30

80

0

25

90*

0

55

90*

0

50

90* 0 46

90* 0

40

90*

0 32

80

0

32

75

0

30

71

0

25

9.

a. 0x1 O8
8

2.5xio

NOTEs 1. A,S and C above are the three types of filter aedia used for the evaluations

* ^indicates the values above the figure shown
3, No significant variation in respect of resistance to air flow and partlculate
removal efficiency was ooaerved for all the media evaluated.

TABLE 3. EFFECT OF TEMPERATURE AND GAMMA RADIATION ON WET BURSTING STRENGTH OF
FILTER MEDIA

8S

55

Wet Burst ina Strenath of filter media exposed to Temperaturea(cms of v.a)
300* C
350*0
50* C
250*C
100*C
150'C
200* C
A B C
A a c A B C A B C A 3 C A B C A B C
.
36
88 S3 36
86 52 35 46 53 36 36 52 29 20 22 19 27 17 15 27 9 18

2. 2.8x106

72

46

35

78

45

34

88

44

33

44

41

24

32

31 26

31

-

12

29

-

12 29

- 11

B

55

43

24

55

39

ZS

88

38

28

42

35

24

31

29 27

29

-

11 27

-

13 27

- 11

6

4. 8.4x10

52

42

23

53

32

22

87

32

23

39

31

23

31

-

24 28

-

12 27

-

13 27

- 13

7
5. 1.4xl0

4S

40

22

47

31

19

61

31

22

38

29

22

27

-

22

21

-

10

20

-

13 20

- 14

6. 5.6x107

-

18

54

-

22 34

-

20

-

12

15

-

12 15

- 11

51
No

Dose
In

Roan Tenp

Rads
A
1.

Nil

3. 5.6x10

B

C

18 2 5 - 1 7

43

-

18

42

8

28

-

16

32

-

13

37

-

17 32

-

16 22

-

16 19

-

12 13

-

12 13

- 10

fl
8. 2.0x10

37

-

15

38

-

14

35

-

17 31

-

15 20

-

16 20

-

13 15

-

13 15

- 10

9. a.5x108

31

-

12

34

-

16

31

-

16 31

-

14 20

-

15 20

-

12

-

12 15

- 10

7. UOxlO

16

NOTEt 1. A,B and C above era the three types of filter media used for evaluations.

•-Indicates that yater head could not be developed duo to total peremeablllty

to water.
3. No significant variation In respect of resistance to air flow and particulate
removal efficiency was observed for all the media evaluated.
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TABLE 4. EFFECT OF TEMPERATURE AND GAMMA RADIATION ON DRY BURSTING STRENGTH OF
FILTER MEDIA
bl

No

1.

Dose
in

Ocv But sting strenoth of f i l l e r media exposed to temoe natures (cms of w . o^

Bads

50* C
ROOM Temp
A B C A B C

100'C

A B C A

150*C
8 C

A

200* C
B
C

A

33* 36* 40* 39* 36*40* 39*36*40 39*36*40 39* 35* 37 £4

Nil

33

27 21

11

34

26

14

36

22

22

39*36*35 39*36*34

39*

35

33

23

32

32

32

25

15

36

22

20

39* 36*34

39*JS*33 38 36 32

37

34

31

24

31

10

26

dS

14

35

23

19

39* 36 32

37 34 30 36 33 23

35

32

24

21

30

10

25

23

16

33

21

ZQ

39* 36" " 40* 39* 36*38
39* 35* 36

6. 5.6x10

,g

C

33

6

7

27

B

34

1

33

10 3fc

350t
A

36* 35

6

5. 1.4X107 39* 3S

27

300* C
B C

33" "

2. 2.8x10 39* 36* 40* 39* 36*39
4. d.4x10

A

39*36*38 39*36*37

6

3. 5.Bx10

£50* C.
B C

1

39

36

26

38

34 24

36 32 25 35 30 24

31

29

20

22

30

11

23

22

17

29

18 21

7. I.OxlO 8 39

33

23

36

29 22

33 28 21 33 27 19 28

22

20

20

22

10

21

21

13

27

19

24

8

26

19

36

26 18

35 23 21 35 26 17 28

21

20

26

20

15

25

21

14

25

20

12

8

24

11

24

26 16

22 24 21 25 21 17

25

19

17

24

17

14

25

21

11

23

20

12

8. 2.0X10 38
9. 2.5x10 26

NOTEj- A, B and C above are the three types of filter media used in the
evaluations.
"""indicates values ebove the figure shown
No significant variation In respect of resistance to air flow and
participate removal efficiency uas observed for all the media evaluated.

2.2

Effect of steam air mixture
Filter media uhen exposed to steam end hot air mixture
indicated that for the range of temperatures of 508C to
95°C and near saturation relative humidity, there uas initially
marginal increase is the pressure drop for all the media.
Temperature exposed gamma irradiated filter medium B, having lesser

uater repellancy, uhen exposed to droplets, as a result of
bulk condensation tha pressure drop increased rapidly
resulting in rupture evan after very short exposure.

The filter medium having higher uater repellency, houever,
did not rupture even after extended exposures and the
performance of the medium uas found to be satisfactory
uhen tested thereafter.
3

PERFORMANCE EVALUATION DP IMPREGNATED ACTIVATED

CHARCOAL

Iodine adsorber in the combined particulate iodine
filter are in tha form of trays of 2" thick, suitably
assembled to provide the desired residence time of
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0.24 sec. (Fig. 3), For tha removal and retention of
elemental iodine and methyl iodide, the selected activated
charcoal uas impregnated uith reactive chemicals to
provide high and consistent removal efficiency and lou
desorption of adsorbed iodine (9, 10, 11). The specifications of the impregnated activated charcoal currently
usad in the assembly of iodine filters are shown in
Table 5.
25 Vz

OLASS PHENOLIC TISSUE

FIG 3 Iodine filter of 1000 CFM capacity

^sleeted activated charcoal, impregnated uith 2% KI +
I^KOH uere evaluated for the performance effectiveness
at high temperature,high humidity end radiation. The
bed of 5cm and a stay time of 0.24 sec uas employed for
this investigation*
3.1

Evaluation at high temperature and high humidity

The experimental sat up used to study the behaviour
of impregnated activiated charcoal for the removal of
methyliodide under high temperature and high humidity
is shown in fig. 4. In the set up, the temperature and
relative humidity of the air stream can be maintained
at a constant predetermined value, during the single test.
Before introducing activity into the stream, the air uas
permitted to flou ovar the charcoal beds for atleast an
hour to equilibriate the beds.
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TABLE 5. SPECIFICATIONS OF IMPREGNATED ACTIVATED CHARCOAL CURRENTLY IN USE
IN IODINE FILTERS

1.

Base material

t

Coconut shell

2.

Activation agent

J

Stean - sir

3.

Mesh siza

:

8/16 B.S.S. mesh

4.

Aah content

:

2% or less

5.

B.E.T. surface area :

1050 +50 a2/9

6.

Hardness number

:

9T +2

T.

Moisture content

:

5S (ut/ut)

8.

Carbontctra chloride
activity :

62 + 2X

Iodine number

:

1000

Ignition temperature

i

350*C Bin.

11.

Apparent density

:

0.5 +0.02 «/.!.

12.

Iraprcgnonts

t

2% XI ft

9.
10.

-I

NANOMETER

WET a O R Y 8 U L B

THERMOMETERS

VENT

IMSIOE HOOO
IN SrOE HEATED BOX

FIG.4. Set-up for evaluation under high humidity and high temperature.
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3.2

Effect o f h i g h temperature

The affect of high temperature on the removal effectiveness of methyl iodide by impregnated activated
charcoal was studied in datail fay controlling the air
flou temperature from ambient to 100"C at very lou
humidity. The results are shoun in Fig, 5.

ioo
ogyi

•WB

BED D E P T H
CONTACT
TEST

2

T I M E 0 24 see

CARRIER

FREE C H j I 1 3 1

RELATIVE HUMIDITY < 10%

•5Jc

2
ui

U

•»-*

-3
•3.
>

O

£

•9

JOt

40 C

ao'c

60 C

70C

80 C

90C

ioo c

UMPilflTUHf

FIG.5. Efficiency of impregnated activated charcoal at different temperatures.
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3.3

Effect of relative humidity

The affect of relative humidity uas studied using the
streams at three different temperatures. The results
of the evaluations are shown in Fig. 6.

TlMPttATVHt

Of tit

I : 40'C.

»: to'C
3: tO'C

/Jart : C*AXCo4i
THI.

TIHP.

ri.tr
of

»eo

ro t fc

A/

*

&it>

ro AVOID

DifTn

Coiuracr tint.
fl\T

t

o-H t*c

:

FIG.6. Removal efficiency of impregnated activated charcoal at different temperatures and relative humidity.

3.4

Effect of high temperature and high humidity
The combined effect of high temperature and high humidity
on the removal effectiveness of impregnated charcoal
for methyl iodide uas studied and the results are shown
in Fig. 7,
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NOTCI:RH

87*

CHAKCOAL
AIR

TUT

BCD H I A T T O TO -f I C T H A N

THI

T E M P . OF

I T H t A M TO AVOID COHD t HIATIOH.

C N A N C O A L I % K I , I X K O H IUPRC«NATEO I C O HIltHT t

CONTACT TIME

o- 2* inc.

TEST t CARRIER

FREE

1ST

CHjI

O

1

30

eo

I

ro

1

«o

TEMPERATURE * C

FIG.7. Removal efficiency of impregnated activated charcoal with temperature.

