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Strong electron donqting and. strong electron-accepting gases (dimethylømine, ammonìa,
nitrogen dioxíde, and chlarine) have greøt effect on the conductívity of certain organic
s emiconduc tor s such as pheno thiazine, violanthr one, t hionine, and p hthalo cy anine.
In some cases pressures as low as I0-3 Torr are sufficíent to cause a deviøtion of
50/, in conductivitlt. Other vapours, such øs sulfur dioxide, oxygen, air, and wøter
result in much less strong changes in conductivity.

Introduction
The aim of this study is to investigate the applicability of organic semiconductors as
gas sensors; the basis is formed by the well-known effect of gases on electrical
conductivity.
In tþe past two decades the conductive properties of organic semiconductors have
frequeitly been investigated. The effects of temperature, light, electric field, impurities,
ambient gas, and structure defects on conductivity have been described. A general
theory about the conducting mechanism in organic solids is unknown. Nevertheless,
it is accepted (1-4) that conductivity can be described as transport of z-electrons,
weak interactions of molecules give rise to energy bands, which can be occupied by
excited n-electrons. The excitation energyis determined by boththe degree ofconjugation and the allied energy of delocalisation in the molecules. A second effect that can
influence conductivity is the transfer velocity ofthe charge carriers from one molecule
to another (5).
Upon adsorption of gases on semiconductor surfaces both effects may be influenced
and as a result the conductivity is changed. It is possible that on the one hand charge
carriers are immobilizedby adsorbed molecules while on the other hand, the excitation energy might change by injection of charge carriers.
In a previous paper (6) the influence of gases on the light and dark conductivity
of phthalocyanine and p-carotene was described. The effect of temperature on conductivity was also considered. Here, we will confine ourselves to the effect of sorte gases,
on the dark conductivity of semiconducting films of phenothiazine, violanthrone,
thionine, and phthalocyanine on quartz substrate andtheroleofgaspressureinthese
effects. The semiconducting solids were selected because of their chemical and thermal
stability as well as differences in sign of the charge ca¡riers and in resistance. Our
investigations were mainly focussed on (CH.)2NH, NH3, SO2, 02, Cl2, NO, NO2,
CH3SH, Air and HrO. The results will be presented in terms of changes in resistance,
viz. lhe reciprocal value of the conductivity.

Experimental
Except for some minor modifications, the apparatus and procedure used throughout
this study were the same as described before (6). The essential part of the apparatus
is the surface cell, a qvartz substrate with gold electrodes on which a film of semiconductor has been sublimated. It has been selected over several other measuring
techniques for the following reasons:

l. the large surface-volume ratio, which gives the system a short response time'
2. tlne absence of anisotropy at amorphous or polycrystalline films,
3. the good physical contact between electrodes and semiconductor, and
4. ttre large gas-semiconductor contact area.
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Results

Phenothiazine

Phenothiazine sublimates very easily (b.p. 371"C at I atm). The gold-coloured, polycrystalline film has a good ohmic character in the range of 0-200 V. The resistance
of the fresh film, 5 pm in thickness, was 3.1012 Q as calculated from the i-V characteristics. From the i-V characteristics, it can be derived that the space charge limited
currents do not appear in vacuum.
When a strong electron-donating gas was adsorbed, it appeared that the resistance
after adsorption and subsequent evacuation was higher than the resistance of the
fresh ûlm. The resistance decreased, however, when an electron-accepting gas was
dosed and evacuated. The first effect is probably caused by the irreversible introduction of donor levels resulting in a decreased mobility and a relatively increased recombination velocity. The second effect results from the introduction of acceptor
levels which increases the number of positive charge carriers and therefore the
conductivity. After the first exposure to NH. these memory effects caused a change
in the resistance from 3.1012 O to 9.1012 O.
During the next series of experiments the resistance varied between 8.1012 Q and

l2.lor2

Q.

Phenothiazine \ilas subsequently exposed to NH., (CH3)2NH, CH.SH, Air
35% P.}J, 02, SO2, CrHo, and CO at various pressures. A typical experiment with
(CH3)rNH is shown in Fig. l.
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of (CHr)rNH in

contact with a phenothiazine film.

Conductivities measured as a function of the gas pressure does not always decrease
or increase continuously. There are minima present in the curves for NH., (CH3)2NH,
CH3SH, Or, and SOr. In Fig. 2 gas pressures are given for which there is a lO/"
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Fig.2.
Pressures

for which

the

deviation in resistance of ¿
phenothiazine film is 10/.
from the initial value.
Negative (dotted) and
positive (full) changes are
indicated on the same scale.
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deviation in resistance of the film from the initial value. For (CH3)2NH and NH.
different pressures may cause the same change in resistance. This is due to the pronounced minima in the i-p curves, as can be deduced from Fig. l. Experiments with
ammonia in dry and moistened air shows that air does influence the effects of NH3,

but does not mask them.

Violqnthrone

o

o

Evaporation of this violet-blue compound is difficult (decomposition occurs at
490"C and I atm). Under the microscope the fllm showed a polycrystalline nature
with a thickness of about I pm. From the i-V characteristics for the fresh film the
resistance was calculated to be 1.101s O in the range of 0-900 V. Memory effects were
observed after experiments with NH. and CO. In general, the variation in resistance
amounted r.o 5O\ relative to the resistance of the fresh film except for the case of Cl,
adsorption experiments in which the resistance decreases by a factor of lOs as a
result of irreversible adsorption.
(CH3)2NH, NH3, CH3SH, SO2, 02, CO, C3H6, CuHu, Air 30/, RH, Cl2, and NO
were subsequently admitted to violanthrone. In Fig. 3 values of pressures are given
for which the deviation in resistance is I0l.
Violanthrone, in common with phenothiazine showed minima in the i-p characteristics for electron-donating gases, such as (CH.),NH, NH3 and SOr. The strongest
electron-donor, (CH.)rNH, had the most pronounced minimum, while SO, exhibited
the least. As a result several pressures may correspond to a single value of the devia-

tion in resistanca for these

gases.
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The sensitivity of violanthrone towards (CH.)'NH is about the same as that of
phenothiazine, but towards NH3, SO2 and especially, O, and moistened air the
sensitivity is greater.

Thionine

,,'.Kx:t._

The evaporated film of thione (a cationic n-type semiconductor, ref. 7) had a thickness of 5-10 pm and showed a homogeneous structure under a microscope. The
resistance calculated. from the i-V characteristic for the fresh film \ilas 2x1011 O
in the range of 0-900 V. During adsorption of NH3 (10 Torr) the resistance decreased
to 2 x 1010 C) in contrast with the increase found for phenothiazine and violanthrone.
During the course of the experiments the resistance of the film in vacuum increased
continuously until a value of 2xl}12 O was found.
During the experiments it appeared that mercury vapour caused a strong temporary
increase in current yield; after evacuation for 15 minutes the original value was
reproduced again. This phenomenon may be ascribed to the formation of a mercurythionine complex (7).
(CH3)2NH, o2, C3H6, CuHu, Air 301 RH, SO2, NO, Cl2, NH., and NOt were
subsequently admitted to thionine. In plots of current versus pressure, minima were
obtained for 02, C.Hu, CuH.u, SOr, and NO2. All these gases have, to some extent,
electron-accepting properties. On phenothiazine and violanthrone (both non-ionic
p-type semiconductors, ref. 6) the electron-donor gases were responsible for the
minima. After passing the minimum in the i-p characteristics for thionine the current
increased to values higher than the original ones. The pressure at which this increase
started, determined the detectability of the thionine ûlm. In Fig. 4 the pressures at
deviations in resistance
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The phthalocyanine (metal-free) compound was sublimated onto the quartz substrate with a Bunsen burner (- 450"C). This resulted in a blue-violet polycrystalline
frlm (thickness 15 ¡rm). In the range of 0-500 V the fresh film had a resistance of
2.1013 O. In this case memory effects were observed. After experiments with moistened air the resistance has decreased by a factor of 10.
Experiments with phthalocyanine have been described elsewhere (6). In general
the results obtained during this study are comparable to the earlier one.
The number of measuring points were too small to give reliable i-p characteristics
such that the minima in the i-p curves rüere not measured accurately. Therefore in
Fig. 5 only approximate values for ß\ deviation in resistance are given. Ilowever,
NO2, (CH3)2NH,
and Clr. In this case also sarin, a potential chemical warfare agent, was admitted to
the surface cell. An effect comparable to the more effective gases is observed. He, SOt
and CH.SH did not affect the resistance of the phthalocyanine film. With respect to
the minima in the i-p curves, phthalocyanine behaved like a non-ionic p-type semiconductor just like phenothiazine and violanthrone.
these results showthatphthalocyanineisverysensitivetowardsNH3,
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Discussion anal conclusions

Without going into detail about the effects of particular gases and the theoretical
models concerning the influence of gases upon the mobility and number of charge
carriers, it can be stated that electron-donating and electron-accepting gases change
the resistance of organic semiconductor films. The magnitude of the change in
resistance depends on the electron-donating or -accepting strength of the gas and on
the type of semiconductor. Strong electron-donating gases ((CH.)rNH, NH.) are
already "visible" at pressures as low as l0-a Torr. The same value can be given for
strong electron-accepting gases (Clr, NOr); however, the sign of the change of resistance is now the opposite. If we transfer these values to ppm gas in air we obtain
values as low as 0.1 ppm for strong electron transferring gases. However, one must
remember that the organic semiconductors exhibit, at most, only marginal selectivy.
To date these semiconductors can only registrate a change in the electron-accepting
or -donating properties of the total gas whether this is caused by I ppm NH. or
500.000 ppm air. In the piesent study little attention has been given to the influence
of mixtures of gases upon conductivity. It is quite possible that the sensitivity decreases
when mixtures are used. Perhaps, it may be possible to increase the sensitivity and
selectivity by using for instance p-n junctions of organic semiconductors or by
measuring the photo conductivity.
In summary, regarding the feasibility of employing certain semiconductors as gas
sensors, the following conclusions can be drawn:

l.

the resistance of organic semiconductor films is dependent on the type of ambient
gâs,

2. the resistance is dependent on the gas pressure,
3. memory effects did not seriously influence the sensitivity,
4. lhe sensitivity for some gases is satisfactory,
5. the selectivity, if present, must be improved.
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comparÍson of

"light scattering" and
aerodynamic diameters
of aerosol particles
C

J. P. VAN BUIJTENEN

Royco pørtícle counter, model 225, was wed for the determinøtian of the "lÌght
s c at t er ing diame t e r" of he t er adis p er s e ae r o s o I p ør t icl e s.
As aerosols were used particles o/ NaF, CuSOn.5HrO, NiSO4.6H rO, mølachite
green, particuløte cørbon, and øtmospheric aerosol. The Stöber aerosol spectrometer
which meøsures the aerodltnamic díameter wøs used as reþren:ce. The mediøn of the
øerodynamic diameter w as appr oximately 0.5 ¡tm.

A

It

turned out that the "light scøttering diømeter" is usually larger than the aero-

dynamic díarneter by afactor ranging from 1.05 ta 2.4.

Introduction

In the course of testing the Royco particle counter, model 225, (firther called Royco)
which is based on light scattering, the response of the device to a variety of aerosols
was determined. This was considered of importance as it is known from the Mie
theory (1) that the light scattering by small particles is strongly dependent on their
refractive index and their absorption coeffioient. In addition, this dependence is a
function of the way in which the scattered light is collected. According to the theory
(l) the influence of the optical properties of the particles can be minimized by collecting the light scattered in the forward direction only. This was the reason for choosing
the Royco which has as angles of the light collecting cone 9o and 41'.
The Stöber aerosol spectrometer (STAS) was used as reference device. This instrument seemed very suitable for this purpose, because it is based on a different principle,
namely sedimentation under centrifugal forces, and because it has a high resolution.
For a short description and literature references for this device see the paper by
F. Oeseburg in this issue.
Princþle of operation
The principle of operation of the Royco is schematically shown in Fig. l. V/ith the aid
of an incandescent lamp, several lenses and a diaphragm a bright focus is formed. The
aerosol particles pass through this focus. The main light beam is intercepted by a light
trap. The light scattered by an aerosol particle in a forward direction is led around this
light trap with the aid of two lenses (the light trap ûts in holes cut in these lenses) and
reaches a photomultiplier.
AEROSOL

DIAPHRAM

Fig.

1.

PHO-TO MULTIPLIER

LIGHTTRAP

BULB

Principle of the Royco
particle counter, model 225.

SCATTERED

LIGHT

. ått*trt,

*

The amount of light scattered by a particle is a function of its diameter. Thus, the
height of the electrical pulses given by the photomultiplier is a measure for the diameter of the particles. This makes it possible to count the particles by means of suitable electronics in different size classes.

Calibration
The calibration curve for polystyrene spheres (PSL), giving the height ofthe electrical
pulses as a function of the particle diameter, is shown in Fig. 2.The polystyrene latex
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PSL diometer (pm)

was the same material as used for the calibration of the STAS. The refractive index is

approximately 1.58; the absorption in the visible region is small and therefore usually
neglected.

Fig. 2 also shows the calibration curve as given by the manufacturer. This curve
was checked shortly after delivery (2). It was found that the calibration curves agree
reasonably well, our pulse heights being somewhat higher. Almost one year later the
light bulb had to be replaced and therefore the calibration was checked again. The
results were now about 2}/,lower (in pulse height) and somewhat below the curve of
the manufacturer.
Experimental

As test aerosols were used polystyrene latex, NaF, CuSOa.5HrO, NiSO4.6H2O,
malachite green, particulate carbon, and atmospheric aerosol. All aerosols, except
the last one, were generated by nebulizing a solution or suspension of the material in
water. After drying an aerosol of solid particles remained.
The measurements with the STAS were evaluated by making microscopic photographs of the deposits and then counting the particles on the photographs (3).
Results and discussion

Fig. 3 and Fig. 4 show the results of the comparison for the different aerosols. The
graphs are all presented in the form of a cumulative distribution using such axis as to
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Comparison of aerosol diameters determined with the Royco particle counter, model225.,and

with the Stöber aerosol spectrometer. a. PSL; b. NaF; c. CuSOa.5HrO; d. NiSO¿.6H:O.
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give a straight line for a logarithmic normal distribution. This was done because the
limited number of classes used on the Royco does not permit to draw frequency

distributions with reasonable accuracy. The diameters for the STAS are given as
aerodynamic diameter; those measured with the Royco are given according to the
PSL calibration curve. Considering the graphs one must bear in mind that the Royco
does not detect particles smaller than 0.3 ¡rm, unless several particles would pass the
light spot at the same time. With the STAS it becomes increasingly difficult to count
the number of particles as the diameter decreases. This causes uncertainty and thus
inaccuracy in the counts of particles smaller than 0.4 pm. Therefore, in generating the
aerosols care was taken that not many particles smaller than 0.4 pm were produced.
In the case of the atmospheric aerosol the particles in the STAS smaller than 0.3 pm
were not counted. Both instruments were calibrated with PSL. In spite of this, Fig. 3a
shows that the measured distributions do not coincide. Only the medians of the
distribution are the same, as they should be.
The various fractions present in the quasi monodisperse PSL aerosol can be
distinguished in the distribution measured with the STAS, whereas this is impossible
for the Royco. This is partly due to the limited number of classes used with the
Royco, partly to the fact that many particles are counted in the wrong class, because
of inhomogeneities of the light spot.
In addition there is another important effect when aggregates are present, as was the
case for our PSL aerosol. It is known from theory and demonstrated by Gebhart et al.
(4) that aggregates of particles such as doublets can scatter four times as much light as
single particles, if d < ,1. Depending on the characteristics of the calibration curve
such as the derivative and the non-linearity, this can have a large effect on the apparent
diameter. Because of the singular form of the calibration curve of the Royco it is to be
expected that some doublets can have an apparent diameter up to four times the diameter of a single particle. The effect of doublets on the aerodynamic diameter is much
less, because as was observed by Stöber (3), the ratio between the aerodynamic
diameter of a doublet and a monoplet is 1.18.
The effect of aggregates can therefore explain that even for PSL the Royco gives a
larger apparent diameter than the STAS for a part of the distribution. Figs. 3b, c and d
give the results for aerosols without aggregates and with a fairly wide particle size
distribution. Despite the fact that these distributions are based on the PSL calibration
curve, there exist additional differences in the distributions. The observed differences
are therefore mainly attributable to the differences in refractive index and absorption
coefficient.
Figs. 4a, b and c give the results for strongly absorbing aerosols. Particulate carbon
and atmospheric aerosol do not follow the behaviour of malachite green. As shown by
Kattawar (5) the influence of the refractive index for these cases is much smaller.
Therefore, these differences have to be attributed to the presence of aggregates in the

two aerosols.
Table

I

gives the measured ratio between the Royco apparent diameter ("Royco
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as well as the ratio for the Royco apparent
diameter and the equivalent diameter measured for the medians of the distribution.

diameter") and the aerodynamic diameter,

Table

I.

