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The phenomenological model of the adso rba te transport in isothermal adsorber with a consta nt 
di a mete r was solved for an infinite, static a nd statistically homogeneous and isotropic sorption 
layer of consta nt composi t ion. The layer was formed by a mixture of the adsorbent and the inert 
materia l grains with identica l form and size. The model applies the linear adsorption isotherm 
and acco unts for co ntributions of the convection, axial dispersion, external and internal dif­
fu sion and ra te of adsorption. The obta ined Laplace's image of the solution was used [(;r calcula­
tio n of the statistical moments up to the fourth order. The ana lysis o f the efrect of dilution on the 
sepa ration effici ency (cha rac teri zed by a number of theoretical pla tes) has led to the conclusio n 
th at for equa l a mo unts o f the adsorbent , the more diluted laye r will have hi gher effic iency, or, for 
equal separa tion effici encies, the amount of the adso rbent in the more diluted layer will be lower 
th an in the less dilut ed layer. It has been shown that the contribution of axia l dispersio n has a pos i­
ti ve, primary effect on the separa tion efficiency. 

The present concept of individua l person protection against vapours of toxic compounds requi­
res to ap ply such protec ti ve mea ns which effect minimally the ac tiv ity of their user. This require­
ment increases, consequently, the demands on the size and efficiency of the p rotective mask 
filt ers. C lass ical filters with the loose layer of granulated sorbents have been recently repl aced 
by element s in which the so rptio n material is formed by the fine gra ined sorbent, fi xed on a fi bro us 
mate rial i

.
2

• Tn comparison to the loose layer, the sorption mass exhibits much be tter dyna mic 
so rpt ion pro perties. Applicatio n of materi als of thi s type simp lifies substantia lly the design of the 
protective fi lt ers. permitt ing in this way to red uce their size a nd weigh t. 

In spite of la rge progress in technol ogy, dynamic adsorption in the diluted so rpt ion layers 
has no t yet been sys tematically st udied as a model system representing the sorption materi a ls . 
11 is there i'o re desi rable from the practical and the gnoseologica l poi n t o f view, to ana lyze this 
p roblem both th eoreticall y and experimentally. 

The most si m ple speci fic case of the generai pheno menologica l model3 of iso thermal dynamic 
adsorp tio n in thc dil uted sorpti on layers is that of the adsorber with a constant diameter and 
with the infi ni te adsorption laye r. Ana lytic solu tion of this problem fo r an ar bi trary layer com­
pos it ion is qui te complex because it is compl icated by the changing li nea r velocity of the flui d 
phase, which result s in the varying coefficient va lues for axia l d ispersio n and external transpo rt. 

The whole problem can be simpli fied assuming a quasi -ho mogeneous sorption layer con­
sisting of a mixture of the adsorbent and the ine rt material. Bo th components are supposed to have 
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grains of identical form and size. In this way it is possible 10 guarantee constant va lues of the 
mean external porosity and, under the ass lImption of incompressibility of the fluid phase, also 
a const a nt linear velocity. 

This work has been intended to analyze the efTect of dilution on the transport 
of the adsorbate and on the separation efficiency of the above mention cd type 
of adsorber, applying for this purpose the linear adsorption isotherm. 

The studied problem is , in pnnciple, related to the theories of non-ideal lin ear 
adsorption dynamics , which belong probably to the best studied dynamic models 
of undiluted adsorption layers. The models are most frequently analyzed by means 
of the method of Kubin4 and Kucera 5

, permitting to calculate the statistical mo­
ments of the breakthrough curves from the Laplace's image of the obtained solu­
tion. Th is method has been used wIth advantage in our present paper. 

THEORETICAL 

Formulatioll ana Solution of th e Problem 

Let us consider the infinite isothermal ad sorber of constant diameter, which is fill ed 
in its entire volume with a statistically diluted sorption layer. Let us also con sider 
that : 1) the mobile phase moves along the adsorber in axial direction , it is incom­
pressible (having therefore constant den si ty) and it consists of a mixture of the inert 
carrier medium and adsorbates. The individual adsorbates are present in Jow con­
centrations and they are mutually no interacting during the adsorption process. 
2) The vector field of the mobile-phase velocities is quasi-stationary. 3) The sorption 
layer is formed by a mixture of porous granules of the adsorbent and non-porous 
and non-adsorbing grains of the inert mat erial (both with particles of identical 
shape and size). The sorption layer is statistically homogeneou s and isotropic, its 
composition constant, and it can be considered as a continuum6

-
8

. 4) The adsorbent 
granules (of equal size and with a statistically homogeneous and isotropic structure) 
can take the form of the spheres, " infinite" cylinders or " infini te" plates and they 
can be, therefore, also considered as a continuum. The adsorption on the external 
surface and the contact regions between the adsorbent grains can be neglected . 5) The 
resistance of the phase boundary against mass transfer is nil. 6) It is possibl e to neglect 
radial effects in the adsorber. 7) The course of the adsorption is directed by the linea r 

isotherm. 

