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THE DYNAi:TCS 0? _1.-fION

Zhurnal Fizicheskoy Khimii A.A. Zhu'hovitskiy,
(Journal of Physical Chemistry) Ya.L. Zabezhinskiy,Vol. 13, No. 3, 1939, pages 303-310 D.S. Sominskiy

The question of gas or vapor absorptiron from an air

current by a sorbent is important in •hc design of gas masks
and in the recuperation of solvent vapors. This problem,
usually termed sorption dynamics, actually belongs in the
field of chemical apparatus design. There is considerable
experimental material on this question and a single attempt
to construct a theory for the phenomenon, undertaken by
Mecklenburg and Kubelka (Ref. ). As will be shown later,
their "theory" is pseudo-scientific and harmful in practical
application. In the Soviet Union this theory has been devel-
oped in particular by Dubinin (Ref. 2), who considered
several particular cases (chemical sorption (Ref. 3), sorp-
tion of mixtures, etc.) and used the theory withoutcritical
analysis in his text (Physicochemical Fundamentals of SorD-
tion Technology), where it was presented as the "classical"
(Ref. 3) theory of sorption dynamics. No critical analysis
of this theory has been presented until recently. However,
its analysis is particularly necessary since it cannot in
any way be termed a physical theory, but is in essence a
collection of errors and misunderL.x..:dings.

Let us examine the general ,,.ttern of sorption dynamic
p'-2nomena and introduce some necessary conc_ 's and notations.
A ime _. tube with the cross-section S is filled with a

)us &orbent, for example, activated charcoal with -artiele
L. meter d. A mixture of air with a substance to be absorbed
bins to enter the tube at an instant of time which is taken
as zero time. Assume that tha substance concentration is C0
and the velocity of the gaseous mixture is V liters/min.
From the practical point of view, of greatest Importance is
the answer to the following question: after wh:ht time will
there appear behind a sorbent layer of len;:Lii L a definite
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concentration C which can be measured by an instrument.
For the case of a gas mask this phenomenon is known as
breakthrough, and it is clear that the measuring instrument
(indicator) must capture very small toxic concentrations of
substances. The time from the moment of mixture entry to
breakthrough is termed the screening effect time for the
sorbent layer. Let us denote this quantity by the letter 9.
Of primary interest in practice is the relation 6= f(L).
Figure 1 shows experimentally determined curves (from the
data of Zabezhinskiy) showing this relation. We see from
the figure that small values of 9 correspond to small values
of L; for small values of 9 the quantity dO/dL is also
small, I.e., the Increase of for an Increase of L is small.

Ii

Fig. 1. Variation of screening effect time with 1

length of activated charcoal layer for two velocities

of air 49a M(), o = conatol>2
In a rough approximation we may cons ider that begin.

ning at some point a, d67/dL - conat, I.e., the function
So f(L) becomes linear.

4

If we alter the concentration Ci which corresponds to
n.;a a rough, the relation 49 e f y(L) wiol ch tangu t be for

several values of C1 we will obtain a family of curves of
9. f(L)i these curves correspond to parallel sections of a
surface described by the equation
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here C is the concentration at the time 0 at the distance
L from the beginning of the layer. The curves of 6= f(L)
discussed above show the section of this surface correspond-
ing to constant C. We also need to examine other sections
which correspond to constant L or 0. The curves C = f(O)
are termed the output curves. They show the increase of the
concentration behind a layer of length L as a function of
t ime.

COX

Fig. 2. Increase of concere-ra;ion bc:nr.d a layer of
activated charcoal for three layer lengths L'< L"< L'"

Typical output curves for various values of L are
shown In Fig. 2 (from the data of Shilov et al. (Ref. 8)).
They show that the shape of the curve depend.. significantly
on the value of L, or, in other words, the larger the value
of L, the larger the time interval from the beginning of the
operation of an elementary layer located at the distance L
until the instant of its saturation.

The curves C = f(L) show th;e dcarcaso of ohe concon-
tration of the substance being absorbed for various instants
of time along the length of the layer. Relative to the shape
of these curves, in the mentioned s,;udy of Shilov et al. (Ref.
8) note Is made of the "Marked dlztortion of the entire
frontal curve as it advances."