Ratio between "Royco diameter" and aerodynamic diameter as well as "Royco diameter"
and equivalent diameter at the S0[points of the distributions

aerosol

density
2.79
NaF
CuSO¿'SHzO 2.28
Niso4.6H'o
1.9
malachite green 1.31
carbon

at

at 501

of

particulate

"Royco diameter"

"Royco diameter"

type

aerodynamic

diameter

50\

equivalent diameter*

1.9
1.4
1.7
1.05

3.2
2.1
2.3
1.2

1.65

1.5

1.9

-

2.4**

atmospheric

aerosol
* the equivalent

**

diameter calculated as the aerodynamic diameter divided by the square
density.
measured at the right end of the distribution.

root of the

Conclusions

The comparison bet'ween the Royco particle counter, model225, and the Stöber aerosol
spectrometer, used as a reference, reveals considerable variations in the response of
the Royco particle counter to particles of different nature.
Qualitatively the differences may be explained by the differences in the optical

properties of the particles and the influence of aggregates. For applications where a
high accuracy is desired, the Royco particle counter should be especially calibrated for
the aerosol under consideration.
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particle size analysis of
dioctyl phthalate
aerosols using the

stöber aerosol
spectrometer

Introduction

Aerosol studies in this laboratory are mainly focussed on problems connected with
the protection against toxic aerosols of chemical warfare agents (e.g. nerve gases,
mustard gas) by means of filtration through fibrous fllters (l-4). Because these toxic
aerosols are diffcult to manipulate they were replaced by an aerosol of dioctyl
phthalate (DOP) which is internationally accepted as a standard aerosol for filter
testing.

Filter efficiencies are derived from a comparison between the concentration of
aerosol before and after passage through the ûlter. Concentrations are determined
using a photometer developed by Clarenburg and Princen (5), which is based on light
scattering. The particle size of the aerosol is determined \4rith a higher order Tyndall
spectrometer (6). An accurate determination of the particle size is important as both
the photometer signal and the filter efficiency are strongly dependent on the particle
size. Moreover, Bos (4) showed that generally the accuracy in the filter efficiency
determination decreases when the ì\ridth of the particle size distribution increases.
Prerequisites for an accurate determination of the filter efficiency are both a correct
particle size determination and a narrow particle size distribution of the aerosols.
Therefore, particle size distributions were determined for a number of DOP aerosols
using an aerosol spectrometer recently developed by Stöber (7). Mean particle sizes
derived from these distributions were compared with the particle sizes obtained from
the higher order Tyndall spectrometer measurements.

Stöber aerosol spectrometer
General description

The settling velocity of aerosol particles under laminar flow conditions depends on
their aerodynamic diameter and the centrifugal force field acting on the particles, (this
diameter is defined as the diameter of a sphere of unit density attaining atlow Reynolds
numbers in still air the same settling velocity). This is the physical basis for particle
size analysis with the Stöber aerosol spectrometer. Particles are submitted to an
increasing force field by transporting them through a spinning spiral duct (Fig. 1).
Separation according to the different aerodynamic diameters is achieved by sedimentation on a removable foil, which covers the outside wall of the duct. The place where a
particle is deposited (called deposition distance) on the foil is a measure for its
aerodynamic diameter. The aerosol is introduced by the aerosol inlet (a) as a thin layer
into the clean air flow running from the air inlet (b) through the laminator (c) to the
end of the duct (d). Besides by the aerodynamic diameter the deposition distance is also
determined by operating conditions such as rotor speed and air flow.
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a. aerosol inlet section;
b. clean air inlet;
c. laminator;
cl. duct exhaust.

Fig.

1.

Uncovered rotor of the Stöber aerosol spectrometer.

Fig.2. Deposit of a

quasi monodispe¡se latex aerosol (0.50 ¡.tm). Operating conditions: aerosol
flow rate 0.1 l/min; total flow rate7.4l/min; rotor speed 3360 r.p.m.; slit width 0.3 mm.
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Cølibration
The relation between the aerodynamic diameter and the deposition distance along the

foil is established by calibrating the instrument with quasi monodisperse polystyrene
latex aerosols with known diameters. These aerosols consist of a mixture of single
latex spheres (monoplets) and of aggregates containing two or more particles (multiplets). They are obtained by nebulizing aqlreous suspensions ofuniform latex spheres.
A photograph of a deposit of such an aerosol (diameter latex spheres 0.50 pm) is
shown in Fig. 2. Thre monoplet and multiplet particles are deposited separately. A
practically complete separation is still obtained between particles with diameters of
1.026 and 1.050 ¡rm indicating a high resolution. The corresponding calibration curve

is given in Fig.

3.

Analysis

The analysis of the deposits is carried out with a rnicroscope. The particle number
distribution along the f oil axis is determined as a function of the deposition distance by
counting the number of particles present on the photomicrographs. The photographs
were taken by means of a Polaroid carrrera attached to a Leitz Ortholux microscope
(incident illumination; magnification 500 x). Subsequently, the particle size distribution is calculated according to a procedure described by Stöber (8).

non-coated foil

Fig.

4.

Photomicrographs of deposits of

1

coated

foil

0 ¡.tm DOP aerosols (magnification 500 x ).
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Experimental dffi culties

Particle size analysis of liquid aerosols using sedimentation techniques are affected by
spreading of the collected liquid partictres resulting in a decrease in microscopic
visibility, and evaporation of the collected particles giving too low numbers for the
smaller diameter particles.
Spreading of the liquid particles may be prevented effectively by coating the foil
with a fluorocarbon compound (FC 134 from the 3M Company, Minnesota). Photomicrographs of a deposit of a DOP aerosol on a non-coated and on a coated foil are
given in Fig. 4. The rate of evaporation of the collected particles was calculated by
considering them as free droplets in still air. This assumption seems reasonable as the
evaporation is roughly proportional to the droplet surface, and it turned out from a

comparison of the radii of polystyrene spheres with the radii of DOP spheres with
identical aerodynamic diameters that the surface of the particles in contact with air
does not alter very much on sedimentation. Using a formula derived by Klein Nagelvoort (9) the halflife time of particles was calculated for a number of initial particle
diameters. The graph showing the relation between halflife time and the initial
parlicle diameter is given in Fig. 5. When the photomicrographs are taken in approximately one hour evaporation only plays a part in the analysis of aerosols with particles
smaller than about 0.35 pm.

-

5UU

Fig. 5.

halflife time of an
evaporating aerosol particle
as a function of the initia'l
The

diameter.
diometer (pm)

Experimental
Aerosols of DOP with mean diameters ranging from 0.5 up to 1.7 pm were generated
with a modified type La Mer generator, developed by Lassen (10). Aerosols were
introduced into the higher order Tyndall spectrometer (6) and the diameter was
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derived from the observation angles of the first, second and third order spectral red
bands withthe aid of a calibration curve reported by Berner (l 1). The aerosols were
likewise introduced into the Stöber aerosol spectrometer. The operating conditions
were: aerosol flow rate 0.1l/min, total flow rate7.4l/min, rotor speed 3360 r.p.fl.,
and slit width 0.3 mm. After collection about 20 photomicrographs were taken at
different deposition distances. These were assessed according to the procedure described earlier in this paper. In order to avoid statistical errors, care was taken to
ensure tbat the number of particles, present on the photomicrographs, was not too
low. Because coalescence leads to counting errors, high particle numbers were also
avoided. Generally, the sampling time was chosen such that the maximum particle
number per photomicrograph varied between 200 and 800. Photomicrographs at large
deposition distances were taken first in order to diminish the influence of evaporation.
Results and discussion

The mean (d) of the particle size distribution, the standard deviation (o), which is
a measure for the width of the particle size distribution, and the relative standard
deviation (old) were calculated (Table I). The cumulative particle size distributions
were calculated using standard methods, and were plotted on logarithmic normal
probability paper. It was found that the graphs obtained in four experiments only can
be represented by straight lines, indicating that in these cases the particle size distributions are probably logarithmic normal. A typical example is given in Fig. 6 (graph a).
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Cumulative particle size
distributions of
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In these

cases the observations are in agreement with results reported in the literature
(12). The graphs obtained in the other experiments are generally convex to the diameter axis (Fig. 6; graph b) indicating a shortage in the number of small particles.
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Possible causes of this deficiency are eyapoÍation and the limited microscopic
visibility of small particles, which is due to the limited resolving power of the microscope and, probably to a larger exteRt, to the contamination of the foil as a result of the
coating. As was shown before in this paper evaporation plays only a part in case of
particles smaller than about 0.35 pm. However, these particles were not present in the
aerosols used in this study. Obviously the former calculations are questionable.
Therefore, the evaporation of collected DOP particles was studied experimentally: A
preliminary analysis showed that the calculated evaporation rate is significantly lower
than the rate found in experiments.
Table I illustrates that the aerosols investigated in ttris study are slightly heteroTable

I. Results of the particle size analysis of DOP aerosols obtained

with the Stöber aerosol

spectrometer
o

experiment number

418

0.615
0.63

A'22

0.66
0.70

419

A2t
410

(p¿m)

õld

0.10
0.09
0.10
0.09
0.09

0.16
0.13

0.11

0.15

0.14

0.16
0.13

a.l2

M

0.75
0.775
0.855

A12
A8

o.925
o.97

0.r4

0.16
0.15

0.L4

o.l4

A9

1.035
1.235

o.l4

0.14

0.16
0.14
o.49
0.49

0.13

413

All
A3
417

1,235
1.63
1.69

416

o.12
0.30

0.29
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Fig.7.
Comparison of the higher
order Tyndall spectrometer
with the Stöber aerosol
spectrometer.
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disperse. Relative standard deviations amounting up to 0.16 plmafe obtained. Large
standard deviations are obtained in the experiments 416 and Al7. However, the
aerosols used in these experiments showed distinct spectra in the higher order Tyndall
spectrometer. There is evidence from the literature (11-14) that aerosols show
spectra only if the standard deviation of the particle size distribution is smaller than
0.10-0.20 pm. The standard deviations obtained in the experiments 416 and 417 are
much higher. Obviously, some experimental errors are made.
The particle size measured with the higher order Tyndall spectrometer is compared
with the particle size obtained with the Stöber spectrometer. Fig. 7 illustrates that a
good agreement is obtained between the measurements with the two spectrometers.

Only large deviations were encountered at particle sizes of about
probably due to the errors made in the experiments A16 and Al7.

1.6 ¡rm,

which are

Concluding remarks

The DOP aerosols used in the flltration studies were slightly heterodisperse. The
relative standard deviation of the particle size distribution amounted to l5l.
A satisfactory agreement was found between diameters obtained using the higher
order Tyndall spectrometer and the Stöber aerosol spectrometer.
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the determination of
sarin adsorption
isotherms on carbon
black using a tracer
technique
J. MEDEMA and J. J. G. M. VAN BOKHOVEN

A method J'or the determination of adsorption isotherms of organophosphorus compounds
was developed. The method is based on the determination of the quøntity ødsorbed
using radioactive labeled compounds. Isotherms of a typical organophosphorus compound, isopropyl methylphosphonofluoridate (sarin), on Spheron 6 (carbon black) and
on Spheron 6 impregnated with chromium oxide were determined.
Isotherms on impregnøted carbon bløcks appeared to be not well-defined because of
sørin decomposition. The heat of adsorption on pure Spheron 6 was calculated from isotherms determined øt dffirent temperatures.

Introduction

In the context of a study on the possibilities of catalytic decomposition of organoit is useful to have
a reliable method for the determination of the adsorption isotherms of these com-

phosphorus compounds (nerve agents) adsorbed on active carbon

pounds. Active carbons, like charcoal, normally have a high specific surface area and
a microporous structure. The latter causes difficulties in kinetic measurements due to
slow diffusion. In order to avoid these problems a macroporous carbon black,
Spheron 6, was chosen as a model for active carbons. As adsorbate a typical organophosphorus compound, isopropyl methylphosphonofluoridate (sarin), was chosen.
Adsorption isotherms are generally determined by means of volumetric or weighing
techniques. In the case of sarin the volumetric technique fails because of long equilibration times and inaccurate pressure measurements. The corrosive properties of sarin
make the application of an adsorption balance impossible. Therefore, a new method
for the determination of the quantity adsorbed was developed. This method is based
on the measurement of the radioactivity emitted by adsorbed 32p labeled sarin,
and on the conversion of radioactivity in terms of quantity adsorbed by means of a
calibration procedure. Isotherm measurements were performed by keeping the pressure
at definite values until equilibrium was reached.
From isotherms measured at different temperatures the heat of adsorption may be
calculated. The influence of impregnation of carbons with chromium oxide upon the
adsorption isotherms can be deduced from isotherms determined on spheron 6
samples impregnated with various quantities of chromium oxide.
Experimental
Apparatus

The apparatus (shown schematically in Fig. 1) consists of a rotary pump (A) and a
mercury diffusion pump (B) connected to a vacuum tube via a liquid nitrogen trap
(C). The pressure is measured by means of a Penning tube (D) or a thermistor pressure
gage (E) connected to the vacuum tube at tlvo different points. In addition there is a
connecting point for the sarin dosing vessel (F) and a connecting point for the adsorption cell (G). All connecting points consist of ground glass joints and are frtted \r/ith

Schematical view of the adsorption apparatus.

