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SOME PROBLEMS OF SORPTION AND
DESORPTION DYNAMICS IN BIPOROUS MEDIA}
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Solutions of problems of mass transfer in a semi-infinite biporous medium in which convective transfer
of a liquid or gas occurs in the macropores and molecular diffusion and sorption (desorption) in the
transverse direction takes place in the micropores of sorbent (ionite) grains are presented. Solutions of
analogous axially symmetric problems with impulsive and constant supply of the substance being
absorbed into a cylindrical cavity are also obtained.

1. FORMULATION OF THE PROBLEMS

THE FOLLOWING assumptions are made when formulating problems of sorption dynamics. The
macropores in the sorbent (ionite) layer form a system of channels, along which the motion of
a liquid or gas occurs. The walls (grains) forming the macropores have inner porosity & due to
meso- and micropores, which can be penetrated by the molecules (ions) of the absorbed
substance. If the kinetic (external) relative surface S of the particles forming the macropores
and the kinetic porosity m, that is, the ratio of the volume of macropores to the total sorbent
volume, are known, then the structural model can be represented as a system of parallel plates
with the following characteristic dimensions: the half-thickness a=(1-m)/S of a wall and the
half-thickness —b, =m/S of a channel (gap).

For a semi-infinite medium it is assumed that the y coordinate axis is perpendicular to the
surface of the medium. Convective transfer of the substance being absorbed (or carrier) occurs
inside the macropores with velocity v parallel to the y direction. In the case of sorption,
molecular (ionic) transfer of the substance into the pores of the layer a occurs in the x
direction, or, in the case of desorption, in the opposite direction. In a real biporous medium
the flow splits into a set of separate streams moving past the sorbent grains along curvilinear
trajectories intersecting one another. As a result, the solution (gas) is mixed up, and its
concentration in the macropores (in the gap b)) can be assumed to be constant at any distance
y. The case when the substance being absorbed accumulates at the surface is also considered.

For the axially symmetric problem it is also assumed that convective radial mass transfer of a
gas or liquid occurs along the macropores, while molecular (ionic) transfer of the substance
into the sorbent grains occurs in the transverse direction along circular arcs of radius r. If the
walls (grains) are small, then the arcs can be replaced by the chords O0<x=<(a+b,). This
enables one to reduce the problem to the one-dimensional case, namely, the transfer of a
substance from the plate (gap) b, into the layer a. Radial diffusion inside the grains is ignored.
Because of convection, the concentration of the substance in the layer b, is also taken to be
constant for any r. On the upper and lower boundaries of the infinite sorbent layer (stratum) of
thickness R the axial flows of the liquid or gas are equal to zero. The carrier or the substance
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being absorbed comes from a cylindrical cavity (a perfect hole) of radius R and height 4 at a
constant rate Q. The r coordinate is measured relative to the axis of the cylindrical cavity.

Four problems are considered. In Problem 1 it is assumed that, at y=0, a flow of substance
of concentration c,, is supplied at a constant rate into a semi-infinite medium with initial
concentration c,. In Problem 2 the carrier transfers the substance being absorbed with initial
concentration ¢, from deeper layers to the surface, where it is removed (evaporated), while the
non-volatile substance being absorbed accumulates at the surface.

In Problem 3 it is assumed that the substance being absorbed is supplied into a cylindrical
cavity at =0 and spreads immediately, which makes it possible to obtain uniform initial
concentration ¢, of the substance in the whole volume V = zR?h of the cavity. In Problem 4 the
substance being absorbed is supplied into the cavity at a rate @ with constant concentration
¢». The initial concentration of the substance in the sorbent is ¢,.

The equation of mass transfer and absorption of substances for a semi-infinite medium can
be written as follows:

for the layer b,

ac D d% : oc oc 1
= v _ .
at Y ayz oy ot (1.1)

(the minus sign corresponds to Problem 1, while the plus sign corresponds to Problem 2);
for the layer a
du D 0%u ou'  ou’ R
—— = — — . e - H— u
ar Cax* at a0 (12)

Here c, c*, u, u* are, respectively, the concentrations of the substance being absorbed in the
macropores (the layer b)), entering the grains of the sorbent, inside the micropores in
the sorbent grains (the layer a) and absorbed by the sorbent (ionite), D, and D, are the
coefficients of the longitudinal convective and transverse molecular (ionic) diffusion and k&,
and k, are the constants of the equation of sorption kinetics.

System (1.1), (1.2) is solved under the following initial and boundary conditions.