Only in a very rough appro::1zation may we consider
that, leginning at some Instant of time. the frontal curve
advances without changing shape.

In the above phenomenologic".l deccriItIon of the phuen-
omina, we iiloatod the approximation which Ls suitable for
"a rough description of the part or the experlent correspond-
ing to large values of L.
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This estimate with an indication of the roughness of
the approximation was formulated by Shilov and his students
on the basis of an analysis of experimental material. This

estimate corresponds to the pattern of parallel movement of
the front. The sense of this approximation amounts to the
following.

Beginning at some instant, the frontal curve advances
along the sorbent layer without distorting. Then, as a cor-
ollary, there must be constancy of the output curves for
various values of L and a rectilinear behavior of the rela-
tion &= f(L). Thus the picture of parallel advance describes
very approximately the part of the experiment corresponding
to large values of L without considering the initial period
of the experiment.

te Figure 3 shows the relation &= ;(L) corresponding to
the pattern of parallel advance. Three constants need to
be indicated for a quantitative descripzion. Two of the
constants determine the position of the line on the plane,
and the third determines the length L0 at which the true
rectilinear relation 4= f(L) begins. Shilov and his stu-
dents choose these constants as follows.

iI

Fig. 3. g9 f(L) for segment of rectilinear
relation

mo detorminethe position of ' ".no on the planeI
they se!ectod the slope of the line r....a the intercept on
the ti=r axis T(Fig. 3). K is tor.:cd the screening effect
coefficient. K, equal to dG/dL, represents the variation of
the screening effect with incr ase of the layer length by

c cm arn has the dimension LT ' C is termed the screen-
Ing action time lag.

GRAPHIC NOT REPRODUCIBLE
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The third constant is denoted by L? and represents
the length for which parallel advanz of •he fron;t begins.

Shilov did not give any physical basis for the above
scheme. Therefore he was able to pr:secnt an equation for
one of the three indicated constants ..hich may be derived
pbenor-enologically without any physic•.i premises. This
pertains to the screening effect cofficiunt.

Actually, by definition K = 4/1,6L.

Here 60 is the time required for the frontal line to
advance over the segment AL. Since it is assumed that the
front is not aitered during the advance, as result of this
advance SAL em of charcoal will be saturated.

If the adsorption capacity of unit volume is equal to
a mg/cm3 , then SALa mg are required to saturate this volume.
C V mg/min of substance enter the laye., in unit time, there-
f8ro

consequently, . . -

Here CK= V/S is the velocity per 1 cm2 cross-section.

It is to be noted that the equation for K is of prac-
tical interest, in spite of the roughness of the approximation

used in its derivation.

However the same type of phenomenological derivations
cannot be given for T and L0 .

The objective of the Mcckle§.burg-Kubelka theory was
i.. essence the determination of r and LO for an approximate
r:&rescntation of sorption dynamics in which parallel advance
o.' the -as front is assumed. But in s'ttini the.,selves this
task, Necklenburg and Kubelka did not formulate the conrditions
under which parallel advance of the front must take pl.ce.

Their physical premises are partially not formulated
&z all, partially formulated incorr,_ctly, and pý.rtiallj
essentially incorrect.

,Korcover, as will be shown 'elow, they nade zat.•atic2.
orrors which make the equations w..ch they durived :.uaningless.
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A true theory of sorption dynamics must rest on
physical premises relating to three aspects ol' the phen-
omenon: statics, kinetics, and aerodynamics of the process.

Statics include the sorption thermal equations. The
kinetics relates to the examination of tLe process which
determines the sorption rate. The aerodynamics must rep-
resent the gas flow regime in the sorbent layer.

Mecklenburg aid Kubelkza exactlr only the
second premise. As the factor which determines the rate of
the process they took the diffusion of the gas to the grain.
In general, In view of the rapidity of van der Waal adsorp-
tion, this premise is reasonable, particularly in light of

the expe-riments of Harned (Ref. 9), ino showed that the
sorption rate in a vacuum is hundreds of times greater than
the sorption rate in the presence of air. Of course, in
addition to the diffusion to the grain there may be diffusion
through the broad channels of the pores within the grain.
However, it may be shown that to a good approximation, with
accuracy to a constant, the theory constructed on the assump-
tion of diffusion to the grains also encompasses this process.