3.5

Effect of Condensation of Uater V/apour on tha performance
oP impregnatBd activated charcoal
The performance of the impregnated charcoal uith different
moistura loading due to up-taka of condensed water have
been carried out to estimate tha extent of performance
deterioration* Table 6 summarises the results of such
evaluations using an experimental set up as shown in
Fig. B.
123

TABLE 6. METHYL IODIDE REMOVAL EFFICIENCY OF IMPREGNATED ACTIVATED CHARCOALS
HAVING DIFFERENT MOISTURE CONTENTS

Mesh Size
Impregnation

1-8 + 16 8S5 mesh

Contact time
Temperature
Humidity

: 0,24. Sec
« 28'C.
> Near saturation
: 50mm

: 2% KI, \% KQH

Bed thickness

Moisture content

SI. No.

% (wt/wt)

CH3I131 Removal Efficiency
(X)

7.50
10.00

1.

2.

15.05
20. QO
25.07
26.01
29.05
31.00
34.01
35.04 (Wet)

3.
4.
5.
6.
1.
8.
9.
10.

99.85
99.60
99.30
98.07
96.02
95.83
93.54
93.10
91. Z4
83.00*

R e s u l t s w e r e e r r a t i c r a n g i n g f r o m 80 to 86%

1
2
3
4

5
6

7
9
9
10

NEEDLE VALVE
FLOW METER
WATER
HEATER
ENERGY REGULATOR

CONDENSER
*!2 GENERATOR
*
H 2 O 2 /NoN02»Not
H 2 S04

11
12
13
14
15
16
17
18
19
20

CH3l*G£NERATOR

ft

lcH 3 )a so4 +NO:
3 WAY VALVE

SORBENT UNDER TEST
BACKUP BEDS
STEAM GENERATOR
STEAM AIR HEATER
HOT AIR- OVEN
THERMO-COUPLE
COMPENSATE COLLECTOR

FIG.8. Experimental set-up for I2/CH3I removal studies.
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Continued condensation of the moisture on the adsorbent
bed results in the draining of condensed water from the
bed containing the impregnant resulting in its ueshout
uhich depends on the extent of condensed water and the
amount of impregnant on the adosrbent bed« The average
amount of impregnant retained on the adsorbent in
relation to the ratio of volume of the condensed uater
to that of the bed volume uas estimated using the experimental set up shown in Fig* 9, uhich ensures constant
rate of distillation of water on to the top of the adsorbent
bad of 50mm thickness. The extent of impregnant
retained on the charcoal by the washout due to the
condensing steam is arrived at by estimating the amount
of impregnant in the drained liquid. The extent of impregnant retained on the adsorbent in relation to the
amount of liquid condensed is shown in Fig. 10. Table 7

-CONDENSER

-IMPREGNATED
CHARCOAL

—SIPHON

-WATER

- HEATER

FIG.9. Experimental set-up to study the washout of impregnant.
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4

5
6
NUMBERS OF BED

IMPREGNANT:

2.5 Vo Kl, I Vo KOH

BED VOLUME:

30m|.

7
8
9
V O L U M E S OF W A T E R

10

12

FIG.10. Washout of impregnant due to moisture condensation.

TABLE 7. CH3I131 REMOVAL EFFICIENCY OF IMPREGNATED ACTIVATED CHARCOAL

Bed t h i c k n e s s
Contact t i m e
Temperature
Relative Humidity
Test Source
Moisture Content

SI.
No
1.
2.
3.
4.
5.
6.
1.
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Impregnation (Wt£)
KI
KOH
_

0.5
1.0
1.5

2.0
2.5
3.0

_

0.25
0.50
0.15
1.00
1.25
1.50

i
i
t
i
:
t

50mm
0.24 Sec
28*C
Near s a t u r a t i o n
C a r r i e r free CH-jI 131
"7.535 ( W / W )
131
CH,I
Removal Efficiency
3
(X)

95.156
98,461
99.389
99.548
99.874
99.990
99.964

summarises the results of evaluation of charcoals
containing different quantity of impregnants which may
result aftsr uashout and subsequent drying up of ths
charcoal dus to flow of air*
3.6

Effect of gamma irradiation on the performance pf
impregnated activated charcoal

Sample trays of 50 mm thickness containing activated
charcoal uera exposed to gamma radiation in the ISOMED
gamma irradiation facility at BARC to a cumulative dose
levels from 2.6 x 10 rads to 8.4 x 10 rads. The
gamma exposed charcoals uere evaluated for their surface
area using the BET method and the results are given in
Table 8. Methyl iodide removal effeciency of the irradiated charcoals uere evaluated and the results are
given in Table 9.
TABLE 8. BET SURFACE AREA MEASUREMENT OF IMPREGNATED ACTIVATED CHARCOAL AFTER
EXPOSURE TO GAMMA RADIATION

2
Unimpregnaled Charcoal < 940 en /gm

Impregnated Charcoal
Si.
No.

Cumulative Exposure
dose

2
t 894 m /gm
BET Surface Area

ra /gm

C Rads )

1

B
2.8 x 10

868

2

8.4 x 10B

876

3

2.0 x 10

1

878

4

5.0 x 10

7

880

5

6.5 x l O

1

859

6

8.4 x \Ql

864
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TABLE 9. CH3r31 REMOVAL EFFICIENCY OF IMPREGNATED ACTIVATED CHARCOALS EXPOSED TO
GAMMA RADIATION

Impregnants
Bed thickness
Contact time
Temperatures
Relative Humidity
Test Source

51
No

3.7

i
t
j
z
i
«

25K KI, 1% KOH
50mm
0.24 See
90'C
90%
Carrier free CH31131

Cumulative Exposed dose
(rada)

CH.,1 Removal Efficiency
W

2.8 x 10

99,478

2.0 x Id

99.464

6.5 x 10'

99.470

Ignition temperature and desorption of adsorbed iodine

Ignition temperature of impregnated activated carbon
uas investigated in details. The details of such
an evaluation is given in the Figure - 11. The
desorption of adsorbed iodine uas studied by
subjecting the loaded adsorbent at 180*C for a
period of 5 hours and the amount of desorption uas
estimated to be less than 1 percent for elemental
iodine and methyl iodide*
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AIR HCATIM »»TC 8 C/MIK.

100 I>• PACC VELOCITY

4O
TC*T

90

TIME IN UINUTCS

FIG.11. Typical ignition temperature curve.

4

PERFORMANCE EVALUATION OF PROTOTYPE HEPA AND IODINE
FILTER UNITS AT HIGH TEMPERATURE. HUMIDITY AMD

RAP I ATI ON

4. 1

Evaluation of prototype HtPA filters

4.1.1

Prototype HEPA filter unit
Prototype units of HEPA filters of designed capacity
of 15 cfm (filtering velocity of 2.5 cms/sec) uere
assembled using the filter medium-A, selected based on
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our detailed studies covered during this uork, Ln ich
has shoun better characteristics to withstand the
conditions of high temperature, humidity and radiation
than the other filter media. The specifications
of the filter assembled using the selected media and
other selected materials of construction are
given in TablelD.

TABLE 10. SPECIFICATIONS OF PROTOTYPE HEPA FILTERS USED FOR EVALUATION

1.

Capacity

» 15 cfs

2.

O v e r a l l dimension

• 180mm x 160o>m x 9<2mn Including
Gran gssksta an both faces

3.

Pressure drop

» Not more than 25an w.g at Iha
rated capacity of 15 cfct

4.

Efficiency

: Not leas than 99.975 for OOP
aerosol down to 0.3 micron

b.

T e m p e r a t u r e Resistance' 120* c

6.

H u m i d i t y Resistance

1,

M a t e r i a l s of Construction

t 1003 RH

F l l L a r caa ing

: Mild Steal (epoxy coated)

F i l t e r medium

i 10035 micro glass f i b r e f i l t e r

medium designated as A in this
report
Separator

t Corrugated A l u m i n i u m Foil

Gasket

: Neoprene/glaaa f i b r e pad

Sealent

: Commercially a v a l l a b l o PVA

based adhesive

4.1.2

Test rig for evaluations at high temperature and humidity

Considering certain d i f f i c u l t i e s experienced in
the test rig earlier set up, the same uas modified.
The test rig used for tha evaluation of the prototype
units is given in
130

DRY BULB
r-WET BULB

HNSULATED CHAMBER
TO VENT

H E P A FILTER

^FILTER UNDER TEST

STEAM GENERATOR
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INJECTION

' B A C K UP FILTER

PORT

F -

FLOW MEASURING DEVICE

V-

VALVE

Pi

f"2

P R E S S U R E DROP MEASURING TAPPING

S|

S2

SAMPLING PORTS

FIG.12. Schematic diagram of filter test rig for evaluation of filters under high temperature and humidity.

The filter testing rig essentially consists of a blower,
heater, point for injection of steam from a steam generator,
mixing chamber for adequate mixing of steam and hot air, a
device for measuring the flow through the duct, wet and dry
bulb thermometers for humidity measurement, a filter holder
for installation of the test filter, sampling points both
upstream and downstream of the filter and pressure tappings
to measure the pressure drop across the filter. The whole
duct line including the filter housing was well insulated
to prevent the loss of heat and to prevent bulk condensation
on to the filter under test. By appropriate control over
the heater and the steam supply, the desired conditions of

the temperature and humidity could be maintained during the
experiments*
4.1.3, Evaluation of HEPA filter at high temperature under conditions
of static exposure
The prototype HEPA filter units were exposed to varying
temperatures from 50°C to 225°C for a period of 4 and 8 hours
in a hot air oven. The filters were allowed to cool to room
temperature and evaluated for their overall performance in
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TABLE 11. PARTICULATE REMOVAL EFFICIENCY OF HEPA FILTERS AFTER EXPOSURE TO
ELEVATED TEMPERATURES UNDER STATIC CONDITIONS

si
Nn

Temperature
of
exposure
*C

PARTICULATE REMOVAL

EFFICIENCY*

(X)
Initial

AfLor 4hrs

Aftor 8 hf3

1.

38

99.997

99.996

99.991

2.

50

99.994

99.992

99.990

3.

100

99.9'JO

99.990

99.990

4.

125

99.992

93.990

99.980

5.

150

93.930

99.990

99.990

G.