73

valves. Moreover, a valve is situated between the pumping part and the adsorption
part of the apparatus.
The sarin dosing vessel (F) consists of a tube with two ports, one for refilling the
tube with sarin and the other for connection to the apparatus. The sarin in the tube
is kept at a constant temperature, lower than that of the adsorbent, by means of a
Peltier cooling unit (H) with adjustable power supply. Temperature instalments
and +25'C are possible corresponding to sarin vapour pressures of
between

-25'C

0.06 and 3 Torr, respectlvely.

The adsorption cell (G) together with the Geiger-Muller (G.M.) counter (K) is
shown schematically in Fig. 2. During an experiment the adsorption cell is kept at a
constant temperature between 20 and 40'C by means of thermostated water flowing
through the jacket. The G.M. counter is placed with its window in contact with the
bottom of the cell as closely as possible. To reduce absorption of the radiation the
bottom of the cell has been made very thin. During the experiments the positions of
the cell and the counter are fixed in order to maintain the geometry. The background
of the G.M. counter is lowered by shielding the tube with lead.

Fig.2.
Adsorption cell with counter.

Cqlibration

By keeping the liquid sarin at a chosen temperature a definite sarin pressure is
obtained. The relation between vapour pressure and temperature is taken from an
earlier report (1).
After equilibration the measured radioactivity is directly proportional to the
quantity adsorbed. The proportionality factor is obtained by comparison of the total
number of counts for the last measuring point with the quantity of sarin anaTyzed
14

after extraction of the adsorbent. The extracted quantity sarin was determined
according to a procedure described before (2). By means of the proportionality
factor it is possible to calculate the quantity adsorbed. As a matter of fact the measured radioactivity was corrected for background, dead time of the counter and
decrease in speciûc activity as a result of the decay of 32P.
Radioactìve lab eled sarin
32P labeled
sarin was prepared

by the Organic Section according to a procedure
described by De Borst (3). The specific activity was approximately 25 WCilg.'|he

halflife time of 3'P is

14.5 days.

Adsorbant

commercial Spheron 6 (obtained from cabot, France) was washed with acid to
remove iron and other contaminants. Before use the samples were dried at 120"C;
specific surface area was ll5 m2 lg. Samples were impregnated with chromium
trioxide from aqueous solutions according to a procedure described before (4).
Procedure

Before starting an adsorption experiment the adsorbent is evacuated until the pressure
is lower than 10-a Torr. Then, all valves are closed and the increase in pressure in
the different parts of the apparatus due to leakages or desorption is measured during
several hours. Ifthe increase in pressure does not exceed 0.005 Torr/h, the adsorbent
is exposed to sarin at the lowest temperature, followed by measurement of the radioactivity introduced into the adsorption cell. When the corrected counting rate does
not increase during one day, it is assumed that equilibrium has been established.
Then, the temperature of the dosing vessel is increased and the radioactivity is
measured again until equilibrium is reached. This procedure is repeated until the
highest desired vapour pressure is reached. Sometimes it was necessary to remove
air that had leaked in during the measurements. This was done simply by evacuating
the adsorption part of the apparatus, however, this procedure disturbs the equilibrium between adsorbed and gasphase sarin. Therefore, after evacuation it was checked if equilibrium had been re-established. At the end of the measurements the adsorption cell is evacuated in order to remove gaseous sarin. After evacuation the radioactivity is measured again. In most cases the desorption is negligible. Then, the
adsorption cell is disconnected from the vacuum system and the adsorbent is removed
to an extraction apparatus in which sarin is extracted with methylisobutylcarbinol

(Mrc).
Results and discussion

In Fig. 3 three isotherms of sarin on Spheron 6 determined at different temperatures
are shown. The isotherm determined at 20.5"C is constructed from the results of
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two independent measurements. As a result of inaccuracies in the calibration procedure (mainly the chemical analysis) there exists a systematic difference (approximately
5f) between the two measurements. We were not able to avoid these inaccuracies in
the calibration procedure. Therefore, in all isotherms a systematic error is present.
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with the aid of the relation:
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\ ar /'
where

it is possible to calculate

140

the heat of adsorption

e"t

Rr2

p represents the equilibrium

pressure , T the absolute temperature, 0 the degree

of surface coverage, and q", the isosteric heat of adsorption. At surface coverages
between 25 and45mg sarin/gram Spheron 6 the heat of adsorption appeared to be
15 kcal/mol. The results are not accurate enough to see an influence of surface
coverage on the heat of adsorption, anyhow, this influence must be small. Ttris is not
surprising because the surface coverage varied between 40 and 75\ of a monolayer,
a region in which the heat of adsorption usually does not change very much. The
value of 15 kcal/mol agrees well with the heat of adsorption found in calorimetric
experiments carried out in this laboratory.
Isotherms determined on Spheron 6 impregnated with chromium oxide are given

in Fig. 4; the higher the chromium content the lower the position of the isotherm.
This phenomenon cannot be ascribed to:

1.

a reduced surface area because the specific surface

of Spheron

impregnation,

2.
3.
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systematic inaccuracies in the calibration, or
decreased adsorption capacity as a result of impregnation.

6 hardly changes on

However, a possible explanation may be that not all adsorbed sarin is extracted from
impregnated carbon as Ìvas found in some experiments. It might well be possible
that decomposition occurs and that the remaining decomposition products are
adsorbed very strongly. Moreover, one may expect that the reaction products influence
the shape of the isotherm.
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As can be seen in Fig. 4 the shape of the adsorption isotherm indeed changes upon
impregnation. This change, however, might be due also to a change in heat of adsorption. In fact, the steep rise of the adsorption isotherms at low values of the relative
pressure (the decomposition in this region is probably small) points to the conclusion
that the increase in heat of adsorption causes the change in the shape of the isotherms.
The extremely slow adsorption of sarin on Spheron 6 (equilibration for each point
takes at least three days) induced us to study the mobility of the sarin molecules
through the carbon bed. An example of the measurements is given in Fig. 5. In this
experiment sarin was dosed during a short time (15 min) into the adsorption cell.
The molecules appeared to adsorb first in the upper Spheron 6 layer. The counting
efficiency of this part of the Spheron bed is low due to absorption of beta-radiation
in the underlying carbon layers and less favourable geometry towards the counter.
t
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Without further dosage of sarin the radioactivity increased continuously indicating
that sarin molecules move downwards through the bed. Then, after approximately
l0 hours, the count rate became constant. The Spheron bed was now divided into
several fractions and the quantity ofsarin extracted from each fraction was determined. These determinations revealed that sarin was homogeneously distributed through-

out the carbon bed. Similar experiments with impregnated carbons showed that
sarin molecules are much less mobile on these impregnated surfaces. A more or less
immobile type of adsorption on impregnated surfaces is in agreement with the increase
in heat of adsorption as deduced from the isotherms.
Because the actual adsorption isotherm is not known and because the mobility
experiments showed an immobile type of adsorption the conclusions concerning
impregnated samples are only tentative. In the near future an attempt will be made to
measure adsorption isotherms under circumstances where decomposition is prevented
(rapid equilibration, low temperature).
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microcalorimetric
determination of sarin
decomposition cataly zed
by alumina
J. J. G. M. VAN BOKHOVEN and J. MEDEMA

A mícrocalorimetric technique is employed to determine the kínetics of sørin decomposition on alumina. This technique offers the possibility to rneøsare the reaction rate
cantinuously.
The experimental rate curves are explained with the aíd of a rnodel in which ø distribution in the øctiyation energy for the decompositian is assumed. Indications for the
nature of the catolytic active sites are obtained.

Introiluction
Heterogeneous catalytic decomposition of sarin (isopropyl methylphosphonofluoridate) over alumina takes place mainly via two different reactions, so-called
dealkylation and defluoridation. Defluoridation is the replacement of the fluorine
atom by a hydroxyl group in a hydrolysis process. Dealkylation results in the formation ofpropene from the ester group. Investigations have shown that the dealkylation
is strongly hampered by water vapour; on the other hand, defluoridation is favoured
by water. Therefore, it seems most suitable to base a catalytic process for the removal
of sarin from contaminated air, which always contains water, on the defluoridation
reaction. In order to optimize the catalytic system it is necessary to obtain information
concerning the kinetics and mechanism of the defluoridation process. The decomposi-

tion products are hydroxysarin (isopropyl methylphosphonic acid) and hydrogen
fluoride. Both species strongly adsorb onto the surface of the catalyst. Therefore, in
this case a quantitative determination of the reaction products by extraction is not
reliable for kinetic measurements.
Microcalorimetry has proved to be an adequate technique for kinetic measurements of the defluoridation reaction in the system sarin/catalyst. Microcalorimetry
is applicable to all types of reactions providing the accompanying heat production
is large enough to be determined accurately.
Reaction rate and heat production are related by the equation:

a: dtdc .ÁH,
where é represents heat flow or heat production, -dcldt reaction rate, aîd ÁH,
reaction enthalpy.
A disadvantage of this technique may be that every phenomenon causing a heat
effect is detected. When two or more heat effects occur simultaneously, it is necessary
to make additional assumptions with respect to the shape and the intensity of the
separate signals in order to distinguish between the kinetics of different processes.
In the sarin/adsorbent system there is an overlap of adsorption and reaction processes; this lasts only during the first few minutes, however, and is therefore not
important.
Another more important complication originates from the limited response velocity
of the microcalorimeter, which is a result of thermal inertia. Sharp peaks tend to
become blurred. In the sarin decomposition experiment sharp peaks are only caused
by the adsorption process. The slope ofthe reaction rate curve is too flat to be deformed.
In this paper attention will be paid to the rate of decomposition of sarin on the
pattern catalyst alumina derived from heat flow curves which are exclusively due to
heat of reaction and which are not deformed. In order to establish the complete
kinetics of the decomposition it is necessary to obtain information from the blurred
part of the curves.
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A

procedure
ment now.

to correct for the deformation by thermal inertia is under

develop-

Experimental
The calorimeter, which has been described before (1), is schematically shown in Fig. l.
Some changes in the original design have been made. One of them is the replacement of the stainless steel reaction vessels by thin walled copper ones, responding
much faster. Another improvement is the registration of the heat flow on paper
punch tape, which enables us to plot graphs on the scope output of a computer.
Moreover, the possibility to pretreat the samples outside the calorimeter (evacuation
and heating) without having to expose

Fig.

A

it to open air

again was introduced.

1.

schematic representation

of the microcalorimeter.
During an experiment it is
immersed in a thermostat.
1. reaction and reference
vessel

2. aluminium block
3. vacuum isolation
4. heat flow detector
5. heat conductance disc
6. magrret to handle 5

7. dosing

vessel

Experiments were carried out according to the following procedure:

1.

2.
3.

4.

reaction and reference vessel were fllled with an equal quantity of adsorbent,
after a pre-treatment the vessels were positioned onto the heat flow detectors and
the system was evacuated to 10-4 Torr,
after temperature equilibration sarin was dosed to the adsorbent at a pressure of
2.5 Torr; the quantity adsorbed was determined from the loss of weight of the
dosing vessel; correction for the quantity of sarin that remained in the gasphase
was made, and
the heat flow signal was registrated for a period of one day or longer; in none
of the cases the heat flow had fallen below the detection limit when the experiment
was stopped.

Experiments were carried out with different quantities adsorbed on samples that had
been evacuated at 80'C or at room temperature. Most experiments were performed
with alumina as adsorbent. Preliminary experiments with samples of carbon black
impregnated with chromium oxide were done.
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Results and discussion

The experimental heat flow curve of a sarin adsorption experiment onto alumina is
shown in Fig. 2. A relatively high signal immediately after adsorption drops in about
500 minutes to a lOa times lower level. The main part of the high starting signal
must be ascribed to heat of adsorption. Comparison with the heat flow curves
obtained from similar adsorption experiments with vapours that do not react after
being adsorbed (e.g. cyclohexane) showed that 200 minutes after the start the heat
flow signal caused by adsorption alone, has become lower than the detection limit.
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Thus, the curves obtained in sarin adsorption experiments show after 200 minutes
exclusively the heat of reaction. Because the slope of this curve is small, the thermal
inertia of the microcalorimeter does not influence this slope.
In order to deduce the reaction order from the experimental curve several relations
were tried. It appeared that the time functions belonging to zero, fi.rst, second or
third order kinetics did not fit the experimental rate curves. It was also impossible
to fit the curves with formulas in which poisoning effects were introduced. Moreover,
description ofthe rate curves with consecutive reactions fltted the experimental curves
reasonably well but in this case it appeared that the rate constant derived in this way
depends on the time at which the experiments were stopped. Thus, none of the time
functions that could be expected on the basis of normal chemical kinetics could fit
the experimental curves satisfactorily.
It was found that a plot of rate yersus l// yields a perfect straight line for t>200

min (Fig. 3).
This kind of kinetics is also found in adsorption processes (2), and is usually presented in the integrated form: the quantity adsorbed versuslogarithm of time.
Several models have been constructed to explain these so-called Elovich kinetics in
adsorption (2). All these models assume a variation in the basic parameters of adsorp-

tion, the number of sites or the activation energy for adsorption. One of these models,
described in detail by Peers (3), assumes a distribution in activation energy for adsorption. When this feature is employed for the reaction of adsorbed sarin this essentially
83

means that the reaction rate constant is no longer considered to be constant. The
model described below, containing this feature is able to explain the linear relationship between the reaction rate and l/r. Some additional assumptions have to be made
in order to complete the reaction model from which the linear relation between

rate and reciprocal time may be derived mathematically.

Fig. 3.
Reaction heat production
as a

function of

reciprocal time.
lof

l.
2.
3.
4.
5.

o t t.int

Sarin molecules are adsorbed in an immobilized state; this seems to be very
probable because a long time after adsorption the molecules are still inhomogeneously distributed over the exposed surface.
Decomposition is first order in sarin and zero order in other reactants (e.9. water).
There is a distribution in activation energy for the decomposition reaction.
The enthalpy of reaction is equal for all molecules.
Additional heat effects arising from accompanying phenomena which are fast in
comparison with the defluoridation (consecutive reactions, desorption of reaction
products, etc.) need not be precluded because they do not change the shape of the
experimental curve.

The total rate of reaction is composed of the reaction rates on the different parts of
the surface (patches) with different activation energies. The contribution to the total
rate of reaction from a patch of the surface with activation energy E is given by:

_ dCu :
dr

where C¡ :

/ :
Ko :
E:
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K^e-EiRr.C¿

concentration of sarin adsorbed on this patch
reaction time
frequencY constant

activation energy

The total rate is found by integrating over all actual activation energies:

rate:tr'- !9nat
df
Ë,

E1 and E, are the extreme values of the activation energy. If it is assumed that all
activation energies in between E, and E, occur equally frequently, it appears that:

RTC}
.
rate:

1

ffi!7e-x't-,-x't¡

where

K,

and

K,

are the reaction rate constants corresponding to

Et

and 82. lf Kr

is sufficiently large and Ç sufficiently small, there is a time interval in which one
exponentional(e-K't) becomes practically zero whilst the other ("-*") still hardly
deviates from one. In this interval the rate becomes proportional to llt. This is in
accordance with the experimental rate curve. A remarkable feature of the rate expression is the slight temperature dependence. In the interval where the sum of the
exponentials is one, the rate is proportional to the absolute temperature. In normal
kinetic models it is always found that the rate depends on the temperature in an
exponentional form. Preliminary experiments at different temperatures have shown
that the time interval in which the linear relationship is obtained changed with temperature but that the rate in these intervals is indeed only slightly dependent on
temperature.