Let us characterize the composition of the layer by a dilution function gv (defined 
as the ratio of the volume of the adsorbent particles av and the overall volume of all 
granules in the given volume element of sorption layer): 

(1) 
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The process of dynamic adsorption of an arbitrary adsorbate, from the mixture 
can be represented by a set of equations: 

(2) 

(3) 

(4) 

(5) 

with boundary conditions for 

a) equality of the flows on the adsorbent grain boundary 

(6) 

b) symmetry in the centre of the adsorbent grain 

" (7) 

This is the usual phenomenological description (i) of the transport of the adsorbate 
in intergranular volume of the sorption layer and (ii) of the adsorption kinetics 
for one particle , including the external transport, the internal diffusion and the ad­
sorbate transport from the volume of the pores to the active centres of the solid 
phase. In equations (2)-(7), t denotes the time, z is the axial coordinate of the ad­
sorber, r is the radial coordinate of the adsorbate grains, Qz is the rate of increase 
of the adsorbate concentration in the intergranular volume, from the source and v 
is the shape factor depending on the form and taking for the prismatic, cylindrical 
or spherical adsorbent particles with a characteristic dimension R, the values 1, 2 and 
3, respectively. 

Equations of type (5) ca n be obtained also from a model in which the transport of the adsorbate 
from the volume, towards the inside surface of the pores, proceeds very rapidly and the adsorption 
rate itself is given by a linear expression: 

where coefficients k. and kd signify the adsorption and desorption rate constants. 
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The local adsorbate concentration in the fluid phase c, the linear velocity of the 
fluid phase u, the axial dispersion coefficient Dp , the rate of change of concentration c 
which is caused by the adsorbate transport into the adsorbent grains, Qe, the external 
porosity 'f. , the external surface of the adsorbent grains S, (re lated to a unit volume 
of the layer) and the average area of the boundary between the pores and the external 
free volume Pv(a lso re lated to the unit volume of tile layer), are a ll quantities averaged 
throughout a physically infin itesimal volume element 6

- 8 of the sorption layer. 

Similarly, the loca l adsorbate conce ntrat ion in the pores C, the loca l concentration 
of the adsorbed compound 11 (related to a un it pore volume), the effective coefficient 
of interna'l diffusion Dr> the rate of change of concentration C which is caused by the 
adsorption, Q,p the coefficient of the adsorbate transfer from the volume towards 
the internal surface of the pores H n , are all quan t ities averaged throughout a physically 
infinitesimal volume element of the adsorbent grain. The coeffic ient of externa l trans­
port He in equation (4) is usually interpreted, on the basis of the stagnant-layer 
model, as a diffusion flow of the adsorbate at a unit concentration gradient (related 
to a unit intergranular free volume) t hrough planar film, the thickness of which de­
pend s on the hydrodynamic conditions of the flow in the sorption layer and on the 
shape of the adsorbent granules. The SUI face of the film is equal to the boundary 
area of all adsorbent grains which are present in the volume element of the sorption 
layer. 

The value of the coefficient He depends therefore not only on the flow-rate of the 

fluid-phase and on the form of the adsorbent granu les but also on the size of these 
granules and on the structure and composition of the sorption layer. For this reason 
it is usefu l to define in the model of the di luted sorption layer a new coefficient of the 
external transport H(u), representing the diffusion flow through a unit area of the 
planar film, averaged throughout a physically infin itesimal volume element of the 

sorption layer. It holds that: 
(8) 

The following ini t ial and boundary conditions can be written for the studied model: 

For 1 < 0 

c(Z, t) = 0 for -00 < Z < +00 

C(z, r, t) : O} 
for - 00 < Z < 

n(z, r, t) - 0 
+00 and O~r~R 

for t = 0 

c(z, t) = Ci(Z) for -00 < Z < +00 (9) 

C(z, r, t) = Ci(Z)} 
for -00 < Z < +00 and O~r~R 

n(z, r, t) = ni(z) 
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for t > 0 

c(z, t) = 0 for z ~ - 00 and z ~ + 00 (9) 

C(z, r, t) = O} 
nez, r, t) .= 0 

for 0 ~ r ~ R ; z ~ - 00 and z ~ + 00 , 

where Cj(z), Cj(z) and ni(z) describe the initial adsorbate distribution in the layer. 
The dependence of Sv and P" values on the dilution can be expressed as 

Pv = f3 Sv, 

where f3 is the internal porosity of the adsorbate granules. 