200

99.992

99.990

99.990

1.

225

99.992

91. QUO

92.70

x

By OOP m e t h o d u s i n g p e l / d i s p e r s e OOP aerosol and
size selective particle counter.

Note: No v c i r i a t l a n in the p r e s s u r e drop across the f i l t e r s
WBS o b s e r v e d w h e n tested a t t h e rated capacity.

respect of their particulate removal efficiency and pressure
drop. The particulate removal efficiency of the filters were
evaluated using test method standardised employing polydisperse DOP and size selective particle counter (8) In the
test rig described in section 4.1*2. The results of evaluation are shown in Table 11.

. Evaluation of HEPA filters at elevated temperatures under
dynamic conditions.

a) Prototype filter units were exposed to streams of different
temperatures of 80°C, 100°C and 120°C in the test set up by
selecting heaters of different capacities. During the test
no steam was introduced into the set up.- After exposure the
filters were cooled to room temperature and evaluated for
their performance. The resultsof such evaluations are
summarised in Table 12.
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TABLE 12. PARTICULATE REMOVAL EFFICIENCY OF HEPA FILTERS AFTER EXPOSURE TO

STREAMS OF ELEVATED TEMPERATURES

51
No

Tamp.
of

Hours
of

Partlculate Removal Efficiency*
AFTER exposure

stream

exposure

INITIAL

1.

80

8

99.998

99.996

2.

100

8

99.999

99.998

3,

120

8

•c

99 .999

99,999

* By OOP method ualng Poly-disperse OOP aerosol

and size selective single particle counter.
Notet No variation in tto pressure drop across tha
filters was observed when tested at the rated
capacity,

b) The filter units were also subjected to flow streams at
high temperature and the performance in respect of their
removal efficiency was evaluated insitu using uranine(sodium
fluorecinate) method* The method involves atoaisation of
two percent solution of uranine, using a La skin type atomiser,
as test aerosol and measurement of concentration of the aerosol,
upstream and down stream, by sampling onto a millipore filter
paper and analysing the concentration using a photofluorimeter
set to measure uranine (8). The results of such en evaluation
are given in Table 13.
4.1,5«

Evaluation of HEPA filters at high temperature and humidity
The filters were exposed to high temperature and high humidity
by controlled introduction of steam into the hot air stream.
The stream flowing through the filter was maintained at near
saturation humidities at 60°C, 90°C and 100°C for 4 and 8
hours. In the absence of a suitable method for measuring the
particulate removal efficiency(in-situ), the filters were
cooled to room temperature and evaluated for their collection
efficiency by DOP method. The results of such evaluations
are given in Table 14.
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TABLE 13. PARTICULATE REMOVAL EFFICIENCY OF HEPA FILTERS (IN SITU) DURING EXPOSURE
TO STREAMS OF ELEVATED TEMPERATURES FOR VARIOUS DURATIONS
.-„

si
No.

Temperature
df
Exposure

r *,.„-,-

^r,,..^. __„,,,.

PARTICULATE REMOVAL EFFICIENCY (X)

A f t e r 0 hrs

Aftsr 4 hcs

AfLor 8 hra

1.

80 C

39.983

99.987

99.988

a.

1UO* C

99.982

99.981

99.988

3.

i^o'c

99.974

99.988

99.988

For Uranins (Sodiuo F l u o r e c e i n u t e ) aerosol
of specific size distribution.
Note

No V a r i a t i o n in pressure drop acroga the
f i l t e r s ot rated f l o u was obacrvod during
exposurea.

TABLE 14. PARTICULATE REMOVAL EFFICIENCY OF HEPA FILTERS AFTER EXPOSURE TO STREAMS
OF DIFFERENT TEMPERATURES AT NEAR SATURATION HUMIDITY (RH = 95%)

SI
No

Temperature
of Exposure
*C

Particulete Removal E f f l c iancy* 00
A f t e r 0 hrs

A f t e r 4 hrs

A f t e r 8 hra

1.

60

99.998

99.999

99.999

2.

90

99.999

99.9-J9

99.998

-i.

100

99.998

99.998

99,998

8y OOP method using p o l y d i a p c r a e OOP aerosol
and 3ize s e l e c t i v e p a r t i c l e counter.
N o t e : No v a r i a t i o n s in the p r e s s u r e drop across the
f i l t e r s was observed w h e n tested at the r a t o d
capacity.
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4.1.6. Evaluation of HEPA filters exposed to high gamma radiation

The filter units were sealed in polythene
bags and irradiated
/"
fj
to a cumulative dose from 2,8 x 10 reds to 8,4 x 10 rads.
The filters were drawn out at different periods to provide
the desired exposure and the filters were tested for their
performance using DOP test method. The results of such
evaluation are summarised in Table 15.
TABLE 15 PARTICULATE REMOVAL EFFICIENCY OF HEPA FILTERS EXPOSED TO GAMMA RADIATION
S.No

CUMULATIVE

DOSE
OF EXPOSURE (rods)

PARTICULATIVE REMOVAL EFFICIENCY

BEFORE EXPOSURE

AFTER EXPOSURE

1.

2.8 x 103

99.999

99.999

2.

8.4 x 10B

99.998

99.998

3.

2.0 x 107

99.999

99.999

4.

5.0

x 107

99.999

99.999

5.

6.5 x 107

99.999

99.998

6.

8.4 x 107

99.981

39.971

By DOP method using polydisperse COP aerosol and size selective

particle coonter.

N o t e ; No v a r i a t i o n in

the pressure d r o p across the f i l t e r s was

observed when tested at the rated c a p a c i t y .

4.1,7.

Evaluation of irradiated HEPA filters after exposure to high
temperature andhumldity
The gamma irradiated filters were exposed to near saturated
air stream at 100°C for a period of 4 and 8 hours. The filters
after exposure were cooled and evaluated for their performance
by DOP test method. Tha results of such evaluations
are given in Table 16.
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TABLE 16. PARTICULATE REMOVAL EFFICIENCY OF IRRADIATED HEPA FILTERS AFTER EXPOSURE TO
STREAMS OF ELEVATED TEMPERATURE AND HUMIDITY

S.No

1.

* PARTICULATE REH3 VAL EFFICIENCY ( % )
Cumul ati ve dose
of fladiatiofi exposure
Before exposure to elevated
After expsoure to elevatec
ads
temperature and humidity
temperature and humidity

a. a x io8

99.999

39.998

93.938

99.999

.3.

8.4 x 10
7

a.o x io

99.999

-

4.

5.0 x 10

99.399

99.999

5.

6.5 x 10

99.998

99.998

99.972

99.961

2.

6.

6

7

8.4 x 10

3y OOP method using poly disperse OOP aerosol and size selective particle counter
Note;

No v a r i a t i o n in the pressure drop across the f i l t e r s was ooserved when
tested at the rated capacity

4. 2

^ - V a l u a t i o n of* jircitn t y p e I n r i i nn Pi ^ K a r a

4.2.1

Prototype iodine filters
Prototype iodine filters (15 cfm) uere assembled using
the impregnated activated charcoals, keeping the bed
dtpth 50mm and a residence time of D.24sec. in the
adsorber tray. A single tray of size 183mm x 183mm xSQmtn
was installed in a casing for evaluation.

4.2.2

^-valuation of Iodine filters

Prototype iodine filters of 15 cfm ratad capacity uare
evaluated using the test rig described in section 4.1.2
of this report. The filters uere exposed to SO'C, 90^ RH
air streams for a duration of 8 hrs during uhich evaluations
131
for £H_I
removal efficiency uere carried out at the
end of 4 hrs and B hrs. The results of these evaluations
are given in Table 17.

136

TABLE 17. CH3I131 REMOVAL EFFICIENCY OF PROTOTYPE IODINE FILTERS AFTER EXPOSURE TO
ELEVATED TEMPERATURE AND HUMIDITY

TEMPERATURE r 90*C
RELATIVE HUMIDITY* 90% RH

CH3I131 Removal Efficiency
No

After 0 Hf3

After 4 Hrs

After 8 Hrs

I

99.96

99.24

99.24

II

99.9-7

99.24

99.26

5

RESULTS AND DISCUSSIONS

5.1

HEPA filter media

i)

Uater repellency of the media coded 'A and C* were unaffected
upto 350°C exposure uhareas media coded *B* ahouad complete
loss at 250°C. The studies on the effect of gamma radiation
on the uater rapellancy of filter media coded A, B and C,
praaxposed to different temperatures have a noun that: (a)

The filter madia A exposed to a temperature of 150*C and
O
radiation level of 2.5 x 10 rads does not shou any decrease
in uater repellancy. However at temperature 200°C to 350°C
the uatsr repellancy values steeply decrease due to
degradation of additives* (b) The filter medium B shous
steady degradation of uater repellancy due to
irradiation with steep decrease of uater repellancy
7
for a cummulativs dose level of 5.6 x 10 reds. The
same media exposed to high temperatures and gamma
irradiation has much pronounced effect on uater
repellancy and (c) the medium C is stable upto a
cumulative dose of 1.4 x 10 rads. Houever, the
madia starts degrading at higher temperatures and
radiations.
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ii)

iii)

Uet bursting strength of all the media showed steady
decrease uifh increase in temperatures. The studies
on the uat bursting strength of the medium A under
combined effect of temperature and radiation shows
steady decrease from 88.0 cms to 15ctns of water head.
For medium coded 'B't for samples exposed to a level
of 5.6 x 10 rads and above thara is a complete loss
in the uet bursting strength at room temperature.
In medium C the uat bursting strength decreases from
36 cms to 10 cms of uatar head, uhen exposed to a
temperature of 350 C and irradiations to a cummulative
a
gamma dose of 2.5 x 10 rads,
2

ry bursting strength of all the media decrease with
increasing temperature. Further uhen the
preheated
madia uere exposed to gamma radiations, shou enhanced
deteriorations.