For Problem 1

t=0, c=u=cey (1.3)

x=a, c¢=u, bedc [dr=8D,duldx (1.4)
t=0, oufor=0;, x=0, dufox=0 (1.5)
y e, /oy =0 (1.6)

y=0, —=Dydcfdy +vc=uvco, (%))

The same conditions are used for Problem 2, except that it is necessary to set ¢, =¢, and
¢, =0 and replace v by —v in (1.3) and (1.7).
For Problems 3 and 4, Eq. (1.1) is replaced by

ac 3% 1 dc voR dc ac”
—=D ( +—~—)-~—-———° _— - (LS)
3t ot roor r or ar

where D, is the coefficient of radial convective diffusion, v="v,R/r, and v, = Q/(2nRhm).
For a sorbent grain (the a layer), system (1.2), (1.8) is solved under the conditions (1.3)-
(1.5), and, for the b, layer, under the conditions

r>oo,  dcfor=0 1.9)
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For Problem 3 (the balance equation)
r=R, --nR*hdcfot= —2nRhm(D,dc/dr — vc) (1.10)
and, for Problem 4

r=R, -D,dcfor + vc=uco2 (1.11)

2. PROBLEM 1

Eliminating u*, from (2.1) by the well-known method [1], we can write the equation of
sorption dynamics in the form

o%u (e 4k ou D o%u kD o%u @)
— + (kg + — = — .
e Y I P
In the domain of Laplace transforms (DLT) we obtain the equation
Uy —a?U; =0 22)
the solution of which, subject to conditions (1.3)-(1.5), is
Ui=c chax [ p (1+ ky ] %
= —— s a = — .
' thoa D, p + ks ) 23)
where U, and C, are the transforms of w, =u—c, and ¢, =c-¢,.
In the DLT Eq. (1.1) can be written in the form
v + D
¢ -—ci-Le=0, 7= = wtha 24)
D, y ab

where 7 is obtained by differentiating (2.3) with respect to x in accordance with the second
condition in (1.4), and where b=1b,/é.
If conditions (1.6) and (1.7) and relations (2.3) are taken into account, Eq. (2.4) has the
solution
_ (coz2 - co,)vchaxe_ﬁ'y v?

U, = ., B,=
! D,pg, chaa B, = (

p+y ® v
~+ +
4D} D, W,

(2.5)

We have chaa#0, since ¥y > o (f— ) for cha=0.
The inverse transform of (2.5) can be found using the Riemann—Mellin formula and integrat-
ing along a Hankel-type contour [2]. Since two roots p; obtained from the equation

p?+ (ky + k3 — Dyo®)p ~ kaDyo? =0 (2.6)
correspond to one value a®=pD.'[1+k(p+k,)™], integration along the cut edges with respect

to v=aa and 1= aa/i must be from 0 to oo, as in the case of Ipl.
We set

SHEN
u-ln
(- o
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and, according to (2.6), we get

Mo = [1+ K~ v H - §@*))/(2H)> 0 2.7)
w=[1+K+n*H - (-1¥6(-n"))/(2H) >0 (2.8)
Ew)= [(1+ K?*)? — 2(K — DHW + H*w?*] %, w= (2, —1*)
We introduce new variables by setting

wdv = —Kodlg, Ko =1+ K/(Huo — 1)

2ndn = Kid"i’ K= 1+K/(1 - Huj)’

[1+4Dp @+ % =2is, (m=0,1,2)

A= (o — 1)%, o= (Mo — Avthw)N

&= -1 &=+ Angn)/N

@p 22 P W Y
aDD, €’ ’ ’ a

2 D

If £ <1 and § <1, then the values of the integrand are imaginary, and are therefore
excluded when the integration is carried out.
Using the new variables, we can write down the solution in the form

u(X, Y, Fo)—co,

=1_.
Coz — Co1

4 ca nnd “ ¢ch \

_ —-Re{ 2 7 cos(nX)¢jndn 1 ch (v X) o vdv }
T j=to0 cosn 0 chv

@, =[sn@A, )+ 4, cos@l, )exp(—u, Fo+z)(u, & « )

D,t

a2

(29)

X
X=-, Fo=
a

A computer program has been written to compute the integral (2.9). As an example, in Fig. 1
we show the initial sections of the graphs for K =200, H=1000, Pe=2, N =025 and A=0.1;
0.5; 0.9 (curves 1, 2, and 3, respectively). The values € =[c(y, £)— ¢, |(c, —¢,,) Decome unity for
Fo =650, 3130, 5620 for curves 1, 2, and 3, respectively.

