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THE DYNANICS OF =JZ-UION

Zhurnal Fizicneskoy Khimii AJA, Znukihovitskiy,
(Journal of Physical Chenistry) Ya,L. Zabezhinskly,
Vol. 13, No. 3, 1939, pages 303-310 D.S. Soninskiy

The question of gas or vapor absorptiorn from an eir
current by a sorbent is important in the design of gas masks
and in the recuperation of solvent vapors., This problex,
usually termed sorption dynamics, actually Lcelongs 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. 1), As will be shown later,
thelir "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 withouteritical
analysis in his text (Physicochemical Fundamentals of Sorp-
tlon 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 1s particularly necessary since it cannot in
any way be termed a physical theory, vut is in essence a
collectlion of errors and misunders:.:dings.

—~et us examine the general . .ttern of corption dynamie
prrnomena and introduce some neces:iary conco .5 and notations.
o ame & tube with the cross-section S is Tilied with o
;  ous sorbent, for example, activated charcoal with -.article
L. zeter d, A mixture of air with a substance to be absorbed
bugins to enter the tube at an instant of time wnieh is taken
&s zero time, Assume that the substance concentration is CO
and the velocity of the gaseous mixture is V liters/min.

From the practical point of view, of greatcst importence is
the answer to the following question: after what time will
there appear behind a sorbent layer of leni;in 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 1s 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 screerning effect time for the ‘
sorbent layer. Let us denote this quantity by the letter &. '
Of primary interest in practice is the relation &= f(L). ;
Figure 1 shows experimentally determined curves (from the i
data of Zabezhinskiy) showing this relation. We see from

the figure that small values of & correspond to small values
of L; for small values of € the quantity 46/dL is also
small, i.e., the increase of & for an increase of L is small,
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Fig. 1. Variation of screening effect time with
length of activated charcoal layer for two velocities
of air é= (L), o = const, o(1> oy

In a rough approximation wo may consider that begine i
ning at some point &, d6/dL = oconst, i.0., the function '
&= £(L) becomes linecar.

If wo alter the concentration C: which corresponds to
tocaktarough, the relation &= f(L) will change, &rd for
soveral values of C; we will obtain a fazily of curves of
&= f(L); these curves correspond to parallel sections of a
surface desoribed by the equation

C= f(L.a):
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here C is the concentration at the time & at the distance
L from the beginning of the layer, The curves of &= f(L)
discussed above show the section of tnls surface correspond-

ing to constant C, We also need to examine other sections
which correspond to constant L or &. The curves C = f(8)

are termed the output curves, They snow the increase of the
concentration behind a layer of length L as a function of
time,
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Fig. 2. Increase of concerncration benird a leyer of
activated charcoal for three layer lengths L'< Lv<Lt»

Typical output curves for various values of L are
shown in Fig., 2 (from the datz of Shilov et al. (Ref. 8)).
They show that the shape of the curve dependc significantly
on the value of L, or, in other wordis, 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 = (L) show tiie decrcase of the concen-
tration of the substance being absorbed for various instants
of time along the length of the laycr. Relative to the shape
of these curves, in the mentioned siudy of Shilov et al. (Ref.

8) note is made of the "Marked di:tortion of tne entire
frontal curve as it advances."

only in & very rough approxization may we considor
that, beginning at some instant of time, the frontal curve
advanccs without changing shape.,

In the above phenomenologicul deseription of the phone-
oz:na, we indicated the approximation whichk is sulitadble for

a rough description of the par® of the cxperizent correspond-
ing to large values of L.
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This estimate with an indlication of the roughness of
the approximation was formulated by Shilov and his students
on the basis of an analysils of experirental 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
varlous values of L and a rectilinear behavior of the rela-
tion &= £(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.

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

i
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Fig. 3. &« (L) for segment of rectilinear
rolation

7o detoerminethe position of (-¢ L.ne on the plane,
trcy sclucted the slope of the linc . e&..a the intercept on
the tice axis T(PFig. 3). K is teraed the screening effect
coefficiont, K, equal to d&/dL, represents the variation of
thoe sorcening effeot with 1ncrgasc of tho layer length by
1l co ard has the dimension LT™*. T is termed the soreon~
ing action time lag.
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The third constant is denotced by L and represents
the length for which parallel advance of the frount begins,

Shilov did not give any physical basis for the above
scheme, Therefore he was able to prosent an equation for
one of the three indlcated constants 'hich may be derived
pheromenologically without any physicel premises, This
pertains to the screening effect coclficleat,

Actually, by definition K = 46/4L.