K,

can be derived from the deviations the experimental curve
shows from fhe llt plot at small respectively large t, i.e. in the regions where the
exponentionals start to differ markedly from zero respectively one- However, in our
experiments the deviations at both sides are not visible; for large I the total rate is
small and consequently the heat flow is measured less accurately and for small I the
heat of adsorption overlaps the heat production of the reaction.
Nevertheless, it is possible to calculate a lower limit value for K1 in terms of a halflife of molecules on the most active sites. This halflife appeared to be half an hour,
Values for

and.

K,

to all intents and purposes it may be less'
So far it can only be guessed which type of surface sites is responsible for the
decomposition reaction. Experiments have shown that the decomposition proceeds

through a defluoridation reaction. This is in fact a hydrolysis reaction which is
enhanced by acid or basic sites. Ifthis reaction pattern is correct then the assumption
about the existence of a distribution in activation energy becomes very plausible,
because it is a well known fact that the acidity and basicity on the alumina surface
show a distribution in strength (4).
Some preliminary experiments were carried out with carbon black, which showed
no decomposition at all. When carbon was impregnated with chromium oxide a heat
flow curve was observed which decreased proportionalty with reciprocal time' This
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indicates that supported chromium oxide contains an ensemble of active sites that is

similar to that of alumina. Because chromium oxide possesses, like alumina, acid as
well as basic sites, comparison of these oxides does not allow of distinction between
the two types of sites. Therefore, a study with catalysts possessing a deûnite acid or
basic character is required.
Conclusions

The kinetics of sarin decomposition on an alumina surface are described by a proportional relation between rate and reciprocal time. These kinetics resemble the
Elovich-kinetics of adsorption processes. If it is assumed that there is a distribution
in the activation energy for defluoridation, it is possible to form the correct time
equation for the rate of decomposition.
It is still uncertain which type of sites ane activø; the existence of a distribution in
activity on the one hand and in basicity and acidity on the other hand suggests the
hypothesis that either acid or basic or both types of surface sites are the active ones.
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infrared spectroscopy of
sarin adsorbed on
alumina
A. E. T. KUIPER and J- MEDEMA

The adsorption of sarin on alumina has been investigøted by means of infrared spectroscopy. By compari;on with the spectroscopic features of organophosphorus compounds
related to sarin the contribution of each group in the sarin molecule to the adsorption
has been elucidated and an adsorption madel is proposed.

Sarin adsorbs in two dffirent wctys on the qlumina surface. Either, the oxygen atom
of the phosphoryl group is linked to the surface, or interaction between surface ønd
sørin takes place mainly through the fluorine atom.

fntroiluction

Until now active carbon has generally been used

as an adsorbent for chemical warfare
agents partly because of its extremely large surface area of about 1000 m2/g. Organo-

phosphorus compounds, belonging to the class of warfare agents, adsorb very well
on active carbon, but they either do not decompose in the adsorbed state or only
very slowly. Because desorption is possible, it is necessary to impregnate the carbon
with salts or metal oxides that act as catalysts in the decomposition of organophosphorus compounds.
There are two possible methods to obtain a catalyst; one can either screen as many
impregnated carbons as possible until an active product is found; or one can
investigate how the adsorbed compound might be decomposed and then select an
agent that promotes this reaction. The second route was chosen because ofthe advantage that basic knowledge about adsorption mechanism might be obtained.
However, the surface structure of impregnated carbon is very complicated and
therefore a pattern catalyst has been studied.
There are several reasons to choose alumina for this purpose:

l. the surface properties are well-known;
2. the transmission to infrared radiation is
spectroscopy succesfully

3.

sufficiently large

to apply infrared

;

organophosphorus compounds decompose when they are adsorbed on alumina,
which enables the study of both adsorption and decomposition with the same
system.

Sarin (isopropyl methylphosphonofluoridate) was selected as a typical organophosphorus compound of interest to this study (Fig. l).

Fig. 1.

Structure of sarin.

,.,cït
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The investigations of the interactions of organophosphorus compounds with the
alumina surface by means of infrared spectroscopy have not been finished yet.
Therefore, this paper contains only preliminary results and the conclusions are
tentative.

Infrared spectra of sarin and other compounds were recorded according to an
experimental procedure described before (l).
Results and discussion

Fig. 2 shows the infrared spectrum of sarin; the assignments are indicated in the
ûgure. Comparison with Fig. 3, the spectrum of sarin adsorbed on alumina, reveals
some interesting features. Inthe first place changes in the adsorbent itself are visible.
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on alumina.

Alumina contains hydroxyl groups on its surface absorbing in the region of 38003300 cm-1. The spectral changes indicate that hydroxyl groups absorbing between
3700 and 3800 cm-1 (strongly acidic groups) are replaced by hydroxyl groups
absorbing between 3600 and 3300 cm- 1 (the nature of these groups is unknown, they
are, however, non-acidic). Without additional indications there are several possible
interpretations of this shift. Therefore this phenomenon will not be discussed any

further.

At frequencies lower than 1000 cm-1 the alumina used is not transparent to
infrared radiation because of the absorption by lattice vibrations. This implies that
the P-F vibration (840 cm-1) cannot be observed. Therefore, direct observation of
the behaviour of this group is not possible. The very intense C-O-(P) absorption
(1010 cm-1) is not affected upon adsorption; but the P:O band is shifted from
1277 cm-r to 1245 cm-1.
In the region between these two bands the absorbance has been increased, but
there is no well defined maximum. The three absorptions of the isopropyl group
(1100-1200 cm-t) are still distinguishable and appear at frequencies just a little
different from the values found for liquid sarin. All carbon-hydrogen stretching
(2870-3000 cm-t) and deformation (1350-147O cm-1) vibrations absorb in the adsorbed state at the same frequencies and with comparable intensities as in the liquid
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phase. Only the

P-CH3 band appears as a doublet, possibly caused by some distor-

tion of the methyl group. The fiequency, however, is not changed significantly.
As the frequencies of the P-CH., the C-O-(P) and all other carbon-hydrogen
vibrations do not change upon adsorption of sarin on alumina, these groups obviously
do not interact with the alumina surface.
A shift of approximately 3 5 cm - 1 of the P:O stretching vibration can be explained
in two ways: l) The P:O interacts with the surface or 2) another substituent group
interacts with the surface in such a way that the electronegativity of this group is
reduced. As it is well-known (2) that the electronegativity of the substituents in organophosphorus compounds strongly influences the frequency of the P:O stretching
vibration, the second possibility cannot be ruled out. However, above we deduced
that the only substituent able to cause this effect is the fluorine atom. If the fluorine
atom in sarin is replaced by a chlorine atom or even by an isopropoxy, or methyl
group, the spectra still show a shift of - 35 cm- 1 in the frequency of the phosphoryl
vibration. Therefore, we feel justified in concluding that this shift is due to a direct
interaction between the P:O and the alumina surface. The P:O surface linkage
lowers the bond order of the phosphoryl group, causing a decrease in absorption
frequency. As alumina contains acid sites (3) it seems most likely that these centres
are responsible for this type of adsorption (compare with the shift in acid hydroxyl
groups).

In order to ascribe the increase in absorbance in the region between 1100 and 1200
cm-1 upon adsorption of sarin onto alumina a number of organophosphorus compounds related to sarin have been investigated. These experiments show that for
compounds without fluorine the absorbance between 1200 and 1100 cm-1 is low,
whereas compounds with fluorine invariably show absorption of at least medium
intensity in this region.
An interesting result has been obtained when using dimethylphosphinic ff.uoride,
(CH3)rP(O)F (Fig. 4), where the frequency of the phosphoryl vibration is shifted
approximately 100 cm-1. As shown before, adsorption by means of the phosphoryl
group causes a shift of only 35 cm-1. Therefore, another adsorption structure is
required to explain this large shift. As none of the frequencies of the methyl vibrations
changed upon adsorption, a linkage between the fluorine and the surface is proposed.
This is confirmed by the observation that addition of water to the adsorbed species
does not change the spectrum.
In all spectra with a phosphoryl shift of 35 cm-1 (where the fluorine atom is supposed to be "free") a new band at Il20 cm- 1 arises due to hydrolysis of the adsorbed
compound and a further shift ofthe phosphoryl frequency due to a change in electronegativity. The band at ll20 cm- t is found also in the spectrum of adsorbed hydrogen
fluoride (Fig. 5). The high shift of the phosphoryl frequency and the absence of any
evidence for hydrolysis in the spectrum of this adsorbed compound points to the
conclusion that the P-F is linked to the surface.
With this conclusion we overlooked the possibility that dimethylphosphinic fluoride
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Fig.7.
Infrared spectrum of
isopropyl methylphosphonic
acid adsorbed on alumina.

00

is hydrolyzed immediately upon adsorption into HF and dimethyl phosphinic acid.
However, in that case a band at 1120 cm-1, originating from adsorbed HF, should
have been observed.
The above-mentioned effects do not completely explain the spectrum of adsorbed
dimethylphosphinic fluoride. Together with a band at 1160 cm-l (a shifted phosphoryl frequency) a band at 1080 cm-l has been observed. The appearance ofthese

two bahds is probably due to the formation of a P-F/surface as well as P:O/
surface bond. However, this assignment is rather speculative.
For sarin the absorbance between 1200 and ll00 cm-1 might equally well be
ascribed to the formation of a P-F/surface linkage. The phosphoryl frequency would
then be shifted approximately 100 cm-1 and appear at 1180 cm-l; moreover, a
1
second absorption at 1100 cm- appears. As in the case of the spectrum of dimethylphosphinic fluoride it could not be ascertained whether this absorbance is due solely

to a P-F/surface bond or to a simultaneous interaction of the P-F and P:O
with the surface.
Addition of water changes the spectrum of adsorbed sarin (Fig. 3) into that given
in Fig. 6. The spectral changes can be interpreted in terms of hydrolysis of the nobonded fluorine atom. The intensity of the phosphoryl frequency at 1245 cm-1 is
decreased and the absorbance in the region around 1120 crn-1 is increased, indicative
of HF formation. Consequently, spectrum 6 can be considered as being the sum of

the spectrum of adsorbed phosphonic acid and adsorbed HF (Fig. 7 and 5).
The infrared spectra do not give information about the P-F stretching vibration.
Therefore, the hypothesis about a P-F surface linkage and a hydrolysis reaction
cannot be conflrmed by means of infrared spectroscopy. The application of laserRaman spectroscopy is expected to provide this information.
Concluiling remarks
Based oninfrared spectrathe existence of two different adsorption structures

I

and

II

(Fig. 8) of sarin on alumina can be established:
cH-

tte.-n..,-o-.-f
Fig. 8.
Adsorption structures of sarin.
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The surface sites acting in structure I are acid sites probably of a Lewis acid nature.
Part of the sarin molecules adsorb via the fluorine atom according to structure II.
Simultaneous adsorption via the phosphoryl oxygen may occur but has not been
ascertained as yet.
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Addition of water to the adsorbed species causes hydrolysis of the "free" fluorine
and confirms the existence of the adsorption structures as drafted.
An indication of the occurrence of two adsorption structures is also found in
extraction experiments. One form can be rei.noved from the alumina surface by
extraction with methyl isobutyl carbinol, whilst the other form cannot. The ratio
between these two structurss depends on catalyst pre-treatment and temperature.
Investigations are now focused on the study of catalyst pre-treatment, especially the
influence of the surface coverage with hydroxyl groups, and on the existence of an
adsorption structure with both P-F and P:O linked to the surface. Moreover, the
application of laser-Raman spectroscopy is being studied as it provides the direct
perceptibility of the P-F frequency in the adsorbed state.
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leaks in charcoal beds
and the water content of
charcoal determined
using the ethane pulse
technique
P. C. STAMPERIUS and

H. W. VAN DER KLOOSTER

'

-

When a pulse of ethane is applied to a charcoal bed, channels in the bed will show their
presence by a double elution peak.

The shape of the eluted peak will also depend on the water content of humidified
charcoal. A quantítative relationship between the height of the eluted peøk and the water
content hus been established.

Introiluction

Active charcoal has a high adsorption capacity for most organic vapours and is
widely used for the removal of undesired gases from the air. The adsorption capacity
is usually expressed in terms of breakthrough-time, viz. the time in which the maximum permissible exit concentration (breakthrough criterion) will not be exceeded. The
breakthrough-time is considerably reduced when the charcoal has taken up water
Yapour.
Table I illustrates the effect ofthe water content of a charcoal on the breakthroughtime for chloropicrin (CCl3NO2) adsorbed on the charcoal in equilibrium with air of
various relative humidities.
Table

I. Effect of water on the breakthrough-time

Charcoal in equilibrium with the relative
humiditìes ('l)
20
50
75
90

for chloropicrin adsorbed on charcoal.
Breakthrough-time
(min)
290
27s
75
35

The most striking feature of Table I is that the breakthrough-time shows a sharp fall
at relative humidities above 50f, which is related to the phenomenon that the water
vapour isotherm of charcoal rises very sharply above S}frelative humidity. Because
relative humidities exceeding 5O/" very often occur in Western Europe this forms a
serious problem in connection with the protection against toxic organic vapours in a
moist atmosphere.
In most cases charcoal fllters are manufactured using "dry" charcoal, viz. charcoal
containing less than z%by weight of water. This condition is preserved by keeping the
filter closed when not in use. However, each time when ambient air is drawn through

the filter, e.g. in trial runs of the filter installation, water vapour is taken up rapidly
with consequent loss of adsorption capacity for organic vapours. It is therefore
useful to know at any time the water content of the charcoal filter.
The water content of the charcoal can be determined by the loss of weight upon
drying of a sample of the charcoal from the fi.lter. However, thìs is not possible without
destruction ofthe fllter. Therefore, there is a need for a rapid non-destructive method
for the determination of the water content of a charcoal frlter. Then, in combination
with data as given in Table I, it will be possible to determine the remaining adsorption
capacity.

The adsorption eftciency, viz. tlne ability of a charcoal filter to reduce the influent
concentration of a vapour to the desired low efluent concentration, is adversely
affected by leaks in the charcoal ûlter (channeling) resulting from improper packing of
the charcoal particles.
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air/gas mixture passes rapidly through the channels in the charcoai
bed without sufficient contact and this leakage gives rise to an appreciable penetration
already at the beginning of the period of use. In case of the removal of a toxic sub-

A part of the

from air, that is to be inhaled, this may be very dangerous. A rapid test that
would indicate the presence of leaks in a charcoal filter, without destruction of the
stance

filter, would be useful.
In this paper we will describe how the changes in the shape of a pulse of ethane
upon passage through a charcoal fllter offer the possibility to determine the water
content of charcoal and indicate the presence of leaks without destruction of the
filter.
Principle

In an adsorbent bed a pulse of a gas is mainly dispersed by diffusion into the fluid
phase, viscous flow variations and hold-up due to adsorption and desorption þrocesses
at the charcoal surface.