The deterioration in physical properties as above is attributed
to thu loss of organic additives at different temperatures
which is also rdflectcd in tht= loss of weight of media at
elevated temperatures. Also all the organic additives are
known to dsgradd uhen expered to high gamma radiaitions.

The studies on tha effect of steam air mixture oh the
filter media have shoun that for extended operation
of HEPA filters for steam air mixture with possible
condensation, the main contributing factor is uater
rapellancy of the filter media.
It was also found that there is no significant change in
the filtration characteristics of filter media i.e. the
resistance to air flou and collection efficiency against
submicron particles due to exposure to temperatures upto
OP
Q
350 u and radiations upto 2.5 x 10 rads and due to- combined
effect of the two parameters.
The above studies on the evaluation of different filter
media has shown that filter medium A of imported origin,
presently used in tha assembly of H£PA filters in India,
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has better performance characteristics compared to
filter media B and C.

5,2

Impregnated activated, charcoal
The evaluation of 2% KI + 1% MOH impregnated activated
charcoal for methyl iodide under high temperature end
humidity has shown:
i)

the removal efficiency of the charcoal increases
uith increasing temperature of the air stream at
low relative humidities. This is due to increase
in the velocity of nearly all the reaction steps (12).

ii)

at constant temperature the removal efficiency of
charcoal decreases uith relative humidity, uhich
is due to reduced diffusion velocity in the nacropores.

iii) the combined effect of high temperature and high
humidity has shoun that there is a net decrease in
the overall performance indicating that uith the
increased humidity the rate of fall of efficiency
is much higher than that of the temperature, uith
no condensation on the adsorbent bad. The reduced
performance of activated charcoal is due to loading
of the charcoal surface uith uater and the reduced
diffusion velocity in the macropores.
iv)

Performance evaluation of impregnated activated
charcoal due to bulk condensation has shoun that
131
CH~J
ran oval efficiency steadily decreases from
99.65 to 91.24^ uith increase in moisture uptake by
activated charcoal upto 34^ (ut/ut). Above 342= the
surface uetting starts blocking almost all the pores
available resulting in erratic performance ranging
betueen 80 to 86/4. Investigation on the uash out
of impregnants has shoun that maximum amount of the
impregnant gets uashed out in the first four bed
volume uashings upto TQ%» Such loss of impregnants
may lead to st=ep decrease in the performance.
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5.3

v)

Effect of irradiation on impregnated activated
charcoal in ths cummulative gamma radiation dose
6
7
ranges from 2.8 x 10 rads to 8.4 x 10 rads has
shown that there is no significant change in surface
ar«*a of all tha samples thus indicating that there
is no structural damage to the charcoal* Further
the removal efficiency for CH I 131 Is also found
to be consistent*

vi)

The ignition temperature of ths charcoal "8* found
to be 350°C with the desorption rate less than 1%
for both elemental and methyl iodide uhen subjected
to 1BO*C for five hours.

HEPA Filter

^valuation of prototype H£PA filtdrs assembled with materials
of construction similar to the one being presently used and
exposed to high temperature, humidity and radiation has
shoun that:
i)

No change in resistance to air flou and collection
efficiency was observed uhen exposed to a temperature
of 200°C under static conditions. However around 225*C
the collection efficiency decreases sharply due to
decomposition of poly vinyl acetate based adhensive.

ii)

Filters exposed to air stream upto a temperature of
120°C for 8 hours were found to maintain their filtration properties uhen evaluated after cooling.

iii) Filters when tested, in-situ, under dynamic exposure to
heated air at 838C, 1QO*C ano- 120"C for different time
interval upto 8 hours have shown that there uas no
change in the filtration properties.
iv)

140

Filters exposed at near saturation humidities for
different time intervals have shoun no deteriorrtion in the filtration properties when evaluated
after cooling*

v)

5.4

The filters after exposure to gamma radiations and
also exposed to hot air stream at near saturation
relative humidity have shoun no change in resistance
to air flou and collactioneefficiency.

Iodine adsorber

Evaluation of prototype iodine filters at 90*C and 90^ RH
indicated a drop in removal efficiency initially which
remained constant over a period of 6 hrs. The initial
loss in

removal e f f i c i e n c y

from 99.96% to 99.2% was due to increase

in m o i s t u r e content of charcoal, i n i t i a l l y due to exposure to high
humidity a i r s t r e a m s .
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EXPERIMENTAL, ANALYTICAL AND NUMERICAL STUDY
ON THE REMOVAL EFFICIENCY OF A CHARCOAL BED
FOR METHYL-IODIDE UNDER HUMID CONDITIONS
(Summary)

Soon Heung CHANG
Korea Advanced Institute of Science
and Technology,
Seoul, Republic of Korea

Scientific Background and Scope of Project

The removal efficiency of charcoal beds for removal of
fission gases varies with the operation time, operating conditions and the number of adsorbable components.
This project consists of two major part for the study of
the removal efficiency of charcoal bed. First, this research
will express the removal efficiency of methyliodide by a TEDAimpregnated charcoal bed as a function of the time and operating
conditions and analyze quantitatively the influence of relative
humidity in the efficiency of a charcoal bed. The second part

of this study is to develop a mathematical and numerical model
for the dynamics of a charcoal bed systems with multi-component
fission gases and analyze the time-dependent removal efficiency
of charcoal beds in nuclear power plants.

Experiment and Numerical Method

Activated charcoal (10 to 12 mesh) was impregnated with
6% TEDA.

The experimental conditions are as follows : bed
1 O7

depth.

3.5, and 7 cm : CH^

1.52 x 10

_Q

I concentration.

7.8 x 10

to

mol/cm 3 velocity 10 to 45 cm/s : relative humidity,

o 50 70% : temperature of bed, 50°C.
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Air from the air cylinder was dehumidified in the dryer
and the humidity and concentration of CH.,127 I were controlled
by a humidifier and methyl iodide saturator.
The air was introduced into the charcoal bed at 50°C.

Inlet and outlet concentration of CH^127 I and humidity were
measured by a gas chromatograph and hygrometer, respectively.

Obtained Results
Adsorption isotherm of CH., 127 I by impregnated charcoal is

the Langmuir favorable isotherm, and adsorption wave fronts

show constant pattern behavior.

Adsorption mechanism of methy-

1 iodide controlling the overall removal rate is the pore
diffusion when air velocity is

20>cm/s and both pore diffusion

and external mass transfer contribute to adsorption resistance

in the case of air-velocity 10 cm/s

as shown in Fig.l.

i.o

0)

a)
0.5
a
o
O
I;
X

Experimental
o O •A
Prediction

0

10

20

30

40

50

60

70

-time (mm.)

Fig.l

Variation of breakthrough curves for the adsorption
of methyl iodide due to the change of superficial
velocity at 50°C (bed
depth : 5cm, feed concentration ;
3

1.10xlO-7gmole/cm , superficial velocity, ^; 10cm

sec,

• ; 20cm/sec, D; 30cm/sec, O } 45cm/sec, - pore
diffusion control case, ——— ; external mass transfer
control case)
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Effective pore diffusivity (D

) is 0.0060 cm 2 /s and it is

nearly constant in the range of experimental condition.
In the humid condition, poor removal efficiency is explained
through the reduction of the adsorption capacity of the charcoal
127 I.
and effective pore diffusivity of CH-,
When the relative humidity is 0, 30, 50, and 70%, the adsorption capacities of charcoal are 1.597xlO~3, 7.073xlO~4, 6.487xlO~4
gmol/g, respectively, and D
0.0034 cm 2 /s, respectively.

are 0.0060, 0.0054, 0.0046, and
These values are used to obtain

the time-dependent CH.,1 removal efficiency of the charcoal bed.
The predicted breakthrough curves and experimental results agree
well as shown in Fig.2.
i.o

20
time(min)
Fig.2

Effect of relative humidity on the breakthrough
curves for the adsorption of methyl iodide at 50°C
(bed depth : 5cm, superficial velocity ; 20cm/sec,
feed concentraiton ; 1.10x10"' gmole/cm 3 , relative
humidity • ; 0%, o ; 30%, A ; 50%, D ; 70%)

The breakthrough curves of multicomponent adsorption are
entirely different from that of a single-component system.

The

peak in Fig. 3 arises from competitive adsorption between methyl145

c/c0
CH3K1)
1.0

0.5
single

component
binary
component
0.0
0

2

4

6
Time(hr)

L = 20.0 cm
P = 542.0 g/cm3

CQ(1)

= C0(2)

U = 10.0 m/hr
e = 0.24

= 0.5x10
1

Kgl = 11.0 hr"

= 0.1743 i/g

—1

= 1.0

b.. = 0.1
Fig.3

gmole/cm 3
= 9.0 hr

b_ = 0.5 i.

Breakthrough curves for binary component
adsorption of CHjUl) and T-2(2) systems

iodide and elemental iodine.

In earlier stages of adsorption,

both CH3I and 1^ are adsorbed on activated carbon.

Later, since

the I2 has the stronger affinity, it replaces the CHUI.

There-

fore, the effluent concentration profile (breakthrough curve)
shows a peak, indicating a higher concentration than the inlet
concentration.

Conclusively, it can be said that the break-

through time in multicomponent adsorption is faster and the
corersopnding peak is higher than that of the single-component
adsorption.
The humid conditions, the breakthrough time is decreased
with increasing relative humidity.

The effect of realtive

humidity on the breakthrough curves is shown in Fig.4.

The

decrease of breakthrough time is associated with the reudction
of adsorption capacity and effective pore diffusivity.
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c/c

1.0

0.5

0.0

U=10.0 m/hr
p = 5 4 2 . 0 g/cm
C 0 ( l ) = C00 ( 2 ) = 0 . 5 x l O ~ 9 gmole/cm 3
h r ~ ( a c 0% humidity)
K 7

L=15.0 cro
e=0.24
K s l = 2 . 0 hr" 1
a : = 1.743 i/g

a2=3.0 i/g

b,=1.0 Jl/umole

b0=1.5 l/pmole

Figure 4. Effects of relative humidity on

breakthrough curves

Conclusion

The adsorption model to describe the performance of
impregnated charcoal bed is proposed.