The roots v, and 7, can be found from the characteristic equations Ay=0 and A =0. If
(K +1)/(NH) <1, then the second integral is equal to zero, since & <1 for all v=0. If the roots
are determined, the solution (2.9) can be rewritten as follows:

U(X, Yn FO)"‘ Co1

=1

Coz — Co1
" P h ®ovd
_ i{ % 3 @@n +f1)1r/2 cos(nX)®;ndn B uf, ch(wX)®yvdv ] (2.10)
n |l j=1n=0 n cosm 0 chvy

jn

If j=1and (K =1)/(NH)<1, then the summation starts from n=0, and if (K+1)/(NH)>1,
it starts from n=1. If ¢, >c,, then a sorption process occurs, and if ¢, <c,, a desorption
Process occurs.

For t —c(p—0) we have thaa~aa and X =1, and expression (2.5) can be simplified.
Using transform tables [3], we can write the approximate solution as follows:
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Pl
|7z

Fo

FiG. 1.

c____(Y, Fo) = cox = L] {erfcS™ +
Coz — Coy

+ expPe[2V/MFo" ierfcS* — erfcS*] }

1 Pe
St=— + VMFo'
/T °)
. Fo N2
Fo'= — > aM=an= (@v)
1+A(1+K) D.D,

3. PROBLEM 2
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(2.11)

The solution in the DLT, like (2.5), can be obtained by setting ¢, =¢, and ¢, =0 and
replacing v by —v. Unlike (2.5), it has a double pole for p=0 and infinitely many roots, which
can be found from the equation p+y =0. On applying the theorem on residues and integrating

along a Hankel-type contour, we can write the solution as follows:

u(X, Y, Fo)— co M[Fo- (1+K)(1-X*)2] |

Co 1+A(1+K)
N MA[HK + (1 + K)?/3] o ch(@oX)exp(—uoFo)

[1+40+K)* chorg¥o B
2 - cos(()l.n)()exp(«u;’l Fo) }

r +
jtin ¥ jn )

{ % s (“}1)"/2 coS(nX)'I)l.ndn ,,f ch(nX)®ovdy ]
7]

= exp (—Pe) { 1-Pe+

=1 n=1 cosf

=1 n=0 cosn 0 chv

n,
jn

Wo=1+Ko[A+uo/08 —us?/(463)]/2

vo=1+ nl.'n [4- ul;/ﬂl?n + u;:/(Ael?n)]/Z

The functions @, are given by expressions (2.9) for @, with z replaced by -z.

(3.1)
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The roots 6, and 6, can be found from the characteristic equations A0th6—u, =0 and
A6,1g0, + u; =0, respectively. The values g, 4, correspond to expressions (2.7) and (2.8) with
vand 7 replaced by 6, and 6,. Moreover, x;=1+K/(Hu,~1)* and «, =1+K/(1- Hu,)*. The
remaining remarks and notation connected with computing the integrals are given in Section 2.

For long times 1 — o it is possible to restrict ourselves to the initial terms of solution (3.1).
We will also present another approximate solution. By analogy with (2.11), we have

c(Y,Fo)—co

1 :
. = Ei exp(—Pe)[2/MFo~ jerfcS™ + erfcS™] — erfcS™ } 3.2)
0
Equation (3.2) simplifies when y — 0 [4]

¢(0,Fo)— ¢y

1 _—
= 1+ MFo® — 4i%erfc ( S VMFo®) (3.3)
Co

4. PROBLEM 3

In the DLT Eq. (1.8) takes the form [2]

2 1-2 dC
ac | k=0 4.1)
dr? r dr

Taking (1.10) into account, the general solution of this equation can be expressed as

C=ArK (kr)
k2= (p+v)/D,, v=voR/(2D,)= Q/(4nhmD ) 4.2)

(K,(xr) denotes the MacDonald function). In the DLT (1.10) can be rewritten as follows:
r=R, -pC+co=-2mR™' (D ,C' - vC) 4.3)

After substituting (4.2) into the latter equality and some reduction, one can find the constant
A. Taking (2.3) into account, the solution takes the final form

Ulx, 1, p) _ (L)" chax K, (kr) s
Co R chaa[gkRK, . (#R) + pK,(kR)] ’
_ 2mD,
g= R?