Here 86 is the time rcquired for the frontal line to
advance over the segment AL. Since it is assumed that the
front is not altered during the advance, as . result of this
advance SAL cm” of charcoal will be saturated.

If the adsorption capacity of unit volume is egqual to
a mg/cm3. then SAla mg are required to saturate this volume,
C.V mg/min of substance enter the layer in unit time, there=-
fore

-
L-«, -— o - Bl
consequently, S -
L «
[ S, )

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

It is to be noted that the equation for X is of prac-
tical interest, in spite of the roughness of the apprcximation
used in 1its derivation.

TEXT NOT REPRODUCIBLE

However the same type of phenomenological derivations
cannot e given for T and Lg.

The objective of the Mccklosburg=iubelka theory was
i2 ess.ace the determination of T and Ly for an approximate
representation of sorption dynamics in which parallel advance
ol the gas front is assumed, But in sctting the..selves this
task, Mecklenburg and Kubelka did rnot formulate the concitions
under which parallel advance of thne front must take place.
Thoir physical premises arc partially not formulated
&% all, partially formulated incorr-ctly, and poriially
essentlially incorrect.

Lorcover, as will be shown uelow, they male matnesatican
errors which make the equations wi.ch they derived zcaningless,
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A true theory of sorption dynamics must rest on
physical premises relating to three aspects of the phen=-
omenon: statics, kinetles, and aerodynamics of the process,

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

Meckienvurg aad Kubelkz fcormulated exactly 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 experiments of Harned (Ref. 9), wao 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 difiusion
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, tne author really does not
exanine 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 corresponde to the
presence of capillaries of a single radius,

- e - e

Fig. 4, Isotherm for "mathematical sorbent*®

Such a charcoal will not adsorb at all with a concen=-
tratior less than some value C!', Saturation corresponds to
this samo concentration, However tnis isotherm 18 not
analyzcd consistently by the authors and tho basio premises
of Mccslenburg ocontradict this isothera, MNoreover the
authors ¢id not indicate that the thoory constructed on this
isoctherz must correspond to an actual expoeri:.ont conducted
wicn oor.centrations lying Jar in the saturation region.

The third premise amounts %o the use of the vernst
equation for describing the diffusion rate:

-6-
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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; € is the
thickness of the so-called adhercd layer. The concen»t of the
adhered layer is explained in greater dciail in the book of
Dubinin (Ref. 4) in discussing thre llecilienburg-Kubeliia theory:
"In spite of tne constancy of tnc linear alr flow velocity,
near tne wall the velocity of the zair layers will diminish
sharply, so that the air layer in direct contact with the
surface of tne bcdy will not be in —otvion" ("internal gas
friction phenomenon®).

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

Lerodynamics (Ref. 10) considers o basic gas flow
regimes =-- turbulent and laminar. In both cases there 1is no
motionless gas layer; for laminar motion there is a parabolic
veloeisty distribution across the cross-cection of a tube, for
turbulent motion there is still a thin laninar layer near
the wails. In the case of laminar motion, the diffusion per-
pendicular tc the stream must take place through the entire
channel cross-section, in the case of turbulent motion the
vortices provide for mixing of the gas witnin the malin part
of the channel, and diffusion must tzke place only through
the laminar layer ad jacent to the wall., The question then
1s 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-

pirical law:

-

here & and n are empirical constantc in the case when the
resistance to dirfusion lies in fh. turbulent core. 4 is to
be understocd as the thickness of an c¢iuivalent laminar film,

~u3 the Mecklenburg-Kubelka *“theory'" assumes turbu-
lens moT.on, although the authors cid rnot understand this.

Zowever the variation of the reclslance with velocity
{scbezninskiy data, Fig. 5) for atir vclocities tarough the
sorbent layer of practical interest (¥ <2 liter/min/em2) is
very close to linear. This indlcctes that Lhe stream is
practically laminar. Thus the above urenises of MNecklenburg-
Kubelks do not correspord to actuail cxperizent.

TEXT NOT REPRODUCIBLE
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rig. 5. Varlation of resiciance R in mm HpO0 with
velocity & (data oI Zabezhinskiy)
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Filg. 6. &= (L) for "mathematical sorbent"

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

This applies particularly to the relation &€ = f(L).