(10) 

(11) 

The solution of the problem for the non-diluted sorption layer has been carried 
out by Kucera 5,9, by means of the Laplace integral transformation 

f
+o:J 

L~J(I)} == J(s) = 0 J(t) exp (-st) dt, (12) 

where s is a complex parameter. Analogical solution of the set of equations (2)- (7) 
(with the initial and boundary conditions (9)) for the diluted sorption layer, leads 
to the Laplace's image of the solution 

where 

c(z, s) = -- exp --- (z - ~) - },Iz - ~ I d ~, - r +o:J yv(~ ,s) {li } 
~ _ 00 2Dp }'(s) 2Dp 

Yv(z, s) = Qz(z, s) + cJz) + HSv y(z, s)/a A(s) a(s) 

y(z, s) = Cj(z) + I1j(Z) Hn /(s + Hn) 

A(s) = 1 + !i!1 t/lv({}) 
f3 Dr (}ifi~({}) 

a(s) = s[1 + HnKn/(s + Hn)]; {} = R((J/Dr)112 

(14) 

(15) 

(16) 

(17) 

(18) 

(19), (20) 
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(21) 

This solution can be obtained from the Kucera 's treatment substituting formally He 
from equation (8) and the product cgv for the porosity function e = f3(1 - rx)/rx. 

The Laplace's image of the so lution can be used for the description of the transport 
in the diluted sorption layers, with both basic types of sampling. The effect of dilu­
tion is implicitly included in the dependence of Sv on gv in equation (10). 

A: In the elution case, the pulse injection can be mathematically described by the 
Dirac o-function: 

d :) = ~" (5(2,0), 
C<P L 

(22) 

where Ma is the total amount of the adsorbate injected into the adsorber and P L 

is the total cross-section of the layer. For the injection at the point 20 = 0 and for 
Qz = 0 and the initial conditions Cj(z) = Il;(z) = 0, the Laplace's image of the 
solution takes the form: 

(23) 

B: For the frontal case, the step injection at the point Zo = 0 can be described, 
e.g. , by the condition: 

Qz(z, t) = Qoo(z,O); Qo = const. =l= 0 (24) 

and for the initial distribution cj(z) = C;(z) = nj(z) = 0 we get: 

(25) 

The comparison of equations (23) and (25) gives, for Qo = Ma/rxPL : 

[C(z, t)llutjon = [oc(z , t)/otJrrontal . (26) 

Statistical Moments of the Breakthrough Curves 

The transport of the adsorbate in the diluted sorption layer can be analyzed by means 
of the above mentioned Kubin's and Kucera 's method of moment analysis. For the 
sorption layer which is formed only by adsorbent granules, Kuceras

,9 derived the 
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expressions for the statistical moments of elution curves up to the fifth order. Because 
of formal analogy of the Laplace's image of the solution in both models, one can 
obtain the statistical moments of the elution curves for the diluted sorption layer 
if substit uting He from equation (8) and the product cg" for c in the Kucera's expres­
sions. Thus, for the normal moments, we get: 

where 

p~(z) = I 

(xv) 1 = 1 + c(1 + Kn) gv 

C = p(1 - IX)l:/. . 