With regard to statics, the author really does not
examine consistently any single isotherm. The assumption
made In the course of the derivation corresponds to the Iso-
therm shown in Fig. 4. The author terms charcoal having this

isotherm a "mathematical" adsorbent. From the point of view
of capillary condensation this isotherm corresponds to the
presence of capillaries of a single radius.

Fig. 4. Isother for "mathematical sorbont"

Such a charcoal will not adsorb at all with a concen-
tration less than some value C'. Saturation corresponds to
this same concentration. However this isotherm is not
analyzed consistently by the authors and the basic promises
of ?.zlenburg contradict this Isotherm. Moreover tho
authors did not Indicate that the theory con~truoted on this
isother= must correspond to an actual expor1:..jnt conducted
wizn concentrations lying *ar in the saturation region.

The third premise amounts to the u.o of the Nornst
equation for describing the diffusion rate;
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Here dm is the quantity of gas diffused through the surface F
during the time dt; D is the diffusion coefficient; 6 is the
thickness of the so-called adhered layer. The concept of the
adhered layer is explained in greater dotail in the book of
Dubinin (Ref. 4) in discussing .the •ecklenurg-Kubclka theory:
"In spite of the constancy of thc lij.ear air flow velocity,
near the wall the velocity of the air layers will diminish
sharply, so that the air layer in direct contact with the
surface of the bcdy will not be in ..o'ion" ("internal gas
friction phenomenon" ).

C and C' are the concentrations at the edges of this
adhered layer. ý.

Aerodynamics (Ref. 10) considers t-:o basic gas flow
regimes -- turbulent and laminar. In both cases there is no

motionless gas layer; for laminar motion there is a parabolic

velocity distribution across the cross-cection of a tube, for

turbulent motion there is still a thin laminar layer near
the wails. In the case of laminar notion, the diffusion per-
pendicular to the stream must take place through the entire 0
channel cross-section, in the case of turbulent motion the
vortices provide for mixing of the gas within the main part

of the channel, and diffusion must take place only through
the laminar layer adjacent to the w;all. The question then
is not the lack of movement or the "retarded" velocity of
the gas, as Dubinin writes in Ref. 4, but the absence of
vorticity. The thickness of the laminar layer diminishes
with the gas linear velocity according to the following em- F-H
pirical law: 0z
here S and n are empirical constart. Li the case when the E--
resistance to diffusion lies in th z zurbulcnt core. A is to
be understood as the thickness of _rn o:L.valent laminar film.

.h.s the 1.1ecklenburg-Kubelka "theory" assumes turbu- H-4
r.Z moz;.n, although the authors did not 'understand this.

-:ýowcver the variation of t:. L resis:tnce .ith vel.ocity
,._.bCzhinskiy data, Fig. 5) for air vloc'tLics through the
sorbent layer of practical interest (C l ! iter/min/cm2 ) is

very elo~c to linear. This indicaes 'hc.; the stream is
practically laminar. Thus the above •ir3n.i5Cs of Mecklenburg-
Kubelka do not correspond to actual .xporizent.
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Fig. 5. Variation of resisnc R in mm H2 0 with
velocity o( (data o. Zabezhinskiy)

I I

Fig. 6. 6= f(L) for "mathematical sorbent"

The authors also represent incorrectly the over-all
Dicture of the dynamics in satisfying the assumed physical
conditions.

This applies particularly to the relation 0= f(L).
Let us examine the sorption dynamics corresponding to the
isotherm which is the basis of the Mecklenburg-Kubelka theory
and which is shown in Fig. 4. We can indicate a definite
length L1 at which the breakthrough takes place practically
instantaneously. This is the distance covered by the first
elementary volume of the gas-air mixture while its concentra-
tion is diminishing from CO to C . In view of the fact that
accordirg to Fig. 4 the equilibrium concentration is constantr ght up to the instant of saturation, the succeeding elemen-
t:_-y volume of the mixture repeats precisely the history of
t.. first. And right up until the saturation of the first
oeementary layer of the adsorbent the gas front will not
aý:.vance,and there will be a stationary state in which the
gas concentration at any point is independent of time.