The analysis of experi-

mental data indicates that pore diffusion is the controlling
step when gas velocity is over 20cm/sec, and both pore diffusion and external mass transfer resistance are contributed to
the overall resistance when the gas velocity is 10cm/

sec.

The reduction of removal efficiency under humid condition
should be considered in view of the reduction of equilibrium
adsorption capacity and the decrease of effective pore diffusivity .
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The mathematical model for multicomponent adsorption to
describe the performance of a charcoal beds and the corresponding numerical solution is proposed.
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THE AGEING AND POISONING OF CHARCOAL USED IN
NUCLEAR POWER PLANT AIR CLEANING SYSTEMS*
(Abstract)
D.BROADBENT
Scientific Services Department,
Central Electricity Generating Board,
North Western Region,

Withenshawe, Manchester,
United Kingdom

Thlc paper describes an investigation aimed *t identifying the relative
importance of oxidativa ageing and hydrocarbon poisoning In the overall
weathering of both potassiua iodide- (KX) and triethylene diamine (TEDA)
impregnated charcoal used in filter* on •$,*• cleaning system*.
Preliminary results OQ oxidative ageing show a narked dependence of the

Id material on relative humidities above 40% and to a lesser extent on
temperature. The TEDA. material on the otherhand showed no such
dependence at least up to 50 t.
Hydrocarbon poisoning is shown to
affect both impregnant types to the same extent but the TEDA material
due to its higher initial performance shows the greater resistance to
poisoning. No one type of hydrocarbon species appeared to be
significantly nore deleterious than the rest and even with loadings up
to 5% hydrocarbon some useful methyl iodide adsorption capability is
retained. A laboratory investigation of the combined effect of
oxidation and poisoning up to 2000 hours showed the superior performance
of TEDA charcoal. However translating these results to operating plant
and extrapolating to an operating time of one year it is clear that even
TEDA charcoal filters would require the use of a guard bed designed to
remove airborne organic species.
The work has shown that the observed deterioration of charcoal
filters on air cleaning systems can be accounted for by the combined
effect of oxidative ageing and hydrocarbon poisoning in the case of both
Id and TEDA impregnated charcoal*.

* An account of the work can be found in Gaseous Effluent Treatment in Nuclear Installations (Proc. Eur.
Conf. Luxembourg, 1985), EUR 10580 (Commission of the European Communities), Graham & Trotman,
London (1986).
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Abstract

Samples of triethylene diamine (TEDA) impregnated 207B carbon
have been aged for up to 1000 hours at temperatures in the range 40° to 70°

and relative humidities of 50% and 90%. The rate of ageing (in terms of

methyl iodide-131 trapping efficiency) increases progressively as the
temperature is raised above SO°C and also as the relative humidity is
increased; below 50°C however the ageing rate is relatively low, even at

90% RH.

A parallel examination by temperature programmed desorption of
the growth of surface oxygen groups with ageing indicates that, unlike KI
impregnated carbons, the groups formed on the TEDA carbons are not linked
to the decline in performance. Also, the presence of an amine, which, as a

group, are generally regarded as anti-oxidants, does not reduce the rate of
surface oxidation.
Since the rate of ageing of TEDA carbons has been shown to follow

the increase in the partial pressure of water above the sample it is

proposed that TEDA carbon ageing could be caused by loss of TEDA either by

a process akin to steam distillation, or by reaction with or catalysis by
water, to form a less efficient impregnant.
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1.

INTRODUCTION

It has been found that KI impregnated charcoals, which are very
effective at trapping radio-iodine compounds in C02 cooled sytems, rapidly

lose efficiency when exposed to high humidity air (Broadbent, 1985).
Research showed that this deterioration was mainly caused by
oxidative ageing of the carbon surface and that the more acidic groups

formed, e.g. carboxylic acid groups, were particularly deleterious
(Billinge, Docherty and Sevan, 1984). The rate of oxidative ageing also
increases with increasing humidity of the air (Billinge and Evans, 1984),
while additional deterioration is caused by adsorption of trace organics

which poison active surface sites (Broadbent, 1985).
Similar carbons impregnated with the amine triethylene diamine
(TEDA) show a much reduced rate of ageing under ambient conditions and are
consequently becoming more widely used in this application (Broadbent,

1985). The ageing rate is still appreciable, however, but for reasons
which are not, as yet, clear.
Amines are a class of compounds well-known for their antioxidant properties so TEDA carbon may age more slowly than KI material
because the rate of formation of organo-oxygen surface groups is reduced; a
second possibility is that the basic properties of the amine neutralize any
surface acidity formed. A separate problem with TEDA is its comparatively

high vapour pressure which may result in an increasing loss of impregnant
as operating temperatures rise above ambient. The work reported here
examines the effect of exposure of TEDA impregnated carbons at various
times, temperatures and relative humidities on (1) the K value (or methyl
iodide trapping efficiency factor), measured under standard conditions; (2)
the level of surface oxygen groups, measured by temperature programmed
desorption of the surface groups as C02 and CO into a flow of helium.
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2.

EXPERIMENTAL

2.1

Materials
Samples of Sutcliffe-Speakman Ltd. 207B coal based carbon (8-12

BS mesh) impregnated to a nominal 5% TEDA were taken from a single batch
held at NWR SSD).

2.2 Ageing - Description of Apparatus and Method

A dynamic ageing rig (Fig. 1) has been constructed to study
ageing at temperatures up to 100°C and relative humidities up to 100%.

-AIR
INLET
CHARCOAL GUARD
BED

FIG. 1 DYNAMIC ACCELERATED AGEING RIG

Four charcoal samples of approximately 100 ml each can be accommodated in
parallel in the rig. The relative humidity of the air flowing through the

samples for a given bath temperature is controlled by the temperature of
the water cascading down the saturator column against the upward air flow,
mist and water droplets being effectively removed by a double coiled

condenser. At dew points above ambient, condensation is avoided by using
trace heating on the air flow line between the saturator column and the
water bath. Relative humidity is measured by a heated cell dew point
hydrometer (EG&G mirror condensation type). The airflow of about 5 litres

per minute per sample is measured on a GAP meter after removal of excess
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moisture in a cold water condenser. This flow is induced by an extraction

pump drawing from a manifold connected to the outlets of each flow meter.

The inlet air is cleaned by passing through an activated charcoal bed.
Ageing runs were carried out for periods of up to 1000 hours for
each set of conditions of temperature and RH. These conditions were set up

at the start of each run when about 100 ml of "as received" charcoal is
loaded into specially designed sample vessels (Fig.
to the rig via flexible tubing.

2) and then attached

Samples were removed from the rig at

predetermined intervals up to the end of the run. Test conditions were
then changed and a further run started. Once removed from the rig the

charcoal samples were quickly transferred to air tight polythene bottles
(125 ml) and stored for K factor determination, which was carried out

within a few days to minimise the chance of any further ageing.

814 CONE WITH
PTFE JOINT

125ml
CHARCOAL
SAMPLE
GLASS
SINTER

FIG. 2 CHARCOAL SAMPLE VESSEL-AGEING RIG

2.3

Sig for the Measurement of the Index of Performance (K factor) of

Charcoal

The Index of Performance of charcoal is a measure of the
efficiency of a charcoal bed for the adsorption of methyl iodide vapour
contained in a flowing stream of air under standard conditions of sample

size, air flow, temperature and relative humidity. These standard
conditions have been established by the UKAEA at Sellafield and have been

used in a rig developed by them.
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The relative humidity is controlled in the range 97%-99%. The
methyl iodide (traced with 1-131) is loaded onto the sample by deposition
from the vapour phase, over a 10 minute period, to yield a loading of 50

micrograms per gram of charcoal. Following the injection of the methyl

iodide, the airflow is continued for a further two hour period. Any methyl
iodide penetrating the test bed is collected on two traps containing small
grain size charcoal. The overall decontamination factor for the sample is

determined by counting the 1131 activity on the sample and in the traps.
The K factor or index of performance is then calculated from the

expression
Iog10 DF
K

=

when DF is the decontamination factor, which is the ratio of the initial
methyl iodide charge to that released from the bed and t is the gas

residence time in the carbon bed (in seconds).
The rig constructed for the present study (see Figure 3) was

originally designed for a dual purpose and differs in a number of ways from

the standard rig developed by the AEA.

It was intended to be used as a

standard K factor rig and also as a rig on which the dependence of K factor
on relative humidity, temperature and gas residence time could be

determined.

FROM SATURATOR

FIG.

3 CHARCOAL K FACTOR RIG
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A saturator system similar to that used for the ageing rig

provides air to the sample at a relative humidity in the range 97%-99%.
The sample temperature is controlled at 20°C by the use of a water bath.

Normally duplicate samples are measured together.

Although there are

slight deviations from standard conditions, the K factors determined for
three reference charcoals agreed very well with the determinations from
other laboratories taking part in an inter-laboratory comparison exercise

and using the AEA rig design (see Taylor and Billinge (1985)).
2.4

Measurement of Surface Oxygen by Temperature Programmed
Desorption

Samples were dried for 2 hours at 373 K and were then crushed and
sieved to the range 211-600 urn. About 0.5 g was packed into a silica U
tube and retained in place with a silica wool plug.

The tube was placed in

an electric furnace and the temperature held at 423 K overnight in a
controlled flow of purified helium to remove as much of the TEDA impregnant
as possible and thus reduce interference with the gas chromatography of CO

and C02.
The sample temperature was then raised at a linearly programmed

rate of 5 K min"1. The helium carrier gas, together with any desorbed
gases, passed through the sample loop of & gas chromatograph fitted with a
katharometer detector. The sample valve was actuated automatically every

213 seconds and the levels of desorbed carbon dioxide and monoxide were
determined using a 2 m "Porapak Q" column held at 313 K. The evolution of
these two gases, as vpm, was plotted against temperature to give a

characteristic desorption pattern. The total oxygen desorbed in carbon
dioxide, designated [0(C02)] and in carbon monoxide [0(CO)j was evaluated
by integration.
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3.