For a propeily packed charcoal bed and fixed flow conditions the shape of the
eluted pulse depends only on the repeated process of adsorption and desorption which
is related to the degree of surface coverage of the charcoal. It is to be expected that a
short pulse of a gas will undergo little dispersion if all adsorption sites are occupied.
When the surface of the charcoal is practically clean, the pulse will be broadened
considerably (Fig. 1). T'he test gas must not interfere with the water occupying the
adsorption sites and must be adsorbed weakly and reversibly. Furthermore, it should
be easy available, non-toxic, and easy to determine with great sensitivity. Carbon
dioxide may be used when the adsorbed substance is an organic vapour (1). However,
with humid charcoal extra peak broadening occurs because of dissolution of carbon
dioxide into adsorbed water. Ethane, which has a low solubility in water, proved to be
useful as a test gas (2,3).
coveted surfoce
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Fig.

cleon suafoce

l.

Effect of the clegree of surface coverage of
the charcoal on the shape of the elution
peak (schematically).
t rme

(l)

demonstrated earlier that with carbon dioxide as a test
gas the pulse technique is quite useful to detect leaks or channels in charcoal filters. A

Stamulis and Thompson

leak permits a small volume of gas to move relatively undisturbed through the bed.
Consequently, a double elution peak is obtained; the ûrst peak represents the volume
of gas passing through the channel and the second peak represents the volume of gas
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submitted to adsorption and desorption in the charcoal layer (Fig. 2). We demonstrated that a pulse of ethane is equally well suited for the detection of leaks (2,3).
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Fig.2.
Elution peaks for a charcoal
layer with a leak
(schematically).
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Experimental
The apparatus used to carry out the pulse experiments is given schematically in Fig. 3.
An air stream is divided into two adjustable parts: one part passes a humidiûer, the
other is dried with molecular sieves. By recombination of both air streams it is possible
to obtain air with a relative humidity varying between 5 and 901.

Fig. 3.

A schematic representation
of the apparatus for the
ethane pulse experiments.
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with a gas that is to be adsorbed onthe charcoal
bed, e.g. chloropicrin, in order to correlate the water content with the remaining
second air stream may be loaded

adsorption capacity.
The pulse of ethane is injected at the entrance of the charcoal bed by means of an
adjustable plunger. From the efluent air a sample is passed continuously through a
flame ionisation detector. The electrical signal is amplifled and recorded as,a function
of time.

Laboratory-made charcoal beds and canisters of the Netherlands military Krespirator were used in the experiments. In both cases the charcoal was Norit RGI
(Norit Verkoop Maatschappij, Amsterdam).
99

The charcoal filters were loaded with water vapour at various relative humidities at
23+l"C to varying moisture contents. In some experiments, in order to simulate
practical situations, the humidification was carried out in steps with interruptions of
several hours. After humidification the charcoal filters were subjected to the ethane
pulse test. Because the injected amount of ethane is kept constant, the height of the
eluted peak is a direct measure for the degree of coverage ofthe charcoal surface.
Experiments on the detection of leaks with the ethane pulse technique have been
carried out using so-called Norithene charcoal tiles or briquets consisting of a rigid
mass of charcoal and powdered polyethylene moulded in a prototype gas-mask
canister.
Results and discussion

The results of the tests with laboratory-made charcoal beds are given in Fig. 4. The
water content is expressed as grams of water per test-tube, containing 11 grams of
charcoal. There exists a relation between peak height and water content. The peak
height does not depend on the way the final water content is attained, (stepwise at
various relative humidities or at once at the highest relative humidity). Similar results
have been obtained with canisters of the Netherlands military K-respirator (Table II
and Fig. 5).
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Fie.5.

Height of the ethane peak rs.
the water content of the

Height ofthe ethane peak vs. the water content
of the charcoal in canisters of the Netherlands
military K-respirator.

charcoal.

Similar curves will be obtained if the adsorbed substance is not water but an
organic vapour like chloropicrin which is strongly adsorbed. From the relation
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II. Water uptake by canisters of the Netherlands military K-respirator.
Experiment Relative
Humidification Water uptake
(g)
number
humidity (%)
time (min)

Table

50
75

90
50
75

90
90
90

0-490
49U1410
1410-1920
0-290
290-13s0
1350-1800
u740
0-750

Total water
content (g)

15.1

15.1

34.4

49.5

9.6

59.1

7.2
40.6

47.8

't)

57.9
55.7
58.7

10.1

55.7
58.7

between 'watef content and breakthrough-time for a certain organic vapour, that
can be determined independently in small-scale laboratory experiments, the remaining
capacity of the charcoal filter can be estimated.
It has been found that the ethane pulse technique can be used for the detection of
leaks (3). This conclusion is based on laboratory experiments in which an intentionally
placed leak in a charcoal bed was detected.
Recently, we had a few prototype gas-mask canisters at our disposal for which the
breakthrough-time regarding the protection against chloropicrin and sarin (isopropyl
methylphosphonofluoridate) had to be determined.
In these breakthrough tests a number of these filters showed an immediate breakthrough, whereas in similar experiments with laboratory-made filters such an immediate breakthrough was not found. Apparently, the charcoal beds used in these
canisters had been damaged during manufacture and leaks were present. To detect
these leaks, pulses of ethane were injected into an air stream passing through the
filter. The double elution peaks associated with the presence of leaks were clearly
found, particularly at low linear air velocities.
It appeared also that the height of the first peak is a semi-quantitative measure for
the size of the leak. Table III gives the relation between the concentration of sarin that
penetrates the filter al zero time and the height of the first peak.

Table

III.

Relation between effiuent sarin concentration at immediate breakthrough and the height

of the first peak of the eluted ethane pulse.
Effiuent sarin concentration

(mg/m')
0.001
0.5
6
35

Height of the first peak

(mÐ
0*
46

46
118

* no double elution peak present

l0l

From these values we estimated that leaks in the order of 0.01/" can be detected
with the ethane pulse technique, provided low linear air velocities (in the order of
2 cm/sec) are used.

Conclusions

If

water is the only adsorbed substance on a charcoal frlter the water content of this
ûlter can be determined rapidly by injecting pulses of ethane in the air flow through
the charcoal bed. The shape of the eluted peak depends on the f,nal water content
only, irrespective of the way this water content has been reached. In combination with
data on the adsorption capacity for organic vapours and the water content of the
charcoal concerned a non-destructive method for the determination of residual
capacity is obtained.

velocities small leaks or channels leading to concentrations of
O.Olfrinthe efluent air can easily be detected. The height of the ûrst of the two peaks
observed is an indication for the size of the leak.

At low linear air
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analysis of

breakthrough curves of
benzene on active
charcoal
M. VAN ZEL]llIand J. MEDEMA

The concentration-time profiles (breakthrough curves) resulting from the dynamic
ødsorption of benzene on active charcoal are ønalyzed on the bases of models described
by Giddings and Rosen. Although the adsorption isotherm is not linear, the breakthrough curves may be described as if there were q lineør adsorption isotherm for each

It appeared that the breøkthrough curves are controlled by internal and
external dffision simultaneously. The effective internal dffision is J'ound to be higher
than the calculated pore diffusion by ø føctor equal to the equilibrium adsorption
constant for each concentration. This result as well as the apparently linear adsorption
isotherm indicqte that during ødsorption the pore-mouth is saturated first and that
molecules progress further into the pores with successive saturation of the surface,
either by surface diffusion or gasphase dffision.
The effective external diffusion is found to be dependent on the squqre root of velocity
and particle diameter, a relation which has often been found before.
concentration.

Introduction

For the removal of undesired constituents from air a process is frequently used in
which the contaminants are continuously adsorbed from a flow of air onto fixed

of active charcoal. The mass transfer from air to charcoal proceeds until the
quantity adsorbed reaches a value corresponding to the concentration of contaminants
in the feed stream. During the earlier stages of the process the quantity adsorbed is
low and the adsorption capacity is still high. As a result the effiuent of the adsorbent
bed remains practically free of the contaminants over a certain period. After this
period, in which the adsorption capacity is consumed, the concentration of solute in
the effuent rises until the influent concentration is reached and the adsorbent is
saturated with the contaminants. The change of efluent concentration with time is
known as the breakthrough curve. In practical use the adsorbent bed is used until
the efluent concentration reaches a given predetermined value (breakthrough concentration). The time elapsed from the start to this breakthrough point is called the
breakthrough-time.
beds

Breakthrough-time and breakthrough curve depend on a large number of parameters such as rate of air flow, nature and concentration of solute, dimensions of the
fixed bed and adsorption characteristics ofthe adsorbent. The relation between these
parameters and the breakthrough time is not known accurately. Therefore, in practice, breakthrough times and curves have to be determined for each set of conditions
in order to evaluate the lifetime of the adsorbent bed. This involves a large amount
of experimental work. To reduce the labour it would be advantageous to have a
correlation between the breakthrough curves and the fore-mentioned parameters. In
the ideal case this would allow prediction of the breakthrough curves under any set
of conditions for every adsorbate-adsorbent combination from independently measured parameters. However, in practice, the mass transfer in a fixed bed of charcoal
appears to be very complicated and it appears to be impossible to solve the differential
equations describing the mass transfer. In the past this problem has been solved by
making simplifying assumptions by means of which the differential equations became
managable. Rosen (l) followed this last procedure and found a general solution for

the breakthrough curve. However, in this solution the influence of the simplifying
assumptions cannot be established. A second means of approach is the rigorous
solution of the differential equation in Laplace transforms, but the inversion to the
original parameters is in general not possible. It is, however, possible to derive the
so-called statistical moments from the solution in Laplace coordinates. A series of
these moments present the solution of the original system. This statistical approach
was f,rst presented by Giddings Q) and extended by McQuarrie (3) and Kucera and
Grubner (4).

In this paper we will apply both solutions to the adsorption of benzene from air
onto charcoal and compare the results with experiments.
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Theoretical

A model for the dynømic adsorption
As a basis for theoretical considerations we have to select a model for the dynamic
adsorption containing all transport phenomena involved.
Before a molecule can adsorb it has to diffuse from the gasphase to the surface of
the solid (step 1). The charcoal particles are surrounded by flowing air. The linear
velocity used in the experiments corresponds with laminar flow. The flow velocity
at the outer surface of the particles will be zero and the charcoal particles can be
described as surrounded by a stagnant film of air. Adsorbing molecules have to
diffuse through this film in order to reach the outer surface (step 2). From this point
the molecules will diffuse radially into the pores (step 3). The pore walls are considered
to be covered with a stagnant film of air, introducing another diffusional resistance
(step 4). Finally, the molecules can adsorb on the inner surface of the charcoal particles
(step 5).
The fluid phase diffusional effects (step l) to which also longitudinal and eddy
diffusion contribute, may be described by an effective diffusion coefficient D, which
is a function of linear velocity and particle size.
The rate of transfer through the frlm around the particles may be described as a
frrst order rate process (step 2): a linear dependence of the rate on the difference
between actual and equilibrium concentrations. Ifthere should be a difference between
the concentration in the pores and in the intraparticle volume, this is indicated by the

ratio of these concentrations K".
The adsorbent particles (internal porosity e,) are considered as spheres through
which straight pores are running and in this case the distance over which radial
diffusion (step 3) takes place is$dn, dobeing the diameter of the adsorbent particle.
The diffusion coefficient in the pores is D", the value of which also allows for the irregularities of the pores.

The diffusion through the stagnant film on the pore walls (step 4) can again be
trst order rate process. The ratio ofthe concentration in the pore volume
and the concentration on the surface is now characteized by the equilibrium constant
described as a
Kn.

In some cases the adsorption Gtep 5) is hampered by an activation energy for
adsorption, introducing another resistance in the transfer process. The adsorption
of benzene on charcoal is assumed to be purely physical and no activation energy
for adsorption exists.
If in addition to this it is assumed that:

-

the adsorption process is isothermal
pressure drop over the column is negligible
diffusion coefficients and rate constants are independent of concentration

it is possible to
r06

set up a mathematical description of the model.

M at hemøti c al

de s crÌp

tion

The mass balance equation including longitudinal and eddy diffusion is:

pt-!: e"
*0t * r*0L
dz'
C,

:

f :
Q" :
D:
U:
Z

interparticle concentration
time
amotnt of solute transferred to the surface per unit time
effective gasphase diffusion ooefficient
linear velocity given by U: Wle"F with W:volume flolv,
porosity and F cross section of adsorbent bed

en

external

:lenuÍhcoordinate

The rate equation for the mass transfer through the stagnant film of air around the
particles is given by:

(z)

:

equilibrium constant relating the concentration in the pores and in

:
:

the free volume between the particles
concentration in the external volume
concentration in the pore opening

The mass balance for radial diffusion is, according to the known diffusion laws:

*-r.(*+u-l
0t
\dr-

r *\:a.
dr/

(3)

r :
'v :

length coordinate in direction of diffusion
shape faCtor given by tho ratio volume and surface area of the particles
Ci, t, D,, see previous descriptions
Q, : tate of adsorption

The rate equation at the pore walls is again described as a ûrst

Qn: -Hn(KnC¡-ò
Hn: r&le constant of adsorption
.K,,

:

q :

'order

rate process:
(4)

equilib¡ium constant relating the concentration in the pore and the
concentration adsorbed

qtantíty adsorbed
C¡,
see previous descriptions
Q,,
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A numerical solution of the partial differential equations has been given by Rosen (l)
for the case when longitudinal and eddy diffusion are negligible, KoÞ I and K": 1.
An analytical solution has been given by Rosen for columns of sufficient length:

(s)

x,(r-ùzrle,)
In fact this
ClCo:

equation shows that the breakthrough curve is symmetrical around

I

and that the shape of a breakthrough curve is Gaussian.
K in equation (5) represents the mass transfer coefficient given by

1 _d?

111
Kint"rn"l

K
E

:

Kint.rnul

Kexternal

60ED,

(6)

porosity function, e,/e.

The statistical moments derived from the solution in Laplace transforms are according to Grubner (5).

u,: (1.#)[r *errr."',]
,,

: (#.Y)['

(7)

* errr +r.r]' +

(+.#):.".lw.iuy.å]

(8)

The first statistical moment is in fact the geometrical mean of the breakthrough
curve and coincides with /1 in case of a symmetrical breakthrough curve. The second
statistical moment is a measure for the width of the curve, characlerized by the variance.
The third statistical moment is a measure for the asymmetry of the distribution. The
expression for the third and consecutive moments are much more complicated and
will not be discussed here. Moreover, a numerical and detailed description of the
breakthrough curve is needed for the application of these moments to the experiments.
The equations (7) and (8) may be simplified yet, when the following is taken into
account:

the final amount adsorbed in a dynamic experiment is
practically equal to that of a static experiment. The concentrations in internal and
external volumes are thus equal

- K" equals unity, because
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-

K" is supposed to be constant (linear isotherm)
the order of magnitude of K, for the system benzene on charcoal is 104 and e,/e"
is about l, so that terms like

[r * 9n+K)l
e.' -l

L
-

may be replaced

by (å")"

the gasphase diffusion coefficient is small and linear velocities are relatively large
so that terms like

aDn-lL| bDn mav be feDlaced
--r^*--IJP ' ¡¡o*''
-

bv
JJ

aD"-rL
UP

- the higher orders of the diffusion coefficients may be neglected.
In view of these approximations the expression for the first statistical moment
becomes:

u,: +l*.