After saturation of the first elementary layer the
gas front begins to translate with a constant velocity.
This picture corresponds to the relation 0= f(L) shown in
Fi.. 6.
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ce see that this curve is quite far from the relationf= (• obzainsd~ experimentally a::d -ow inii.".Tic.-,d-ý.own in Fig. 1. This
Is explatinc by the difference of the actual isotherm from
that w ihs the bais of the r 'cklenburg-Kuv.lkz theory.

The author-- of this týcory, ":fhou' c:'plainn th-
actual patzerrn of the sorptkon dQa:'cz on ":.thematiVal

charcoal," azzuze the absence of p ztatc.ryr pe4iod th a
fixed -a ro:.t and consider that the from, advances all the
time, -a.-nd at th ir.nztaz.t of -- tur.'_on t the first elemen-
tary layer the lenrgth L,• at ::hich e*ak.hrough occurs is
considerably greater tharn Lj.

z-o.:cver the CcIuation "-:ichr l.v:" d c (incorrectly)
for 3 0 ac.tu_±y applies to L1, a• . they assume Lo>> L 1

(a,>> S1.in ;:ecklenburg's notatio:., • ca:.not in any way be
applied Lo LO.

Lat us present a naturald.5 correct derivatior. for
L 1 , dct;rzonlng for this the dependence of the concentration
on the layer length for the stationry regime. Let us form
the vapor balance for a sorbent elament located at the dis-
tance L from the inlet:

The first two teras give the cquantity of vapor which
remains in an element of the sorben~tlayer after the time dt
as arcu.lt of the presence of the velocity V. The third term
rc.pres.nts in accordance with the NecrL.st equation the quantity
of substance which has been diffu.ed to the sorbent in the
time dz. D is the diffusion coefficient; F is the surface
of unit volume of the adsorbent;(C - C')/6' is the concentra-
tion gradient in the laminar layer.

Let us denote DF/6 =/.

Ue solve F. (1), taking into account the boundary
conAition C(O) = C0,

f the induced c'ronrcntration Is equal to or less than
Cl; th~n, as is easily seen, an inst"antaneous breakthrough
-,2..t6. place at any length. Ticrcfore we shall consider
thz; C->> C'.



Hence

This equation differs from that ap'2aring in the
MIecklenburg theory in that in the latter there is the factor
(•/A) X in place of e//3. Here X is the fraction of the
area in the cross-section of the adsorbent corresponding to
the spaces between the grains. This is cnc of the errors of
the Mecklenburg-Kubelka "theory." The basic error of Meck-
lenburg lies in the incorrect form of the basic equation of
the "theory." Mecklenburg writes it as follows:

such an equation cannot be wr-tten for the unknown C, since
C depends only on L and is independent of time.

Let us make the assumption that w.e are concerned with
diffusion from the moving volume A W, i.e., the system of
coordinates moves with the velocity 0(/)(. But even then
this equation is not correct. Actually, following Nernst: 0

here dm is the quantity of substance which has been diffused;
AW' is the volume of the charcoal in contact with the volume
being considered; FAW' is the area of this volume.

Then

dm = AVdc; 0

here a Z Als the gas volume being considered.

-'he following relation exists between AW and AW':

2W =KAW'.

"Therefore we obtain In place of the Mecklenburg E
"equation" the following:

Sequential solution of Eq. (3) leads to the same
results as given above (Eq. (2)). Ho;;,ver, on the basis of
Eq. (2a) Mecklenburg arrives at an incorrect equation
describing L1 .
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..cc lnburg quite arbitrarily appics the incorrectly
derived equantion not to L 1 , which lz defines, but to L0

(in the notation of Mecklenburg, to SX rather than to S1 ),
which cannot be done even with cqua-tions which are correctly
derived.

By this operation :eoklenburg-Xubel2• identifies the
length of the layer at which inL;antaneous breakthrough takes
place (LI) with the length of theu layer (L0 ) beginning with
which there is a practically parallel advance of the front,
which corresponds to the instant of saturation of the first

element of the layer.