For the central statistical moments is: 

1(0(2) = 1 

IIl( Z) = 0 

2D (Izl 4D )' (Izl 2D ) piz) = -1 - -+ --! (XJ i + 2cgv - + .-1 (XV) 2 
u U U U U 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(34) 

(35) 
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where 

(
. ) _ Rl (1 + K,,)2 fJR(1 + KIlY KIl Xv 2 - - - -- -- + + -

Dr 1'( l' + 2) vH Hn 
(36) 

(37) 

(I. )4 = - ' n + - n X , (R 2)3 (5v + 12)' (1 + K )4 (R2)2 (I + K )2 
. v Dr ,,3(V + 2)2 (V + 4) (v + 6) Dr 1'2(v + 2)(v + 4) 

X [fJR(5 V + 12) (I + K"Y + (6v + 12) KnJ + 
vH H" 

+ ~ _1_ [3fJ2R2(1 + Kn)4 + 6f3R(1 + Kn)2 Kn + ~.±2.ISJ_~~J + 
Dr v(1' + 2) 1'2H2 1'HH" H~ 

+ fJ 3R 3(1 + Kn)4 + 3fJ2R2(1 + KnY ~..!!. + fJR~~ + 3Kn)K~ + Kn . (38) 
v3H3 1'2H2Hn 1'HH~ H~ 

The factor c(48(Dpju3) z + 196(D; ju)) (attached to the product (XV)1 (Xv) 3 in the 
expression for the fourth central moment) is given in the original Kucera's paperss ,9 

incorrectly. The correct value is c(48(Dp ju3
) Z + 1 92(D;ju 4

)). 

The statistical moments can be used for the determination of the transport coef­
ficients 10 , prediction of the elution-curve coursesS

•
9 or determination of the break­

through times ll ,12, for the required adsorbate concentrations and the frontal way 

of sampling. 

DISCUSSION 

We shall use as the criterion of the separation efficiency, the number of theoretical 

plates, N, defined by the expression : 

(39) 

Let us have two sorption layers with different dilution (gV)1 > (gv)2' The number 
of theoretical plates for a layer segment, defined by the distance L from the sampling 
place, can be determined substituting expre~sions for the moments p; and P2 (equa­

tions (28) and (33)) in the defining equation (38). 
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The ratio of the theoretical plates for equal segments of both considered sorption 
layers is then given as: 

[N(L)]d[N(L)J2 ~ 1, (40) 

where the individual cases in this relation are expressed by the conditions 

( 41) 

The Henry constant K" and the porosity function e reach for the usually used 
types of adsorbents, values in the range 102 -103 and 1-10- 1

, respectively. The 
values of the dilution function vary, for "reasonable" dilutions, in the range <0'1, 1 >. 
This range corresponds to the 10-100 vol.% content of the adsorbent in the layer. 
In such a case, the relatIon> is valid in the expression (41) and the efficiency of the 
more diluted layer is thus lower. The cases ~, corresponding to equal or larger 
efficiencies of the more diluted laver, can appear only at very large adsorbent dilu­
tions (for very small product values (gV)l (gv)2) or for the less frequent cases of very 
low product values e( 1 + Kn). 

Let liS look now for an expression which would give us the required extension 
of length L which is needed for achieving equal efficiencies of both layers. We shall 
assume that: 

The calculation gives us (for L + 4Dp /u ~ L + 2Dp /u): 

where 

AL ~ e(Xvh (L + 2Dp/u)(G 2 - G1) , 

e(Xv)2 G1 + Dp/u 2 

AL ~ e(Xv)2 L(G2 - G1) . 

e(Xv)2 G1 + Dp/u2 

(43) 

(44) 

(45) 

If we require the amount of the adsorbent in segment L + AL of the more diluted 
layer to be smaller, or equal, to the amount of the adsorbent in segment Lof the less 
diluted layer, then the following condition must be valid: 

(46) 
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Substituting !1L in equation (45), we get for e(l + K,J (g..)l,2 ~ the unequality: 

which is equivalent to the condition (46). For equal separation efficiencies, the amount 
of the adsorbent in the less diluted layer will be smaller (a t D" > 0), or equal (at 
Dp = 0), to the amount of the adsorbent in the less diluted layer. 

In the same way in which we have compared the efficiencies of the two differently 
diluted layers, for the segments of equal lengths, it is possible to find an expression 
for the ratio of efficiencies of the two differently diluted layers, for segments con­
taining the same amount of the adsorbent. 

Applying the equality (46) (and for L ~ 4D" ju and eel + Kn) (g")I,2 ~ 1) we get: 

[N(L)]j _ eK~(D,,/u2) (gV)2 + (X,,)2 

[N(L + !1L)]2 - eK~( Dp/u2)(gv)t + (I."h 
(48) 

Under the assumption (g,,)1 > (g ,, )z is: 

[N(LL j[N(L + !1L)]2 ~ 1 , (49) 

where the symbol = corresponds to the case Dp = O. For equal amounts of the 
adsorbent in the considered segments of both layers, the separation efficiency of the 
more diluted layer will be higher. 