(e)

and for the second:
(10)

We can further distinguish two possibilities; the model operates in the diffusion
region or in the kinetic region. In the first case diffusion in internal and external
volume is rate controlling and the first order passage through the films is rapid.
Then 11" arrd Hn arelarge in comparison with d2el6\D,, and consequently the two
kinetic terms may be neglected. In the kinetic region the diffusional terms 2DL|U3
ana d2ol60o, may be neglected towards ElH" and llH,.
In the system benzene-charcoal the adsorption equilibrium is rapidly established.
Therefore the diffusional region H",n-@, D,:D,, D:D, probably controls the
mass transfer.

The second statistical moment can be related to the Height of
according to:

Yru:\.r

a

Transfer Unit (HTU)

(11)

ltt

Substitution of equation (9) and the simplited equation (10) in (11) for H"and Hn
both infnite results in the following expression for the HTU:

2D zdlu
Hru:i*6æ

02)
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Comparison of the simplifled first statistical moment (eq. 9) with the expression of
Rosen (eq. 5) shows that in both cases

L
ta: ¡'cPK,

(ea)

In fact there is a small deviation between the two equations caused by the porosity
term. Rosen ignored the volume of the solid phase and therefore found a slightly
different porosity function.
The equation of Rosen, in fact a Gaussian, leads to the following expression of
the HTU, derived from the denominator in the erf function:

HTU:

_z
o"

-

(t+)'-2ut"
K

(1 3)

Following Rosen's distinction in external and internal diffusional resistance:

di
'rr I :ln4il
' 2ut' wrtn
HTU: Tt"
+
r(*
K,", Kj'
gives

Hru:'t-'#**

(14)

In this case there is a small difference between the porosity functions between Rosen
and the statistical moment as well. Comparison of eq. (14) and (12) shows that the
internal diffusional contribution is identical in the two equations. For the contribution of the external diffusion in both cases effective coefficients are given. In the
stochastic approach there is no rigorous treatment of the effective diffusion coefficient
in the case of continuous dynamic adsorption (Frontal elution). There are some
fundamental approximations for the case of zone elution but these are not applicable
here.

The effective external mass transfer coefficient as given in equation (14) has been
discussed by several authors (6, 7). From the relations given it can be derived that the
HTIJ"*, depends on particle size and linear velocity according to:

HTU""I

:

const.

U+d+o

(1

s)

Experimenta

The apparatus used for the adsorption of benzene onto active charcoal is shown
schematically in Fig. 1. A measured flow of air is dried by silicagel, thermostated at
25 "C. Because the surface area of the benzene liquid remains practically constant

ll0

and because of the constant temperature this provides a flow of air with a constant
benzene concentration. The desired concentration is obtained by mixing the flow of
benzene loaded air with a measured flow of clean dried air. The mixed flow is passed.
through a fixed bed of charcoal thermostated in a waterbath at 25'C. Finally, the
benzene concentration in the column effuent is determined with the aid of a calibrated
thermal conductivity cell. Before the start of each experiment the flow and concentration are adjusted to the values desired. During the adjustment the flow is passed
clirectly to the exit via a bypass.
The.mostoted enclosurê
I

l
Fig. 1. Diagram of experimental set-up for the recording of breakthrough curves of benzene on
charcoal; 1. oil filter; 2. drying towers; 3. benzene saturator; 4. charcoal bed; 5. thermal
conductivity cells; 6. recorder, Mmixing vessel, lR rotameter.

The charcoal used throughout the experiments was "Norit Riek Standaard"
obtained from N.V. Norit Amsterdam, The Netherlands. The Norit charchoal is an
extruded charcoal with a diameter of

I

mm of the cylindrical particles. Other particle

sizes were obtained by crushing the charcoal and sieving. Great care was taken to
obtain a good packing of the charcoal by vibrating the beds with a cylindrical weight

on top. In most experiments the charcoal was dried'before use. In some cases, in
particular the experiments with different particle sizes, the charcoal was not dried
and might contain some 2 or 3/, (wlw) of water.
The diameter of the charcoal bed was maintained at 30 mm but bedheights were
varied from 15 to 150 mm. Several concentrations of benzene, in the range of 2-45
mg/l were used but the majority of tests were carried out at 4, 17 or 33 mg/I. Air
flows ranged from 200-2000 l/h, but most experiments were carried out at 600 l/h.
Application of theory to experiments

From experiments in which only the bedheight was varied the geometric mean of the
breakthrough curve (/-) was plotted as a function of bedheight in order to test the
validity of eq. (9). According to both the statistical and Rosenls model the relationship should be a straight line (Fig. 2).
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bedheight lm)

The influence of the linear velocity is demonstrated in Fig. 3. A straþht line is
found for each concentration used. As the other parameters were identical this means
(see eq. (9)) that the differences in slope for the different concentrations must be
sought in different values of K".

6000

t5

lsec)

¿000

Fis" 3.
ttu as a function of
reciprocal linear velocity

2000

QIU); Co:{¡¡g¡1 aîd
17

/.6810
l/U

t¡

mg/l, bedheisht:0.03 m;

d,p:7.25 rnm.

reciprocdl lineqr vêloc¡ly lseclm)

-o-tr-o(sec)

Fig.4.

tn as a function of
particle size (dr) before
(dotted line) and after
correction for porosity
differences (full line).

Co:4.0 mg/l;
bedheight 0.03 m;

U:0.35

1.0

1.5

pcrticte size

tt2

lm.103l

m/sec.

The geometric mean of the breakthrough curve is nearly independent of particle

in Fig. a). If a correction is made for differences in external porosity
value is independent of particle size (full line in Fig. 4), as could be expected
from eq. (9). Moreover, it shows that the porosity plays a part in the transport
process as predicted by eq. (9).
size (dotted line

the

I,

The total quantity adsorbed at saturation at a given concentration represents a
point of the adsorption isotherm. In Fig. 5 the full line is the benzene adsorption
isotherm determined statically in the usual way. The dotted line represents the isotherm resulting from the dynamic adsorption experiments. If the adsorption proceeds
through equilibrium situations between concentration and quantity adsorbed, following the adsorption isotherm, K, could not be constant. From the fact that eq. (9)
fits the measurements very well it must be concluded that Kn is a constant for each
concentration. From the numerical value of K, in each experiment it appears that
these values are identical to those obtained if for each concentration separately the
isotherm is considered to be linear (see Fig. 5).
Fig. 5.
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Adsorption isotherm of
benzene on charcoal,

full

d ^'

line according to static
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procedure, dotted line
according to dynamic
experiments. The value of
K, is derived as if for each
concentration separately tl e
isotherm is considered to be
linear.

/z'

€i0.3

3e

,(c'

!-

,.(t'

¡5
/-t

\-n
0

02

003

conceñtrdtioñ

0 0/.

gosphose

C/Ce

For each experiment the value of the HTU was obtained according to

HTU :'co'2{ro'os.
J .5'E o.s

ro.ss

:

:
ro.s :
L :
îo.os

(16)

"

time in seconds for which the concentration in the efluent is 95/"
from the influent concentration
ibid- for 5%
ibid- for 50\
bed height

The factor 3.3 arises from the assumption of a Gaussian distribution.
Various plots of HTIJ versus U or d] (eq. (12)) revealed that in the case of benzene
adsorption on charcoal internal diffusional resistance alone cannot be the predominant effect but that the external diffusion also plays a part. A final expression
for the HTU is obtained by substituting eq. (15) into (14).

HTU: aJaou+øa'"u

(a and ó constants)

(17)
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The first term represeûts the contribution of external diffusion, the second term
describes the diffusion into the pores.
In Fig. 6 a plot of HTU/U versus TIJU and in Fig.7 a plot of HTrJlJdo versus
doJdn arc given The veloeity dependence is as predicted by eq. (17)- However,
cðnsentration influences to some extent the slope of HTU I U wrsus 7 f J U,indicating
that the constant á is dependent on concentration. The results in Fig. 7 show a much
larger variance, this is due to the pretreatment of the charcoal which was not dried

in these experiments.

Fig. 6.
17

ngA

Correlation between Height
equivalent to a transfer unit
and velocity. (I4 U vs . I | 1/ U)
at conc€ntrations of 33 mgil
(O), 17 mgil (E), and 4 mgil
(x). dp:1.25 mm. Because
of the relative large standard
deviation the plot at a con-

of

33 mg/l is
represented by a dotted line.
centration
1¡çp ¡^-1/2r".1/2¡

Fie.7.
Correlation between Height
equivalent to a transfer unit
and particle size (Hl 1/do vs.

dþ\/dp), at co:4 ¡*¡1,

0

020

bedheight C.O3 m. U:0.35
m/sec. Relative large deviations are present due to small
variations in the water content of the charcoal.
0.030
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Discussion

The complete expression for
simplifying assumption

Ç

n4

:

is

f,

following ftom tne statistical model without any

:

e.'#)[r

* e'' r"tr *

(r7)

'<J]

From Fig. 2 and3 it follows that indeed the term 2DlU2 may be neglected as was
done in the derivation of eq. (9). Both tn as a function of ll(f and t^ as a function of
I pass through the origin which implies that the external diffusion (longitudinal and
eddy drffusion) have little, if any, influence on the value of t*. After correction for
the porosity l. is independent of dowhictr again proves the validity of eq. (9). That
Rosen's expression for /. is identical to eq. (9) is explained by the fact that longitudinal
and eddy diffusion apparently have no influence on t^ and neglecting these in Rosen's
model was justified at least as regards the conditions of our experiments. In Rosen's
model the adsorption was assumed to proceed through equilibrium situations according to a linear isotherm. In the stochastic approach the adsorption is represented by
eq. (4) which in fact gives the rate of desorption. If equilibrium is assumed, the rate
of adsorption equals the rate of desorption and in the transformation to Laplace
coordinates and the derivation of the first statistical moment K,, is assumed to be
independent of concentration. So in a slightly different way adsorption in both
models proceeds through equilibrium according to a linear isotherm. Obviously the
isotherm is not linear (Fig. 5) but the results presented in Fig. 3 and 5 show that -Ç
may be considered to be constant for each concentration and that K, may be derived
drrectly from the adsorption isotherm. This remarkable result might be explained by
the assumption that the adsorption does not follow the isotherm but through a first
order rate process independent of the shape of the isotherm. The total quantity
adsorbed at the end is of course, in this case too, related to the gasphase concentration
by K,. In order to elucidate this first order rate process we have to look more closely
at the adsorption phenomena in the system benzene-charcoal. The charcoal has an
average pore radius of l0 Ä and the shape of the isotherm is such that already at
low concentrations a monolayer or more benzene is adsorbed on the charcoal. As a
result the pore openings become 30-40% smaller upon adsorption of benzene.
Adsorption onto the very large surface inside the pores can now proceecl in three
different ways:

-

by diffusion from the interparticle volume through the reduced pore openings into
the pores
by desorption of the molecules adsorbed in the pore mouth and diffusion of these

-

desorbed molecules into the pores
by diffusion of the molecules adsorbed in the pore mouth along the surface.

Equation (4) describes the adsorption according to the frrst case, but in this as well
as in the second case the molecules have to diffuse through the gasphase into the
pores, colliding with the pore walls and resting for a certain time at these walls. De
Boer (8) already pointed out that tlr-is type of diffusion is very slow especially in the
case of small pores and that the diffusion along the surface is predominant. When
this also holds in our case the driving force for adsorption is no longer the difference
in actual quantity adsorbed (4) and equilibrium quantity adsorbed (K"C,) as given in
eq. (4), but the difference in covered and non-covered surface area.
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Equation (4) then changes into:

Q,: Hi(ú-É)
Qo:

Hi:
0¿ :

(18)

rate of adsorPtion
rate constant
fraction of surface covered

:

Sl

K"Co

Equation (18) can be rearranged into:

a,: #(K,co-e)
4 :
Kn :
Co :

(1e)

acfinl quantitY adsorbed
adsorption equilibrium constant
colc€ntration in fluid phase at saturation

an equation which is nearly identical to eq. (4). In this equation, holvever, K" is a
real constant and the shape of the isotherm no longer influence the rate of adsorption.
In Tabel I the values of t* calculated with eq. (9) for a number of experiments not
used in the Fig. 2-4 are compared with the experimentally determined values. The
value for K, is derived directly from the adsorption isotherm of benzene on charcoal
following the procedure indicated in Fig. 5.

No.
exp.

L
(m)

t4/
lll¡'

Co
mc/1

/calcul.
t- (sec)

40
s9
61
76
89
108
r 11
ttz
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0.030
0.015
0.015
0.060
0.060
0.030
0.060
0.015
0.030

300
2000
2000
ó00
1000
1000
600
600
600

42.7
3.85
2.85
5.15
4.0s
4.22
4.05
4.0s
4.05

1070
640
830
6800
4800
23s0
6800
1700
3400

Table

I.