RESULTS

3.1 Effect of Ageing on K Values
Samples of TEDA carbon were exposed at two levels of humidity,
50% RH and 90% RH, and three temperatures, 40°C, 60°C, 70°C for periods up

to 1000 hours.

A plot of K value against exposure time (Fig. 4) shows

that, at 50% RH, ageing increases with temperature, e.g. 1000 hr K value

at 60°C is >11 s"1, at 70° is ^9 s'1. However, the effect of humidity is
more significant; at 90% RH, the 1000 hr K value at 60°C is -v6.0 s"1, the

70°C figure is -v-4.5 s"1. In contrast, the 40°C/90% RH material remained at

K A-11.0 s"1 from 200 to 1000 hours, which is consistent with previous
results (Broadbent, 1985) where humidity was found to have only a small

effect on K up to 50°C.

62/50% RH
40/90% RH
1%RH

1000

FIG. 4 DECLINE IN K WITH EXPOSURE TIME

In summary, at 40°C even relative humidities as high as 90% have
little effect on the ageing of TEDA carbons. At temperatures above 50°C

humidity has a considerable and progressive effect i.e. at any given
temperature 90% RH ages much faster than 50%.
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3.2

Effect of Ageing on Surface Oxide Growth from Temperature
Programmed Desorption

A typical desorption pattern from a fresh TEDA/207B carbon is
shown in Fig. 5a with that from an aged sample (Fig. 5b). Patterns from an

unimpregnated carbon and a Kl-carbon are included for comparison (Fig. 5c
and 5d). The characteristics of the TEDA curves are close to those of the
unimpregnated charcoal, differing mainly in the low temperature evolution
(<773 K) of CO in the TEDA case.

In contrast KI impregnation (Fig. 5d)

causes a change in shape of the second C02 peak and the creation of a new

CO peak at ^1023 K. These points indicate less interaction between TEDA
and the support carbon than is the case with KI.

6000

-

(a) FRESH 5% TEDA/
COAL BASE CARBON

(b) TEDA

6000 —

AGEDAT70°/90%RH937h

4000
vpm
2000

150 250

500

750

1000

150 250

500

750

1000

°C

(c) COAL BASE CARBON

(d) 1.5% KI
COAL BASE CARBON

4000
4000

vpm

vpm

2000

2000

r

100 260

500

750

1000

100

°C

250

500

750

1000

°C
——— CO

———• CO2

FIG. 5 TEMPERATURE PROGRAMMED DESCRIPTION PATTERNS

The desorption pattern from the aged sample (Fig. 5b) shows how
the peaks grow with ageing. The quantities of oxygen evolved from the
surfaces of fresh and aged TEDA carbons are presented in Table 1, columns
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Table 1; TPD Results! Total and Decremental Surface Oxygen Desorption Values

1
Sample

2
Time hrs

Fresh
A60C/50XRH

A70C/50XRH

0
272
400
619
985
290

597
1004

3

4
*OCOZ (2)

5
'OCO(l)

6
*OCO(2)

7
K

8

9
AOCOj (2)

10
AOCO(l)

11
AOCO(2)

0.12
0.18
0.18
0.21
0.22

0.09
0.10
0.11
0.14
0.12

0.07
0.15
0.14
0.14
0.18

0.96
1.00

14.05
12.89
12.33
11.11
10.84

0.06
0.06
0.09
0.10

0.01
0.02

O.Q8

0.04
0.13
0.16
-

0.22
0.23
0.28

0.12
0.16
0.19

0.18
0.18
0.22

0.97
1.07
1.16

11.00
10.00
8.63

0.10
0.11

0.03
0.07
0.10

0.11
0.11

0.01

0.15

0.20

0.26
0.32
0.43

0.45

0.12
0.20
0.32
0.33

0.13
0.14
0.15
0.16

1.01
1.11
1.16
1.10

11.59
11.32
8.74
7.76

0.14
0.20
0.31
0.33

0.03
0.11
0.23
0.24

0.06
0.07
0.08
0.09

0.05
0.15
0.20
0.14

0.45
0.55

0.32
0.46

0.24
0.25

1.35
1.23

6.70
4.56

0.33
0.43

0.23
0.37

0.17
0.18

0.39
0.27

0.28
0.34
0.38
0.39

0.17

0.13
0.14

1.01
1.15
1.24
1.24
1.22

10.87
11.00
10.32

0.16
0.22
0.26

0.08

0.06
0.07

10.73

0.27
0.15

0.15
0.17
0.19
0.16

0.05
0.19
0.28
0.28
0.26

1.09
1.12

0.16

0.05

0.03

0.07
0.07
0.11

0.11

A60C/90XRH
175
285
430
600
A70C/90XRH

480

937
A40C/90ZRH
213
405
667
800
1000

0.27

0.24
0.26
0.28
0.25

0.15
0.16
0.12

11.05

* OCOj(l) and (2) - X oxygen evolved in C04 from dry, ash-free carbon
+ OCO(l) and (2)

~ % oxygen evolved in CO from dry, ash-free carbon

0.08
0.09
0.05

three to six, for the first C02 peak, (OC02(1)) up to 728 K; the second C02
peak from 728 K to completion (OC02(2)); the first CO peak also to 728 K
(OCO(l)); the second CO peak from 728 K to peak maximum (OCO(2)).
In columns 8 to 11 the increases in size of each peak over that
of the fresh material are given (A).

The A values for the two C02 peaks are shown in Fig. 6.
Considering the 60°C and 70°C results only, the graphs fall into two groups
with the 90% RH runs showing a far greater increase in surface oxygen than

the 50% RH runs, which show little change over the 1000 hours ageing
period. This is a parallel trend to the effect of ageing on K value (3.1.

above) where the higher humidity causes a faster decline in K. The
40°C/90% RH results show an intermediate pattern. The K value shows little
change over the ageing period of these runs but the increase in surface

0(C02) lies between that for the higher temperatures at 50% RH and 90% RH.

60°C 70°C
0.4

X

X

OCO2(1)(50% RH)

8

O OC02(1)(9tB4RH)

•

o

•

D OC02{90% RH)

60/70/90% C02(1)
60/70/80% C02(2)

OC02(2)(50% RH)

1000

FIG. 6 INCREASE IN CO2 EVOLVED vi. AGEING TIME

The AO values for the CO peaks are shown in Fig. 7 and 8. The

first CO peak points (Fig. 7) while exhibiting some scatter, do not vary
very greatly for all the humidities and temperatures examined. Variation
of RH and temperature has no appreciable effect on the growth of the first
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..,-*"=«"""<'•
)

'

I
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I
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I
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FIG. 7 INCREASE IN CO EVOLVED vs. AGEING TIME FOR lit CO PEAK

CO peak, although it does increase slowly with ageing. The second CO peak

{Fig. 8) shows a qualitatively similar pattern of behaviour to C02; the
90% RH results show a greater increase than the 50% RH results. The
40°C/90% RH results fall in with the general trend, the first CO peak
following the same curve as the 60°C/70°C, 50% RH results, the second CO

peak falling close to the 60°/70° 90% RH results.

In summary, the growth

of all peaks except the first CO peak is very sensitive to RH.

OCO(2)

oc % RH
X 60/50
X 70/50

8 60/90
0.3

O 70/90

90% RH

o 40/90

§"«
o

50% RH

0.1 -

0

200

400

600

800

1000

hours
FIG. 8

INCREASE IN CO EVOLVED vi. AGEING TIME FOR 2nd CO PEAK
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4.

DISCUSSION
For KI impregnated carbons previous work (Billinge et al., 1984,

Billinge and Evans, 1984) clearly demonstrated at temperatures below 50°C
links between (1) the rate of oxidative ageing of the carbon surface and
relative humidity and (2) the increase in acidic surface groups and the
deterioration in methyl iodide retention efficiency (K values) . In
contrast, other work (Broadbent, 1985) found that below 50°C/90% RH,
similar carbons impregnated with triethylene diamine (TEDA) showed only a

small decline in performance with time compared with KI carbons and no
relationship between this decline and temperature or humidity.

Explanations can be offered in terms of the difference in chemistry of the
two systems:

in the Kl/carbon system, adsorption of CH3I initially

requires scission of the C-I131 bond followed by isotopic exchange with
I 127 from the KI impregnant. The coal carbon surface catalyses the C-I
scission step and acidification of the surface by oxidation to carboxyl or

lactone groups inhibits this step, causing a fall in the rate of reaction;
on the other hand TEDA is a cage-structure tertiary diamine, the
stereochemistry of which makes the lone pair electrons on each nitrogen

atom very accessible,

CH3I-131 is trapped by the formation of quaternary
C-Hj

groups.
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The chemistry is not totally divorced from that of the underlying carbon
surface, however, as demonstrated by UKAEA workers (Evans and Hillary) who
showed that TEDA on low ash coconut shell carbon has a K value of only 6.7,
compared with 12.7 for the same quantity of impregnant on a coal-based
carbon. Whether this difference can be equated with variations in mineral
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content or surface oxidation state remains, to be seen but the latter is a
less likely explanation since (1) amines in general have anti-oxidant

properties which may inhibit carbon surface oxidation and (2) the basicity
of the amine impregnant may neutralize any acidic groups formed and so

reduce their effect.
4.1

Growth in Surface Oxides and the Decline in K Factor
Examination of the desorption patterns (Fig. 5) of TEDA and KI

carbons shows that the major similarity is in the first C02 peak, which

reaches a maximum *\<523 K in both cases.

It has previously been found that,

for KI carbons this peak is due to acidic oxy-groups which are a major
cause of ageing.