We see from Fig. 1 t Lot Is considerably greater
than Ll (S,.>S, in NMecklenburg's nota io.). Thus, the equal-
ity of Ll dnd LO which is required by zhe idealized pattern
(Fig. 6) is not satisfied.

in any case, we car-not a-:-ly -he equation for L to
the projection of the point a (Fig. 1). This is the most
serious of all the errors of the icccklenburg-Kubelka "theory."
Lo will depend on the charcoal caacity, which is not the case
for L-. It was possible to carry out this operation only
because .. absolute calculation is no, made in the Xecklen-
burg-Kubelka theory; all the constants a'-e combined and are
deter=ined from experiment. In this case the application of
the equation describing L1 to Lo, which excecds considerably
L leads only to the fact that zhe experimentally determined
constants have un-narural values.

Since the values of F, D, and X-) ay be estimated,
there is a possibility of making an absolute calculation of
6O(see Sc. 2). in this case :f is greater than the grain
diameter, which, of course, is quite meaningless.

s result is quite understandable, since Ll is pro-
portio:l to 60. and in order to obtain for L# a value which
is ten-fold greater it is necessary to overestimate the value
of 6 0 tenfold.

The theory of Meuklenburg and :cubelka, constructed or.
cu;e unrcalistic physical premises, and moreover incorrectly
formulated and developed, cortaining serious mathematical and
logica. errors, cannot describe cxperimental results. Agree-
m7tn; V';ith a part of the ex'perimcnzal results may be obtained
by introducing empirical constants. In all, five empirically
deormi.ned constants are in:rodz• in the theory. (in con-
tradiction with the bases of the "'-eory," which rest on the
consideration of the sorption isotherm using a "mathematical
sorbent," in the computational equations of the theory there



is introdu-ced the re-undlich isothur.m, w0:hic; has two
constants (Ref. 5)

As a result of such an excess of constants, the
dependence of T on C, V, and d is described only very
roughly. In this case the agreement betwccn experiment
and ,'theory" is aided by the free choicc o' the point at
which the rectilinear relation betweon e and L begins.

However, such an aemplrical" dsc.pt~iot. of the
experimental data, first, offers little promise, since it
cannot be used to predict, and, second, it rust inevitably
lead to contradiction with a considerable portion of the
experimental data, which is just w-zt happens.

This contradiction lies in the absence of a rc.-zi-
linear relation &= f(L), lack of parallelism of the gcs
front advance in the sorbent layer, anci absence of constant
increase of the concentration behind layers of differing
length (Shilov (Ref. 8), Bohert and Adams (Ref. 11), and
others).

It is of interest that even those who defend the
positions of the Mecklenburg theory encounter serious con-
tradictions between experiment and the "theory." Thus,
Dubinin and coworkers (Ref. 12) stated that 'r and K are
dependent on the sensitivity of the gas indication. Both
of these quantities clearly diminish with improvement of the
indicator. (About by a factor of two in the experiments
of Dubinin and coworkers.) Hc:Tever, according to the Neck-
lenburg theory K must in general not depend on the sensi-
tivity of the indicator. However, unfortunately, this did
not cause any natural criticism of the Mecklenburg theory.
It is true that a hot discussion arose on the advantages of
the notations T or h (h = T/K), i.e., essentially on the
methods of determining the straight line on the plane. In
contradiction to his "theory," M-ecklenburg himself noted
that with high concentrations the q,.nntity a as determined
from ex-nariment (using the formula K = a/XC0 ) is about 20%
less n the value of the equilibrium adsorption capacity.
XHe fur-*hcr noted the deperndence of K on d. Finally, for
small concentrations (of the order of 4.10-2 mg/liter)
dcviazons from the rectilinear relation of 0 with L are
r.n~ed. '.Iere the curve for large times daviates upward

2fom t--e straight line, i.e., the experimental times are
g:-eat(: zhan the calculated times (Fig. 1).

CONCLUS ION'S

Tnis paper gives a critical analysis of the basic
position:. and content of the Mecklenburg "theory." It is
shown th't this is an erroneous and pseudo-scientific theory.
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