Comparison of calculated and experimental values of

expt.
r- (sec)

1070
640
800
6700
4700
2430
6740
1720
3420

%

deviation
0.0
0.0

-3.8
-1.7
-2.1

-3.7
-0.9
+1.2
+0.6

The constants ø and b in the equation:

H:

aJudp+bd?-u

(17)

can both be derived from Fig. 6 and l. The constant ø following from the plot of
Hf U versus llltl at a concentration of 4 mgll gives a value of a:6'9'10-3 sec*.
From the results presented in Fig. 7, also at a concentration of 4 mgll, a value of
5.9.10-3 secå is found. So there is a satisfactory agreement between the two figures
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with respect to the constant a. However, from Fig. 6 it appeared that the constant a
is also to some extent dependent on concentration. This is caused by the fact that the
constant ¿ is also dependent on viscosity which changes when the concentration of
benzene in the fluid phase is increased. Anyhow, the contribution of the external
diffusion to the broadening of the concentration time profile is as predicted by the
adsorption model and is not dependent on the state of the charcoal (dry or relatively
wet). This last conclusion is derived from the fact that a dried charcoal (Hf U uersus
llJ U) or a relatively wet charcoal(Hll douersus doJ do) leads to the same approxima-

tion of the constant ø.
The contribution of the internal diffusion lerm

b(Jd2o

to the broadeníng of the

breakthrough curve is apparently dependent on concentration as follows from Fig. 6
and entirely different for a dry and a reiatively wet charcoal as follows from the
comparison of the constantbinFig. 6 and 7 atthesame concentration (resp. 2'7'10-3
sec/cm2 and 2'8'10-2sec/cm2). The constant b may be written as (2160iø)'(llD,)
(eq. (12)). The porosity function E is approximately l. lî D, is estimated from the

D,:!ru, in which I is the average pore radius and D the velocity of the
molecules then ó can be calculated. The average pore radius (10 Å) was calculated
with the aid of the relation r :2VlS in which Z is the pore volume and Sthe specific
surface area. Substitution of these values in eq. (12) gives a constant b equal to 17,
in comparison with the experimentally determined value in the case of dried charcoal
a factor lOa too high. However, as was pointed out before, the diffusion rate in very
small pores is strongly hampered by the colliding of the molecules against the pore
walls and the restingtime atthese points of collision. Bothwhen this effectpredominates
the diffusion and in the case of surface migration, the diffusional constant D, is
related to K,. rilithout going into details about the exact relation between D, and K,
in these two cases, we can describe D,.r. as D,"r, : K,D,. This outcome is in agreement
with the statement made by Grubner (5) "that it is normally assumed that D,",,:
D,(l+K,)" which reduces in our case to D.t:D,Kn. However, in our adsorption
model this is not an assumption but it follows directly from the way in which the
adsorption inside the pores take place. On the basis of the above derivation it is now
possible to compare the theoretical values of ó with the experimental ones for three
concentrations. This comparison is made in Table II.
relation

Table

IL

The values cf the constant ó from theory and experiment
ó calculated

concentration

ó (Fie. 6)

mc/l

sec/cmz

Kn

2 d,2et1
,
o:
aoqn,r|E

JJ

1.6.

t7

0.9. 10-,

9.6. 103
2.9.702

l 6. 10-'
0.9.10-,

4

o.27-lo-2

1.6 . 103

0.26.10-2

10-'

In this comparison E was taken unity, D, was derived from D,:?ru,

Ko was taken

tt7

from the adsorption isotherm in Fig. 5. The faclor dof d0.,, arises from the fact that
we are dealing with cylindrical particles for which the effective particle diameter

:

1.5 as given by Hougen and Watson (9). The comparison between theory
and experiment as shown in Table II seems better than it is because the experimen-

d0",,

do'

J

tally determined value of b from Fig. 6 shows a relative large standard deviation
especially for the high concentration of 33 mg/l. The theoretical derivation of the
constant á immediately shows why in the oase of relatively wet charcoal b is so much
tugher. In this case the water molecules have to be driven out by the benzene molecules which causes a strongly reduced diffusion and therefore a much higher value of å.

Concluding remarks

In the case of dynamic adsorption of benzene on charcoal it appeared that the breakthrough curves can be described by a model given by Rosen (1) as well as by the
stochastic approach from Giddings (2). By introducing a change into the proposed
adsorption mechanism it was possible to explain the apparently linear isotherm.
From this point it was possible to calculate the effect of internal diffusion on the
shape of the breakthrough curve, and it appeared that this calculation bears out the
experimentally determined values. The contribution of the external diffusion to the
broadening of the breakthrougtr curve could be described by an empirical relation as
given in the literature.
The stochastic approach also offers the possibility to describe the asymmetry or
skewness of the distribution curve (third moment), whereas the fourth moment indicates whether the breakthrough curve is higher or lower than the Gaussian distribution.
It would be very interesting to apply these moments to the experiments but one must
note that 0.51 deviation in ¿r, appears as 5/" deviation in ¡t2 and as 251 in pt.
Although the error in ¡t, can be reduced it would be necessary to conduct the experiments with even greater accuracy than can be realized at this moment.
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List of symbols

.

'
.

.
'

ct
b
C
C"
Cí
Co
de
dou,
D
D,
D,"r,
F
HTU
H",
K",n
K,

'
'

Kin¡,

constant
constant

K"*¡

L
q
Q",n
r
r
S
/
tm
U
þ
V
W
Z
ee
Ltrt, LIz,

concentration
concentration in interparticle space
concentration in intraparticle space
concentration of solute in influent
particle size
effective particle diameter
effective fluid phase diffusion coefficient
pore diffusion coeff.cient
effective pore diffusion coefficient
cross section of column
Height of a Transfer Unit : (p"lpï'f
rate constants
adsorption equilibrium constants
mass transfer coefficients
length of column
quantity adsorbed
flow of mass
length coordinate ofpore
avetage pore radius
specific surface area

time
geometric mean of breaktbrough curve

linear velocity
Yelocity of the molecules
pore volume
volume flow
length coordinate of column
interparticle porosity

...

v
ø
E
0

ro.ss,ro.s,

statistical moments of the lst, 2nd,
shape factor
standard deviation
porosity function

... order

surface coverage

to.o, time at concentration ratio ClCa:0.95, 0.5 and

0.05
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design of a simple
gas-mask
M. VAN ZELM

.
'

The design of a simple gøs-mask is described. Special attention is paid to the development
of ø non-misting eyepiece material. Other features are a low resistance to breathing, an
outlet valve with low leakage and low pressure drop, ønd a simplifiedfilter design using

a special type of chørcoal filter.

Introduction
The design of a gas-mask is usually a balance between the required degree of protection
on the one hand and the comfort ofwear on the other hand. The protection provided
by the mask is determined largely by the sealing of the facepiece to the face, the
leakage through the outlet valve, and the efficiency and the size of the filter element.
Problems associated with the comfort of wear are the provision of a large ûeld of
vision, not diminished by misting of the eyepiece, a good speech transmission, and a

low resistance to breathing.
For most of these problems existing technical knowledge can provide a satisfactory
solution. Using various sealing edges of the facepiece and a suitable attachment of the
headharness that keeps the mask in place, a satisfactory sealing can be obtained.
Existing outlet valves have low leakage values and the availability of very efficient
aerosol filters and adsorbents have made the construction of excellent frlters possible.
In modern military and industrial gas-masks the problem of speech transmission is
solved by the inclusion of a special speech diaphragm. T'he problem of misting of the
eyepiece is solved either by using special anti-misting materials to be put on the inside
of the mask in front of the eyepieces or by using the so-called Tissot principle and/or
an inner mask. In the case of the Tissot principle the inhaled air, being relatively dry
after passage through the fllter, is passed over the surface of the eyepiece to remoYe
condensed water. The inner mask or nose cup prevents the moist exhaled air to reach
the eyepiece by passing it directly to the outside of the mask via the outlet valve.
IJsing plastic materials for the eyepiece large fields of vision can be obtained. Incorporating all these provisions in a gas-mask, however, increases its complexity and
consequently its costs!
Some time ago we decided

to investigate the feasibility of a simple means of respiratory protection which can be used in time of war or during a calamity by the
general public. In this case the acceptability of the means of protection by the wearer
is at least as important as the required degree ofprotection. The provisional specifrcations set up in the frrst stage of the development reflected this opinion by requiring a
very low resistance to breathing and a large field of vision not impaired by the
phenomenon of misting. Our subsequent development work led to a simple type of
gas-mask which has some features we consider worth while.
General ilescriptÍon *

The gas-mask (Fig. 1) consists of a rubber facepiece, two frlters (one on each side of
the facepiece), and an outlet valve. Outlet valve housing and canisters are made of
hard PVC. The filters are connected to a tube that has an oval slit, positioned in such
a way thatthe purified air, being relatively dry, passes over the surface of the eyepiece
and assists in keeping it free from fogging (Fig. 2). The fllter is of a simple design and

¡ The description

refers

to a laboratory model.

t23

contains two elements, a glass fibre filter and a charcoal filter to remove toxic substances in aerosol or vapour form, respectively.

Fig. 1.
Laboratory model of the mask.

Fig.

3.

Fie.2.
View of the interior of the mask.

Shape of the facepiece.

Facepiece

The facepiece can be made from a flat sheet

of rubber. For design purposes the

facepiece is considered to be composed of two cones as indicated in Fig. 3.

Our computerised calculation method uses five parameters. The most important of
in the usual way. If sufficient

these are face length and face width which are defined

r24

anthropometric data should be available it is possible to calculate the dimensions of
the facepiece that would fit the maximum number of people. The result of the calculations will be a draft as given in Fig. 4, which is based on the facial dimensions of a few
people working in our laboratorY.

Fie.4.

Draft of a facepiece as
resulting from a comPuter
calculation. The conical
shape is obtained by joining
the two lines CD.

r

\t/
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Eyepiece

Special attention has been paid to the development of an eyepiece that offers a large
field of vision and does not mist because of condensing water vapour. Earlier in this
paper rwe listed a number of methods that can be used to prevent fogging of the
eyepiece. A nose cup was rejected because this would increase the complexity of the
mask considerably. A simple form of the Tissot principle is the oval slit in the tube

connecting the two fllters (Fig. 2), but this renders the mask rigid and is rather
complicated to construct. As we developed a special type of non-misting material to
be used for the eyepiece, this connecting tube will not be incorporated in an eventual
industrial prototype of this mask.
A simple way to prevent fogging is the use of detergents. When applied carefully
before donning of the mask the detergent will make the condensed water spread in a
smooth frlm and vision will be slightly impaired only. The detergent dissolves in the
condensed water and is removed from the surface with the water running down the

After some time the water vapour will condense in small drops again,
particularly on the plastic eyepiece material, and vision will again be seriously
impaired. If new detergent could be added to the surface continuously, to compensate
for the loss, a long-lasting anti-fogging effect would be obtained.
eyepiece.
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'We

developed a transparant material into which a certain amount of detergent is
incorporated. This detergent diffuses slowly to the surface and a sufficientiy high con-

centration of the surface active agent is maintained to prevent fogging over long
periods. Three plastic base materials and eight different types of detergents were
investigated. Because of technical difficulties in the manufacture of the sheets or
because of insufficient anti-fogging properties most of the combinations had to be
rejected. Finally, two combinations, code numbers B4 and 87, showed excellent
properties. Both contain 80/o Tenite 036 M (cellulose triacetate, Eastman Kodak
Cy., Rochester, U.S.A.) and 15\ dimethyl phthalate as a plasticiser. In addition 84
contains 5/. Tergitol NPX (detergent, Union Carbide Corp., New York, U.S.A.)
and 87 contains S/,Triton X-100 (detergent, Röhm and Haas, Philadelphia U.S.A.).
The anti-fogging properties were investigated by inserting a disc of the material into
o
the wall of a rectangular box and passing air saturated with water vapour at 37 C over
the inner surface of the disc. The outer side is in contact with the atmosphere (about
20"C and 50/, relative humidity). Eight hours' tests were run in the daytime with
regular visual inspection of transparency.
In these tests clear vision lasted for 15 hours with B4 and 36 hours with 87 material.
After storage at 50'C for 170 hours the B7 material gaye a clear vision for 25 hours
and showed the least shrinkage. This material was therefore selected. It is remarked
that the more often the material is dried after a certain period of use the longer it takes
for the complete formation of a water ûlm (up to l0 minutes). During this period vision
is slightly impaired. This is not a great disadvantage because the mask is destined for
people who only have to find their way; complicated visual tasks will not be carried
out.

Outlet yalve
The requirement that resistance to breathing should be low implies that the outlet
valve has a low resistance too. An investigation of existing outlet valves revealed that
either the resistance to breattring is too high or the so-called dynamic leakage is unacceptably large for our purposes. T'he dynamic leakage, the leak when the valve is
functioning, depends on a number of factors, such as the smoothness of the sealing
surfaces, the shape and the elasticity of the rubber part and the volume of the valve
cover. Dynamic leakage is measured when the valve is operated by a breathing
machine simulating human breathing with a given breathing volume and frequency.
By placing the valve in an atmosphere containing a few percent of a tracer gas the
leakage is easily determined.
Instead of designing a new valve we chose for modification of the outlet valve of the
Netherlands military K-respirator. This valve has a resistance which is about 2.5 times
too high but the dynamic leakage is far below the maximum allowable value for our
mask. T'he resistance can be decreased by decreasing the valve tension and this is
possible in two ways:
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a change in the shape of the mushroom type rubber flap
choosing a rubber composition with a lower elasticity modulus

Fig. 5 shows a modifled rubber flap after removal of a little rubber material by
abrasion. The favourable effect of the removal of a little rubber material on the place
indicated in Fig. 5 on the resistance of the valve is illustrated in Table I and Fig. 6.
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Resistance in mm w.g. and dynamic leakage in ml leaked air per respiration of the Netherlands military outlet valve before ancl after removal of a little rubber material by abrasion.
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Fig. 6.
Effect of removal of rubber material
from the outlet valve of the Netherlands
military respirator as indicated in Fig. 5.
Upper curves: before removal. Lower
curves: after removal.

Fig.5.
The mushroom type rubber
flap of the Netherlands
military outlet valve after
removal of a little rubber

Table

¿000

85

l/min
(mmw.g.)

dynamic leakage
(ml/resp.)

21.8
22.3
19.6

4.8
10.6
5.0

x 10-4
x l0-4
x l0-4

85 l/min
(mmw.g.)

dynamic leakage
(ml/resp.)

7.0

3.7
4.9
6.2

8.9
6.8

x 10-3
x l0-B
x 10-B

The breathing resistance of the modifled valve is very much reduced and is well
below the value which we considered desirable for our mask. The dynamic leakage,
although increased by a factor often because of the reduced valve tension, is still well
below the maximum allowable leakage. A modiûcation as described above would
necessitate the manufacture of new rubber moulds. The use of a different rubber mix
can yield an outlet valve with equally low resistance and dynamic leakage. A number
of twenty outlet valves manufactured with the moulds of the military outlet valve
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from different rubber mix showed satisfactory low resistances and low dynamic
leakages, also after accelerated aging tests. Fig. 7 shows the resistance curves of one of
these valves before and after accelerated aging.
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Filters

The filters contain an aerosol filter and a charcoal fi.lter for the ¡emoval of toxic
substances in aerosol and vapour form, respectively. The required degree ofprotection
in connection with the desirable low resistance to breathing necessitates a large filter
area. This area can be attained by using two filters, one at each side ofthe facepiece.
To reduce the drag on the facepiece the filters should have minimum height and the
pleated glass fibre tlter to be used for aerosol filtration should have a pleat height of
about l0 mm. Commercially available glass fibre fllters usually have a pleat height of
18 or 20 mm. A French ûrm (Sofiltra S.A. Paris, France) succeeded in manufacturing
a 12 mm high glass fibre ûlter that proved to be satisfactory in tests with a homodisperse liquid dioctyl phthalate aerosol and a heterodisperse solid sodium chloride
aerosol.
The charcoal used is a peat-based, steam-activated, extruded charcoal of Norit with
a diameter of the cylindrical particles of 0.8 mm. A charcoal bed with a diameter of
80 mm and a height of 10 mm was found to provide sufficient adsorption capacity.
To simplify the construction of the filter canisters the charcoal was used in the form
of a "charcoal briquet", a solid mass of charcoal particles and polymer particles,
manufactured in such a way that the charcoal retains its original activity (Norithene,
Norit Verkoop Maatschappij, The Netherlands).
The use of Norithene briquets has the advantage that the charcoal fllter can be
fixed into the filter canister in the same simple way as the glass tbre filter by a lute and
there is no need for supporting wire gauzes to keep the charcoal in place. In the
laboratory Silcoset lute (ICI) proved to be satisfactory but other types of lute can be
used that do not poison the charcoal at the periphery of the relatively thin layer.
Fig. 8 shows various components of a laboratory-made fllter. Fig. 9 shows a typical
breakthrough curve obtained with chloropicrin (CCl.NOr) as a test agent.
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Fig.