It is therefore informative to consider this peak in

relation to TEDA ageing.
Results obtained previously up to 50°C/90% RH (Broadbent, 1985)
and those reported here at 40°C/90% RH show only a small fall in K value up
to 1000 hours ageing but the TPD results at 40°C/90% (Table 1, Fig. 6) show
there has been a considerable increase in the quantity of C02-forraing

groups in that time (AOC02(1) naxium value is 0.27%). There are no
comparable figures for KI carbon under these conditions but it appears that

the presence of amine is not significantly suppressing the formation of

surface carboxyl groups and, conversely, on TEDA carbon these groups are
not greatly affecting the K value.

The results at 60°C/50% RH and 70°C/50% RH show a greater decline
in K value than do the 40°C/90% RH results (Fig. 4 and Table 1) but the
maximum increase in first peak 0(C02), 0.16%, (70°C/50% RH, 1004 h) is a
factor of 1.7 less than that for the maximum 40°C/90% RH sample (800 h

0.27%), i.e. the samples showing the greater increase in surface oxygen
jhow the lesser decline in K factor. This indicates no linkage between K
value and acidic surface oxygen groups in TEDA carbons.
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The results at 60°C/90% RH and 70°C/90% RH show the largest
decline in K and the greatest increase in the first C02 peak (Fig. 6).
comparable result on KI carbon is available at 60°C/85% RH.

One

After 400 h

the first C02 peak oxygen increased by 0.31% which agrees well with the
TEDA figure at 60°C/90% RH/430 h of 0.31%. This is confirmation that the

presence of TEDA is not interfering appreciably with the rate of growth of
oxy-acidic groups on the surface and, coupled with the 40°C/90% results,
confirms that combined surface oxygen is not the primary cause of ageing in
TEDA carbons.

At a given temperature, the rate of growth of surface oxygen
groups increases with increasing relative humidity on KI carbons (Billinge
and Evans, 1986). Assuming TEDA carbons behave similarly, the expected

order of increasing surface oxygen would be
60°C/50% RH < 70°C/50% RH < 60°C/90% RH < 70°C/90% RH for the samples
examined here, with the position of the 40°C/90% RH samples depending on
the relative effects of temperature and humidity.

By comparison of the

60°C/50% RH with 60°C/90% RH or 70°C/50% RH with 70°C/90% RH it is clear

that this increase in relative humidity has a much greater effect than the
10° temperature change. Therefore the position of the 40°C/90% RH surface
oxygen levels between 70/50 and 60/90% is not anomalous. This is

consistent with the formation rate of surface oxygen-groups being dependent
on the quantity of water absorbed on the surface which itself is governed

by relative humidity. As it has already been argued that no relationship
exists between the rate of TEDA carbon ageing and surface oxygen level, the
cause of ageing is still an open question. The most probable answer is a

loss of the impregnant itself or its conversion to a less active entity.
Further examination of Fig. 4 shows that the rate of decline in
the K value with ageing time follows the sequence 40/90% < 60/50% <

70/50% < 60/90% < 70/90%.

It can be seen, from Table 2, that this order is

coincident with one of increasing water vapour partial pressure. The
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vapour pressure of TEDA impregnated on activated carbon is not known but
values for the pure compound at 298 and 323 K have been reported by Deitz
(1981) as 0.6 and 2.9 torr respectively.

Using the simplified Clausius-

Clapeyron equation and plotting log p against 1/TK enables values of 1.6,
5.3 and 8.5 torr to be deduced at 313, 333 and 343 K.

Thus the combined

TEDA and water vapour pressures also maintain the same order of increase
(Table 2).
TABLE 2:

Absolute Partial Pressure of Water

at Various Temperature/Relative Humidity Conditions

and Vapour Pressure of TEDA
Expt.

Condition

T°C

RHX

40

90

49.8

25

0.6

60

50

74.7

40*

1.6

70

50

116.9

50

2.9

60

90

134.4

60*

5.3

70

90

210.3

70*

8.5

p

HjO mm HS

P

TEDA mm HS
T°C

* Deduced from the Clausius-Clapeyron equation

It is therefore possible that a mechanism of TEDA removal,

similar to that of steam distillation, is in operation with the rate of
TEDA removal dependent on the combined partial pressure of TEDA and water

vapour above the carbon surface. An alternative possibility is that a
direct reaction between TEDA and water occurs to form another component, or
that water catalyses the oxidation of TEDA by air, as it does the carbon
surface.

Such reactions could result in the formation of a quaternary

hydroxide:
R v
R^
R - N:+ HZ0 -» R - NH* OH"
R
R^

or an amine oxide, i.e.
- N •* 0
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either of which may be less effective than TEDA itself for trapping methyl
iodide.
Further work is required to substantiate which of these

mechanisms is important but it is clear that a mechanism dependent on water
vapour pressure only should cause a similar decline in performance of
TEDA carbon in wet inert gas as in wet air. Minimal decline in K value in
humidified inert gas would indicate that chemical reactions of the TEDA

molecule itself were the more important. Total nitrogen analysis on aged

samples would show whether TEDA conversion to another N-compound was
important.
4.2

These investigations will be the subject of a later report.
The First CO Peak

The major difference in the TPD pattern of TEDA carbon compared
with those of KI or unimpregnated carbon is the appearance of a CO peak
over the same temperature range as the first C02 peak (Fig. 5).

This near

coincidence might suggest that the two emanate from the same source and
some interaction between TEDA and the carbon surface offers a possible

explanation. However, the behaviour of the two peaks under ageing
conditions is very different. The first CO peak (Fig. 7) shows only slow

growth over 1000 hours which is insensitive to changes in humidity and

temperature; the first C02 peak also shows low growth at low (50%) humidity
(Fig. 6) but raising the humidity causes a large increase as also happens
with KI carbons, so the temperature coincidence of the two peaks seems

fortuitous. Even so the fact that this CO peak is present only on TEDA
carbons does indicate that it is linked to the TEDA impregnant in some way
and may be due to the slow degradation of that compound with time.

5.

CONCLUSIONS

(1)

The decline in methyl iodide trapping efficiency (K) of TEDA

impregnated carbons in moist air is low below 50°C and relatively
unaffected by humidity.
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(2)

At 50°C and above K declines with temperature but is more

susceptible to increasing relative humidity from 50 to 90%.
(3)

The rate of growth of surface oxygen groups with ageing increases

with relative humidity throughout the temperature range so that the level
of surface oxygen at 40/90% RH exceeds that formed at 70/50% in spite of
which the K values at 40/90% exceed those at 70/50%.

(4)

Thus there is no relationship between the ageing rate of TEDA

carbon and surface oxygen group growth.

Furthermore, there is no

indication that the presence of this base inhibits the formation of acid

surface oxygen groups.
(5)

The K value declines in the sequence of increasing partial

pressure of water which indicates one of two possible ageing mechanisms.
(a)

Removal of TEDA by a physical 'steam distillation1 mechanism

related to the combined water + TEDA vapour pressure over the
surface.
(b)

Chemical reaction either by hydroxylation of TEDA or oxidation of

TEDA catalysed by water to form a less efficient product.
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REMOVAL OF 131I FROM OFF-GAS STREAM
AT KRSKO NUCLEAR POWER PLANT
L. VUJISIC

Department of Chemistry,
Boris Kidric Institute of Nuclear Sciences,
Belgrade, Yugoslavia
Abstract

The concentrations and forms of radioiodine species were determined

throughout the air cleaning systems of Krsko Nuclear Power Plant.

The

performances of the new fibrous carbon material (PCM) and a TEDA impregnated
version were investigated showing good results in laboratory experiments under
high temperature and relative humidity conditions.

INTRODUCTION

In nuclear power plants impregnated activated charcoal is used almost
exclusively for removal of airborne radioiodine species from off-gas streams.

It is well known that the airborne radioiodine cosists of molecular
iodide, and organic iodine which can be devided in easy to trap species, such
as methyl iodine and much penetrating iodine species. Problem in filtration
is organic iodine species that in acidental high humidity conditions can cause
troubles.
Our investigation on the off-gas systems of NPP Krsko and laboratory were
dovided in two parts:
-the f i r s t to determine content of molecular and organic species,
-the s e c o n d to investigate a new filter material for iodine trapping
becouse of well known drawbacks of carbon (decreasing of efficiency on very
high relative humidity, fire hazard, etc.)

RESULTS AND DISCUSION

The first group of experiments were carried out on NPP Krsko on two
systems which are continously in operation: the first system which covers chemical laboratories, workshops and decontamination area; the second system which
covers the pool for waste storage.
Experimental canister was attached in the front of the filter train on
air inlet. Flow rate through the adsorber beds was 0.2 s.
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Experimental canister for iodine trapping was sectioned to allw selective adsorption of iodine species. Experimental adsorption beds preceded by
a particulate filter indirection of flow were:
- two beds of DMS 11 for retention of molecular iodine,
- two beds of activated carbon impregnated with 5 w% of TEDA for retention
easy-to-trap organic species such as CH_I and more penertating iodine species.
AIR

HEPA

DMS 11
ACTIVATED

CARBON

Figure 1. Schematic diagram of experimantal facility.