Let us examine the sorption dynamics corresponding to the
isotherm which is the basis of the lecklenburg-Kubelka theory
and which is shown in Fig. 4. We can indicate a definite
length L, at which the breakthrough takes place practically
instantaneously., This 1is the distance covered by the first
elementary volume of the gas-alilr mixture while its concentra-
tion is diminishing from Cy to Cy. Ir view of the fact that
accordirs to Fig. 4 the equilibriun concentration is constant
r-.zat up to the instant of saturation, the succeeding elemen=-
tosy volume of the mixture repeats prcecisely the hictory of
t..c first. And right up until the saturation of the first
elcmentary layer of the adsorbent the gas front will not

ivance, ard there will be a stationary state in which the
gas concentration at any point 1is independent of time.

After saturation of the first elementary layer the
gas front ovegins to translate with a constant velocity.
This glcture corresponds to the relation &= f(L) shown in
Fiz. 6.



curve 1is cuite fzr from the relation
ertaily ciid schown in Flg. 1. This
iference of the actuc:r isothera from
s of the lecixliendurg—-suvelks theory.

Ve gee that ¢t
9= (L) obtainzd exn
is explained by tne ¢
tnat wanich is the ovacs

i1

Tre zutrhor: of this trcory, withoul cxvlaining the
actuzal patiern of the sorption drnanics on Yiathaematical
charcezl," asccuze the adsence of & ztatlenary period with a
Tixed gos frent ard cerncider that the fronyv advances all the
tine, «nd at tho inctant of caturailon of the Tiyrst elenen-
tary loyer the length L, &t which treaithrough occurs is
consideradly greater than 1.,

for Lp actuclly applies to Lj, and i they assume Lo®> L
(Sx>> S5 in .ecXlenburg's notatlon, it caanot in any way be
applied~to L.

nowever the ecuetion uniceh Loz derive (incorrectly)

Let us present a naturcl &:n.d corrcet derivation for
Ly, ceternining for this the deperndence of the concentration
on the locycr length for the statiocnary regime, Let us form
the varor balance for a sorbent elczent located at the dis-
tance L from the inlet:

-

Tne Tirst two teras give the cuantity of vavor which
ex2ins in an element of the sorvent ioyer after the time dt

£

ol subztance which nas been diffused to the sorbent in the
tize dt. D is the diffusion coefiicient; P is the surface

o7 unit voluce of the adsorbent;{(C - C')/4§ 1is the concentra-

tion gradient in the laminar layer.

Let us denote

DF/6 = 4.

ii¢ solve Ec. (1), taling into account the boundary
condition C(0) = C,,

- . - . . -

Zf the induced concecntration is equal to or Zess than
C:, then, as is ezsily seen, an instantanceous breakinrouzh
will tilie place at any lenztn, Thercfore we shall consicer

arc:oult of the presence of the velocity V. The third term
rcprescats in accordance with the Nernst equation the quantity

TEXT NOT REPRODUCIBLE
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This egquation differs from that annzaring in the
Kecklenburg theory in that in the latter there is the factor
(/)X in place of o//3. Here X is the fraction of the
area in tne cross-section of the adsorbent corresponding to
the spaces between the grains. This is cac of tie errors of
the Kecklenburg-XKubelka "theory." The basic error of leck-
lenburg lies in the incorrect form of the basic equation of
the "theory." HMecklenburg writes it as Tollows:

- RN - e e e —eny
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such an equation cannot bs written for tne unknown C, since
C depends only on L and 1is independent of tine.

Let us make the assumption that we are concerned with
diffusion from the moving volume A4W, i.e., the system of
coordinates moves with the velocity o« /Y. But even then
this ecuation 1s not correct. Actually, following Nernst:

F it e S CCu - ERI

e
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here dn 1s the quantity of substance which has been diffused;
4t 18 the volume of the charcoal in contact with the volume
being considered; FAW' is the area of tuls volume,

Then '
dn = Al dc;

here L. is the gas volume heing considered,
The following relation existis between J4W and AW':
LW =yAur,

“herefore we obtain in place of the Mecklenburg
seguation® the following:

——

I PSS, C e e e e e e Ao s e

Sequential solution of Eq. (3) leads to the same
results as given above {(Eq. (2)). Howcver, on the basis of
Eq. (2a) Mecklenburg arrives at an incorrect equation

descriving Ll,

-10-
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necklenburg guite arbitrarily coplics the 1hcorrect1y
derived equation not to Lj, wnich it defines, but to L
(in the notation of Mecklenburg, tc Sy rather than to Si),

which cannot be done even with eguxtions which are correctly
derived.