8.

Components of the filter. From right to left: aerosol filter, charcoal filter and lower cover.
o
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Fig.9.
Example of a breakthrough
cu¡ve for chloropicrin.
Conditions of test: flow
rate 15 l/min, concentration
chloropicrin 1 mg/rnl,
temperature 20"C and
relative humidity 50f.
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The plastic components of the filter of Fig. 8 are heat-sealed together but it may be
more convenient to fix the charcoal fllter and aerosol filter into an aluminium canister
as shown in Fig. 10.

Fig.

10.

Aerosol filter and charcoal
filter luted into an
aluminium canister.

08s

canisters of this type have been manufactured for testing. The
resistance to air flow of the ûlter amounted to 14.5 mm w.g. at 30 l/min with a standard
deviation of 0.8 mm w.g. The penetration of 0.3 micron diameter liquid dioctyl
phthalate aerosol at a flow rate of 44limin was about 0.003/" on the average with a
highest value of 0.02/" found in a single case. Under conditions of test similar to those
of Fig. 9 breakthrough times for chloropicrin (breakthrough criterion I pg/l) were

A limited number of

found to be about 30 minutes.
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Concluding remarks

A simple type of gas-mask has been designed. Features of the mask are a non-misting
eyepiece, a low resistance to breathing and a simple filter design. The anti-fogging
property of the eyepiece material is based upon compensation of the loss of detergent
on the surface by diffusion from the interior of the material. The low resistance to
breathing is obtained mainly by increasing the frlter area using two frlters, one on each
side of the facepiece. Using a more elastic rubber compound in an existing military
outlet valve the corresponding low exhalation resistance has been obtained. The
dynamic leakage of this valve is well below the maximum allowable value. A simple

of the fllter is possible using so-called charcoal briquets, a solid mass of
charcoal particles and polymer particles. Charcoal filter and glass frbre aerosol
design

filter are luted in one operation into the canister.
The mask is a laboratory model that may serve
into an industrial prototype.
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as a basis

for further development

emergency rvater supply
A. VAN VLIET

A

procedure for obtaining drinking water from surface water contaminated with
chemical warfare agents hss be.en developed. The procedure consists of chlorinøtion
with chlorínated lime, dechlorination with activated carbon (Norit SA-1), coagulation
with ferric chloride and the coagulant øid Wisprofloc P, filtratíon, and post-chlarination

with cqlciumhyp achlorite granules.
The procedure ís reliable, independent of the type of surføce wøter and the nature of
the contqminønt, and can be carried out in the Paterson installation, the mobile water
purificøtian unit of the Royal Netherlands Army.
The pracedure o.ffers a passibility for the development of ø simple individual purifi.cation procedure for surface wøter to be cqrried out in a canteen.

fnftoiluction

In time of war or after calamities the civil water supply may fall away. The Royal
Netherlands Army has at her disposal a mobile water purification unit, the so-called
Paterson installation, to produce drinking water by purification of ordinary surface
water.* The installation operates on the principles of coagulation, sedimentation,
filtration, and post-chlorination. However, when the surface water is contaminated
with persistent chemical warfare (CW) agents (mustard gas, nerve agents) or by
insecticides, the above-mentioned procedure fails, because it does not remove or
destroy these toxic compounds.
Therefore, a series of experiments has been set up to develop an improved water
purification procedure, being independent of the type of water or type of contaminant,
which can be applied in the Paterson installation.

Experimental
Chlorination

For the purification of water contaminated with dissolved toxic agents the first step
must be the decomposition and/or the adsorption of these harmful compounds.
Previous investigations (1, 2) have shown that the most suitable way of destroying
persistent CW-agents is decomposition by means of active chlorine. For the purifrcation of distilled water contaminated with CW-agents (concentration about 10 mg/l)
100 mg/l of active chlorine has to be applied. This concentration is obtained by the
addition of 300 mg/l of chlorinated lime (3Ol @lw) available chlorine) or of 150 mg/l
of calciumhypochlorite (65-7 0% (w I w) avallable chlorine).
Field trials at several places in the Netherlands have shown that the surface water
itself may have a considerable active chlorine consumption (in some cases more than
100 mg/l).

Consequently, the active chlorine concentration for the decomposition of CV/in surface water has to be increased with a quantity necessary to compensate
for the consumption by the surface water itself. To keep the procedure simple and
because determination of the active chlorine consumption under field conditions is
very difficult, the active chlorine concentration was fixed at 100 mg/l for ordinary
surface water and at 200 mg/l for surface water contaminated with CW-agents.
agents

Dechlorination

After chlorination the

excess of active chlorine is removed by adsorption on activated

carbon. Initially, a higtrly purified powdered activated carbon, Norit SX-1, was used
in a concentration of 600 or 1500 mg/l (depending on the initial active chlorine con-

* The Paterson installation

has been used in Florenoe

(Italy) after the disastrous flood that devastated

this city in 1966.
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centration). However, adsorption studies of a chlorine resistant compound (lindane)
to several types of powdered activated carbon have shown Norit SA-l to be a better
adsorbent for lindane from water than Norit SX- I . Laboratory experiments, in which
the purification of surface water contaminated with CW-agents was checked, have
shown that chlorination with 200 mgll of active chlorine and dechlorination with
1000 mg/l of Norit SA-1 is reliable to obtain drinking water which meets the requirements (for non-contaminated surface water dechlorination is carried out with 400
mg/l of Norit SA-1). A rather high concentration of activated carbon is necessary,
in order to adsorb not only the excess ofchlorine, but also undecomposed agents and
decomposition products.
Coagulation

After cblorination (45 minutes) and dechlorination (15 minutes)

a

ûltration procedure

has to be carried out. To prevent a rapid clogging ofthe filter by the very fine particles
of the activated carbon, tltration must be preceded by a coagulation process.

Fig.

1.

The Paterson
installation.

The coagulation can be carried out by the addition of limestone and ferric chloride.
Because the coagulation process is strongly dependent on the nature of the water, it
is difficult to determine the required minimum amounts of limestone and ferric
chloride under field conditions. To be on the safe side these concentrations are ûxed
at 500 mg/l and 350 mg/l, respectively. However, this coagulation procedure has two
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distinct disadvantages: First, when mixing is too vigorous the flocs already formed
are destroyed, resulting in a longer sedimentation time and a more rapid clogging
of the filter; and, secondly, the addition of a large amount of ferric chloride increases
the chloride ion concentration which is detrimental to the taste of the purified water.
Therefore, an investigation has been set up in order to improve the coagulation
procedure by the application of coagulant aids. A number of coagulant aids were
compared in the laboratory and some of them were tested in fleld trials with a modified
Paterson installation, which includes canvas tanks (capacity about I I m3), pumps,
a mixing unit, and a ûlter unit (Fig. l).

a. Laboralory Tests
In the laboratory, the purification procedure was simulated in a 5-liter beaker using
4 liters of tap water. Chlorinated lime and activated carbon (Norit SX-l) were used
in concentrations of 300 and 600 mg/1, respectively. Mixing was carried out in the
same way as in the Paterson equipment, viz. by blowing air to the bottom of the
beaker through a system of pipes.
When using a coagulant aid, after chlorination and dechlorination, ferric chloride
(20 mgil) was added. After two minutes of mixing (with a force comparable to 15 m3
of air per hour in the Paterson installation) a ll (wlw) solution of the coagulant aid
in water was added, followed by another l3 minutes of mixing. During the sedimentation process, samples were taken with a pipette 9 cm above the bottom of the beaker.
The transparency of the water was determined by measuring the light transmission
and comparing it with the transmission of tap water, which was flxed at 1001. By

means of this test (using the coagulant aid in a concentration of 5 mg/l) several
selections were made from 70 different flocculant aids. The selected flocculant aids
were used in further investigations.
To determine the influence of the concentration of the aids on coagulation, the
procedure was repeated with concentrations of 0.1, 0.5,2.0,5.0, 10.0, and 25.0 mgll
for the synthetic polyelectrolytes and 1.0, 5.0, and 10.0 mg/l for the natural coagulants
aids. It appeared that the final transmission (reached within 10-15 minutes) is nearly
independent of the concentration in the range from 0.5 to 10.0 mg/l for the synthetic
and from 5.0 to 10.0 mg/l for the natural coagulant aids. However, the time to reach
maximum transmission depends strongly on the concentration. Typical examples are

Fig.2 and 3.
For the synthetic polyelectrolytes

given in

it

was observed that, although generally the

size of the floc increases with increasing coagulant aid concentration, at a concentration of about 25 mg/l smaller flocs were present between the larger ones, causing the

final transmission to be somewhat lower than that obtained with concentrations in
the range 0.5 to l0 mgil. A concentration lower than 0.5 mg/l is generally insufficient.
For the synthetic aids it was concluded that the concentration should be at least
0.5 mg/I, and for the natural products at least 5 mgll. Although the manufacturers
specify that the coagulant aid should be added as a solution in water the effect of
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adding aids as a solid was investigated, because the chemicals are not very stable when
dissolved in water. Moreover, preparing at l% (wlw) solution is not easy to carry
out in the field as the coagulant aids are wetted with difficulty and coalesce quickly.
It was found that in the laboratory a mixing period of 20 minutes is sufficient to
obtain a satisfactory rate of sedimentation.

The stability of the floc is another important factor in the coagulation process.
With limestone and ferric chloride but in the absence of coagulant aids, the flow of
air for mixing has to be reduced in the course of the coagulation process to prevent
the disintegration of the flocs already formed.When using coagulant aids it appeared
that the floc is much more stable and it is not necessary to reduce the flow of air.
Fig. 4 illustrates the difference between several coagulation processes.
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Sedimentation curves at
diferent concentrations of
Wisprofloc P.
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Fig.4.
Sedimentation curves for different coagulation processes.
a. limestone and ferric chloride; reduced mixing
b. limestone and ferric chloride; thorough mixing
c. ferric chloride and Wisprofloc P; thorough mixing
d. ferric chloride and Drewfloc 470; thorough mixing
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3.

b. Field tests
Those coagulant aids which had given favourable results in laboratory tests rvere now
tested in the field with the Paterson installation at six places, using different types of
surface water (ranging from rather clean to heavily polluted).
The laboratory experiments were verifled by the use of a "normal" polluted surface

water from the River lJssel, and from this test the standard conditions for a satisfactory coagulation with flocculant aids were drawn up. To asses the desired universal
character ofthe purification procedure, these conditions were verified with five other
types of surface water. The whole purification procedure was followed in each
experiment. Only the conditions of the coagulation step were changed with respect
to: the type of coagulant aid, the concentration used, the method of addition, the
concentration of ferric chloride, the flocculation time, the sedimentation time, the
mixing force, and the concentrations of activated carbon and chlorinated lime. The
effect of all these variables on the coagulation was studied.
The experiments rvere evaluated with respect to the time of flocculation, sedimentation and filtration, the number of frlterbeds required, the yield of purified water, and
the total time needed for the purification. It was concluded that a coagulation with
flocculant aids is strongly dependent on the nature of the surface water.
Most of the coagulant aids investigated gave good results with two or three types
of surface water, but not with all types. Only one synthetic material, Drewfloc 470
(1 mg/l), and only one natural product, Wisprofloc P (5 mg/l), were found to be satisfactory under all circumstances for all different kinds of water. These materials can
be added as a solid. In some cases a concentration of 20 mg/l of ferric chloride is
suffcient, but for a general procedure this concentration has to be raised to 50 mg/I.
The mixing force during the coagulation is very important and should amount to
15 m3 of air per hour leading to a flocculation time of 25 minutes.

c. Toxicity of coagulant aids
The coagulant aids investigated are, with a few exceptions, synthetic polymers of
low toxicity. However, there is a possibility that these polymers are contaminated
with small quantities of the monomer, which may be toxic. Most of the data on physiological effects relate to the irritation of the skin and the eyes. Data concerning the
toxicity upon digestion are known for a few coagulants only. In general, those of
natural origin are non-toxic. As reported by the manufacturers, the United States
Public Health Service has approved several coagulant aids for water treatment as
they have no adverse physiological effect when applied in the concentration recommended by the manufacturers. The coagulant aid Wisprofloc P is approved at a
maximum concentration of 5.0 mg/I.
Sedimentqtion and Filtration

The sedimentation time depends on the nature of the surface water and varies be137

tween 35-45 minutes. From a practical point of view Wisprofloc P is preferred over
Drewfloc 470.In general, a coagulation with 50 mg/l of ferric chloride and 5 mg/l of
Wisprofloc P results in a filtration time of about 40 minutes (using two filterbeds)
and a yield of almost 9 m3 of water of good quality.
For comparison, a coagulation with limestone and ferric chloride without addition
of a coagulant aid results in a frltration time of about 50 minutes (using two filterbeds) and a yield of about 8 m3 of water. Apart from the pH, which is somewhat too
low (5.9-6.0), the quality of the water is good.
After the filtration (through a multi-element cartridge filter, which consists of 19
perforated tubes wound with stainless steel wire and precoated \4rith a filter aid) the
purified water is post-chlorinated to a concentration of about 1 mg/l by means of

calcium hypochlorite.
Conclusions
The procedure as described is reliable for the purification of CW-contaminated surface
water and can be carried out with the Paterson installation when the equipment is
extended with a mixing unit (compressor and system of pipes).
Starting with l0 m3 of surface water the whole procedure takes 2]-3 hours
(depending on the type of water) to obtain 8j-9 m3 of purified water. A summary of
the procedure is given in Table I.
Table

I.

Purification of surface water contaminated with CW-agents. Starting with 10 m3 of surface
water the yield is 8å_9 mB after 2$-3 hours
concentration of chemicals (mg/l)
surface water

steps

in the

contaminated
ordinary
surface water with CW-agents

procedure

chlorination with chlorinated lime
(301 (wlw) available Cl)

SA-l

ferric

chloride

coagulant aid Wisprofloc

P

of

force
air/h)

time
(min)

600

15

400

1000

15

l5

50
5

15

15

2
23

coagulation

-

(m3

300

dechlorination with activated carbon,

Norit

mixing

50
5

sedimentation

3045

frltration

40-50

post-chlorination with calcium
hypochlorite (7 O\ (w I w)
available Cl)

1,5

1,5

to the experimental results, the coagulation with Wisprofloc P has
many advantages compared to the coagulation with limestone and ferric chloride as
According
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applied in the original procedure used by the Army. The advantages are the formation
of a more stable floç, a higher rate of sedimentation, clearet wâter after sedimentation
so the frltration time can be reduced, reduced quantities of chemicals required, better

taste of the purified water because of smaller amount of chloride ions, pH value of
the purifled water meeting requirements, reduced cost, and a higher yield of water
obtained in a shorter time.
The new procedure offers the possibility for the dwelopment of a simple individual
purification procedure for surface water to be carried out on a smaller scale, e.g. in
a canteen.
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