Bed depth was 5 cm and dia 5cm. Temperature and relative humidity during experiments were working condirions of NPP filtration system, about 25°C. Duration of the experiments were 8 days (19? h).
Experiments were caried out from April 1985. to October 1986 year. During this period 14 experiments were done on the first system which covers
laboratories, workshops and decontamination area and 5 on the second system
which covers waste storage.
From 14 experiments obtained average content was 37.9% of molecular
iodine and 62.1% of organic iodine species. Content of organic iodine species
varied from 40 to 66%. The content of organic iodine species depends of work

done in vrented area. It increases when welding or painting were done, as it
was expected.
Experiments on the system which covers pool for waste storage was done:
1) a month before the fuel was put in the pool, 2) on the day when the fuel was
put in the pool, 3) one month after. In the first and. the third exsperiments
no iodine was detected, while in the second 70.1% of molecular iodins and
29.9% of organic iodine was detected (3.58 pCi/s,
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Becouse of the high contents of organic iodine species even in a normal operating conditions we decided to investigate a new filter material for
iodine trapping. We have chosen the activated fibrous carbon material which
is almost pure carbon.
The fibrous carbon material investigated in laboratory and on NPP Krsko is new product with performances which follow high requirements of nuclear
technology. The complete results of investigation are given in the paper:
Lj.Vujisic, M.Todorovic, Lj.Duricic and M.Polovina, New Filter Material for
Iodine Trapping, Gaseous Effluent Treatment in Nuclear Installations, p. 701,
Graham and Trotman,1986, (see Appendix) .From the experiments in laboratory and
on NPP Krsko it can be concluded:
1. Oxidation stability of the fibrous carbon material shows that the carbon textile is very stable in oxidative atmosphere. That makes possible to use
this material in extreme conditions (accidental).
2. Under the same experimental conditions, relative humidity of air stream
95% and testing temperature 30°C, water loading on the fibrous carbon
material is only 5% comparing to 20% for impregnated activated charcoals.
So, it can be used with good results under very high relative humidity.
3. Dusting during the experiments due to the compact textile structure of
fibrous material did not occure. If this performance is sustainable in
a real filtration system back up HEPA filters could be avoided.
^. Apparent density of fibrous carbon (0.13 g cm—1 ) is about four times less
than the bulk density of granular activated charcoals. It means that the
filter of the same bed depth is lower weight in a case of fibrous carbon.
5. In comparison with a granular activated carbon, adventages of the fibrous
carbon material are: very easy handling, cutting in desired forms, easy
pacing in filters and transportation. Also, its volume can be reduced and
that characteristics could be important for radioactive waste management.
6. Adsorption properties of the investigated fibrous carbon material are

equal or beter than the same properties of impregnated activated charcoals
used on NPP Krsko.
After these two groups of experiments : 1. on NPP Krsko with impregnated carbon and 2. investigation of the impregnated fibrous.carbon material,
parallel experiments of iodine trapping were done on both materials.
The question was is 5 cm layer of a impregnated activated carbon or
the impregnated fibrous carbon material enough for complete trapping of the
airborne radioiodine species. Fact that the water loading on impregnated
fibrous carbon material is four time less (5%) compared with a impregnated
activated carbon can be neglected if for iodine trapping we need much deeper
layer of the impregnated fibrous carbon material.
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To solve this problem new group of experiments on ventilation system
of NPP Krsko were done. Standard system, which covers laboratories, workshops
and decontamination area, have been chosen. In these rooms a lot of iodine is
is liberated due to the nature of work done (material from primary cycle) and
the most of these iodine species are organic.
Experiments with

cm dia,
bed.

impregnated

activated

carbon

Experimental colon was devided in eight beds 3 cm depth and 5
that means 24 cm long. Stay time of exosted air was 0.2 s for each

Adsorbents were activated carbon impregnated with: 1.5 W% of Kl (used
in NPP Krsko) and in second case 5 W% of TEDA. Adsorption period was ten days
(240
h) for each experiment. After disconneciton of colons garaa spectroscopic
m<sasuretn«rits of carbon semples (beds) were done.
Results of measurements for activated carbon impregnated wtth 1.5 w%
of KI show that for complete iodine trapping 9 cm of carbon is used, Fig.
2.
It can be assumed that on the first adsorption bed (3 cm) molecular iodine
Ls adsorbed and on the second and the trird adsorption beds organic species
of iodine are adsorbrd. This assumption is allowed by the inspection of the
curve on the Fig. 2.
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Figure 2. Adsorption or
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I on KI impregnated activated carbon.

Same results were obtained by the experimental colon filed with 5 w%
of TEDA impregnated activated carbon (Fig.3.). Experimental results presented
on the Fig.3. show that complete iodine is adsorbed on the 9 cm of carbon.
On the same time on KI impregnated carbon "xe was adsorbed from
the first to the eighth layer (2*4 cm),.
IOD
Fig. *4. It is well known that ->->Xe in adsorption precesses compete with
I. In the case of accident, when large quantity of
Xe expels from the
reactor, it might cause trouble.
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Xe

-. 131T
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Fugure 4.
I on TEDA impregnated carbon.
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Adsorption of

JJ
JJ

Xe on KI impregnated carbon.

E x p e r i m e n t s with the impregnated f i b r o u s carbon
ma te ri a 1
J
J
To compare adsorption of 131
I and 133
Xe on activated carbon and fibbrows carbon material, fibrous carbon material was impregnated with 1.5 w% of
KI. Experimental colon was 9.8 cm long devided in 14 beds 0.7 cm dept dia 5 cm.
Stay time for 3 cm layer was 0.2 s, that means that the experimantal conditions
were the same as in experimants with impregnated activated carbon. Adsorption

period was 14 days (336 h). After disconnection of colon gama spectroscopic
measurements of samples were done.
Experimental results of adsorption are presented on Fig. 5. From the
Fig. 5. it can be seen that complete iodine is adsorbed after 6 beds i.e.
4.2 cm. Also, it can bee assumed that molecular iodine is adsorbed on the
first layer and on the other layers are adsorbed organic iodine species.
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Figure 5. Adsorption of
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I on KI impregnated fibrous carbon material.

Nc ""Xe was detected. Having in mind these results it can be assumed
that impregnated fibrous carbon material is promising for nuclear use.

Conclusion
Experimental results are summarized in Table I. From the Table I
it can be seen that main percent of iodine, 92%, is adsorbed at the first
3 cm of the impregnated fibrous carbon material, while only 5*1.4% is adsorbed
on the KI impregnated carbon, and 72.9% on TEDA impregnated carbon on the
first 3 cm.
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Table I. Results of adsorption of

I on various adsorbers.
Retention of 131I
(%)

Bed Depth
(mm)
impregnated

carbon

1.5 w % KI

3060
90

54.4
2
4
.
4
21.2
impregnated

30.
60
90
impregnated
7
14
21
28
35
42

fibrous

c a r b o n 5 w% TEDA
7
2
.
9
11.7
15.4
c a r b o n m a t e r i a l , 1.5 w%
2
0
.
5
18.4
4
0
.
7
13.0
4.7
2.7

KI

Total amount of iodine on KI impregnated carbon was 1055-5 pCi i.e.
6.2 pCi/sJ on TEDA impregnated carbon total amount of iodine was 1682.9 pCi
i.e. 9.2 pCi/sJ while for impregnated fibrous carbon material it was 5354.9 pCi
i.e. 21.9 pCi/s.
In spite of fact that the amount of iodine was 3.5 time greater in
the experiments with the impregnated fibrous carbon material then in the
experiments with KI impregnated carbon, and 2.2 times greater compared with
TEDA impregnated carbon results are better.

INVESTIGATION

OF

MECHANISM

OF

ADSORPTION

METHYL

AND n - H E X A N E

ON

THE

IODIDE

OF

FIBROUS

CARBON MATERIAL

Good results of adsorption of methyl iodide on fibrous carbon material

impregnated with TEDA under normal operating conditions initiated investigation
of adsorption of methyl iodide on higher temperatut and relative humidity.
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Chosen experimental coditions were:

- bed dept 49.8 mm, dia 50 mm,

- temperature 80 C,
- relative humidity 70 %,

- linear velocity 25 era s~ ,
- feed period 2 h,
- eluation period M h.
Adsorption bed,of fibrous carbon material impregnated with 5 % w/w TEDA,was

devided into six parts each 8.3 ran dept. Retention of methyl iodide through
complete bed was 99.97 %, and of each separate part is given in Table II.

Table II. Retention of CH_131I through the adsorption bed of fibrous

carbon matherial, impregnated with 5 % w/w TEDA. Each layre
8,3 nm dept.

tiubber of layer

retention (%)

1

12M

2

24.33

3

U

5

6

2.10 0.58 0.12 0.10

These results together with the results of previous investigations
of adsorption of methyl iodide on the fibrous carbon matherial (FCM) and
fibrous carbon material impregnated with TEDA (FCM-TEDA) indicate that
temperature and humidita does not influence significant, but the question

is if non polar organics adsorbed on FCM and FCM-TEDA. To get better
insight in the FCM and FCM-TEDA adsorption abilities of non polar organics
n-hexane was chosen as a representative.

To evaluated possible competition in adsorption among methyl iodide
and n-hexane on FCM and FCM-TEDA mechanism of adsorption has been investigated,
These investigations were done by gas chromatographic method in the stream

of dry hidrogen on the temperatures from 30°C to 75°C. Adsorbents were FCM
and FCM impregnated with 5 % w/w TEDA, and adsorbates were methyl iodide
and n-hexane. Complete results and details of investigation are given in
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the paper: M.M.Kopecni, J.F.Comor, M.Todorovic, Lj.Vujisic and D.Lj.Vuckovic,

Adsorption of methyl iodide and n-hexane on fibrous carbon material,
(Appendix II), and here we give the conclusion.

Adsorption properties of FCM are strongly alterd by the TEDA deposition
on the adsorption on the adsorbent surface. Adsorption capacity is almost
doubled on the modified FCM for methyl iodide adsorbate. Adsorption of

•n-hexane is increasing with the FCM modification, although to soraewath
less extend, a fact regarded as a undesirable effect from the point of
practical use of the studied adsorbents.

Adsorption isothermes obtained for the two adsorbates clearly
Indicated the action of the two adsorption mechanisms, i.e. adsorption
ontbare FCM and simultaniously on TEDA that monolayer capacity for n-hexan

cannot be evaluated. All the thermodynamics value of adsorption
supports the existance of roonolayer (exception is system FCM-TEDA - n-hexane).
At the higher surface loading, thermodynamics parameters of adsorption

approaches the values for the pure liquid adsorbate.
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