By this operation Mecklernturg-Xubelix identifies the
length of the layer at which inscantaneous brealkthrough takes
place (Ly) with the length of tac_leyer (Ly) beginning with
Wnich there is a practically rzrallel advance of the front,

which corresponds to the instant of saturation of the first
eleaent of the layer.

Ve see from Fig. 1 ti=t Ly is considerably greater
than Ly (5.>S; in iecklenburg's rotation). Thus, the cqual-
ty of Lj @nd Lg which is reguirei oy tThe idealized pattern

(Fig. 6) is not satisfied.

In any case, We carnot a:ply the cqguation Jor L, To
tne projection of the point 2 (Fig. 1,. This is tne most
serious of ail the errors of the iecklenturg-Kubelka "theory."
Lo will depend on the crarcoal capaciivy, which 1s not the case
for L. It was possible to carry out this ojeration only
because cn absolute caiculation is not made in the Mecklen=-
burg-Kubelka theory; 21l the constants are combined and are
deter=ined from experiment. In this casc the application of
the equation describing Ly to Ly, whicn excecds_considerably
L lecads only to the faect that thne experimentally determined
constants have un-natural values.

Since the values of F, D, ard X may be estinated,
there is a possibility of making za absolute calculation of
Soisee . 2). In this case 4, is greater then the grain

diameter, wnich, of course, is quite meaningless.

7-.i5 result 1s quite uaderstardable, since L, is pro-
e - i 1 p
poruio::¢-uo 66. and in order to obitzain for L} a value which
i= tgn-fo;d greater it 1is necessary to overestimate tne value
ol . tenfold

- b -

2he tneory of lNeuXlenburz and “ubelka, constructed on
cw.ite unrealistic physical premiscs, and moreover incorrectliy
formulated and developed, cortairing serious mathematical and
lozical crrors, cannot deccribe cxperioental results. agrec-
=¢nat Witz a part of the exrerimcnial results may be obtainced
by introducing empirical constants. In ail, five empiricalliy
decerzincd constants are introéus.. in the theory. (In con-
tradiction with the bases of the “theory," which rest on the
consiceration of the sorption isccinera using a "mathematical
sorbent," in the computational equations of the theory therec

©
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is introduged the Freundlich isotrerxs, whicih has two
constants (Ref. 5)).

As a result of such an excess of constants, the
dependence of T on C, V, and 4 is described only very
roughly. In this case the agreement betwcen experiment
and v"thecry" is aided by the free choicc ol the point at
which the rectilinear relation betiwreen & and L begins.

However, such an "enpirical? descridtion of tue
experimental data, first, offers little promise, since it
cannot be used to predict, and, seccond, it rust inevitably
lead to contradiction with a consicderable portion of the
experirmental data, which 1s just wiinc nappens.

This contradiction lies ir. the cbsence of a rccevi-
linear relation &= f(L), lack of rarallelism of the zcs
front advance in the sorbent layer, and 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 iiecklenburg theory encounter serious con-
tradictions between experiment and the "theory." Thus,
Dubinin and coworkers (Ref. 12) stated that 7T 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.) Hcrever, according to the Meck-
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. 1In
contradiction to nls "theory! Ileckienburgz himself noted
that with high concentrations the guontity a as determined
from experiment (using the formula K = 2/4C;3) is about 20%
less tron the value of the equilivbrium adsorption capacity.
He furchcr noted the deprndence of K on 4. _Finally, for
small concentrations (of the order of 4:1072 pg/liter)
deviaz.ons from the rectilinear relation of & with L are
r.cced., IHere the curve for large times deviates upward
£-om tiie straight line, i.e., the experimental times are
greater chan the calculated times (Fig, 1).

CONCLUSIOIIS ‘
Tﬁis‘gaper gives a critical analysis of the basic

position: and content of the Mecklenburg "theory." It 1is
snown tnut this is an erroneous and psecudo-scientific theory.

- 12 -
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