It can be therefore concluded that the efficiency of the diluted sorption layers is 
positively affected, in the first place, by the axial dispersion. The extension of the 

FIG. 1 

Dependence of [N(L + AL)la/ [N(L))t on 
Covh calculated from the experimental values 
of Zikanova, Dubinin, Kadlec13 using equa­
tion (48), (for (gvll = 1) 

2-:' 

[NIL T6L)),l 
[N(LJJ, 
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sorption layer which is needed for obtaining the original efficiency (after transition 
to higher dilutions) will be the smaller, the higher is the value of Dp/u 2 (see equation 
(45)), Simila rly, the separation efficiency of the more diluted layer increases (compared 
to the less diluted layer), with the increasing influence of the axial dispersion (equa­
tion (48)). Analogical quantitative conclusions are obtained also from a so lution 
of the model of the adsorber with a diluted semi-infinite sorption layer12. 

Fig. 1 gives an illustration of the dependence of the ratio of the efficiencies of the 
diluted a nd undiluted layers, on the dilution, for equal amounts of the adsorbent. 
This dependence was calculated from the experimental values obtained by Zik<.i.nova, 
Dubinin and Kadlecl3

, by means of the equation (48) (for (gv) = 1). The following 

values l3 were used for the calculation: (J. = 0'399, [3 = 0'705, v = 3, Kn = 3·13 . 
. lOS, R = 0·875 mm, 11 = 4'44.10- 2 mis, Dp = 0,82.10- 4 m2/s, Dr = 3·2 . 10 - 6 

m 2/s, He ~ 90 S-I, Hn ~ + 00. The values were determined from the measurement 
of the kinetics and dynamics of the adsorption of benzene vapours, carried out 
on Sovciet active charcoal SK (activated with K 2S, grain size 1,5-2,0 mm). This 
commercial, ordinary type active charcoal has the following characteristics 13: the 
parameters of Dubinin-Radushkevich equation Wo = 5'57,10- 4 m 3/kg, B = 
= 0·802. 10- 6

, the apparent (mercury) density 0·641 . 103 kg/m3
, the real (hel ium) 

density 2·17. \03 kg/m 3
. It is evident from Fig. 1 that the increase of separation 

efficiency with increasing dilution can be, in the practical cases, quite substantial. 

The allthors wOllld like to thank to Dr M. Smlltek for helpful discussiolls and his critical com­
ments. 

REFERENCES 

1. F irm Litera ture, 3M Company (USA). 
2. Obsel Y. , Fortelny M.: Adsorpcia a sorpClu} vlastllosti aktivm!ho uhlia, p. 28. Symposium 

Nizke Tatry-Tale 1979. 
3. Starek H .: Isotermailli dYllamika adsorpce v I'edlllych vrstvaclz sorbelltli, Part 1. Research 

Report of The Heyrovsky Institute of Physical Chemistry and Electrochemistry, Czecho­
slovak Academy of Sciences, 1980. 

4. Kubin M .: This Journ al 30, 1104 (1965) . 
5. Ku~era E.: J . Chromatogr. 19, 237 (1965). 
6. Zolotarev P. P., Radushkevich L. Y.: Dokl. Akad. Nauk SSSR 182, 126 (1968). 
i Zolotarev P. P. , Radushkevich L. Y.: Zh . Fiz. Khim. 44, 1071 (1970). 
8. Zololarev P. P. , Dubinin M. M.: Dokl. Akad. Nauk SSSR 210, 136 (1973). 
9. Ku~era E.: Thesis . Czechoslovak Academy of Sciences, Prague 1964. 

10. Schneider P. , Smith J. M. : Amer. Inst. Chern. Eng. J . 14, 762,886 (1968). 
11. Grubner 0. , Underhill D. W. : Calclliation of Adsorption Bed Capacity by the Theory of Sta­

tistical Momellts. Report , Harward School of Public Health, Boston 1969. 
12. Kocifik M. , Starek J ., Smutek M.: This Journal 47, 3221 (1981) . 
13. Zikanova A. , Dubinin M. M., Kadlec 0 .: Izv. Akad. Nauk SSSR, Ser. Khim. 1968,475; 1969, 

510, 1215. 

Translated by Z. Dolej~ek. 

Collection Czechoslovak Chern . Cornrnun. [Vol. 48) [1983) 