The original mapping (4.4) can be found by integrating along a Hankel-type contour [2] and
has the form

u(X, Y, Fo) 2 2 = (2n+1)r/2 cos(nX)®;ndn
D 2|3 g Gy 2 BOMIS
Co m j=1n=1 Min cosn
to ch(X)®okdf }
- ({ oh 4.5)
& =[a,Y (B.0)—BJ,(AP)] exp(—uFo)[xs?+B})]
a = edJ,  (B) -1l @)
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Bs = GA’ Yv+ 1 (As) - “sz(As)

k,=1+K/(1~Hu), (=0,1,2)

Ao = (o — AEthENS, A= (u,+ Anign)*

r 2mD, a)2
= — €= —_——
P7R D, ‘R

where y, is given by (2.7) with v replaced by &, and where u, is given by (2.8). The roots &,
n, (n=1,2,3,...) can be found from the transcendental equations A% =0.

We shall obtain approximate solutions. Taking into account that kxR =V(p/D,)R, K, ,(kR)/
K, (kR)=1if p—>e(t—>0) and X =1, we write (4.4) for r=R in the form
C(R, pYco=(p +&VPR/D, )™ (4.6)
The function corresponding to this transform is given by
cR, ¢ 2m~/D,t
~(——)—- ~ eflerfez a1 - z, z= 4 @.7)

Co N3 R

Neglecting those terms of the series that contain powers of p— 0 greater than one, we write
(4.4) as follows:

U(x! yr Pyco ~ [2VgB(P + l/B)] - (4.8)
a’ 1 m1+A4Q+K)][»(p* - 1)+1] a+K)(-x%

B=— T, T= -+ +
D, G 2e0(v — 1) 2

wg=Q/V, G=Qa*/(VD,), V=1R’h, X=x/a
which implies that
u(X, p,FoYco = (GT)'exp(~Fo/T) (t~°) (4.9)
For p=1 the second and third terms of the sum T can be omitted. Then

c(R, t)fco == exp(—Qt/V) (4.10)

Results of experiments [5] concerned with the variation of the concentration of indicator in
the cavity under observation are presented in Fig. 2. The graph has three parts. The first part is
connected with the initial flow, while, according to (4.9), the second part is connected with the
subsequent flow of the indicator from the central cavity, into which it was supplied once at
t =0. The maximum indicator concentration in the cavity corresponds to the peak of the graph.
The third part of the graph in Fig. 2 represents a slow flow of the indicator washed out (i.e.
being desorbed) by the solvent flow in the region between the central and the closest neigh-
bouring cavities.

If the solvent (water) is supplied at a constant rate Q into the central cavity, the indicator
decreases exponentially, which is consistent with (4.10).
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5. PROBLEM 4

Taking (1.11) into account, the solution in the DLT has the form

14

Uy (x,rp) -2 r_) chaxK,(xr) 1)

Coz2 — Co1 R PKRChMKW‘(KR)

The inverse transform can be found by integrating along a Hankel-type contour
u(X, p,Fo)—co;

:1...

Coz2 — €01
_ _f'_f_ p"{ 22: § (2n-}1)1r/2008(17X)\I’j17d17 _Efo ch(¢X)W¥okdE }
T j=in=0  n. cosn o chi (5.2

‘p, = {Yy (Asp)‘IlH-l (A_‘.) ”JV(ASP) Yv+ 1 (AS)] X
X exp (—u,Fo)/{ Ax“sks[I:+l(As)+ Y:H(As)]

The values of the constants and variables are given in Secs 2 and 4. When 71—« (p—0) and
r — R, we have xR~ Y(pD;")R and we can rewrite (5.1) in the form [2]

C1(p, P)/(os ~ 1) = 20" Hexp[—v/PD, R(p — 1)/(RVP*D;" ) (53)
The function corresponding to this transform is given by

[c(, FO)— co1]/(coz — co1) = 4wp”~ %+/Fo, ierfc[(p — 1)/(2VFo, )] (5.4

FOl = D,-f/Rz

For t — s (p —0), subject to the assumptions adopted to obtain (4.8), we can rewrite (5.1) as
follows:

Uy, 1, )/(Coz — co1)=[p(1 +B,P)]

By =a’D]'T, (55)
Ty =m[1+ A1 + K)] [p(o? — 1)+ 1}/[2ev(v — 1)] +

+(1+K)(1-X2)2
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The original function corresponding to this transform is

[u(X, p, Fo)—co11/(coz — co1)= 1 — exp(—Fo/T}) (5.6)

As has already been mentioned, sorption occurs if ¢, > ¢,, and desorption occurs if ¢, <¢.
The above exact and approximate solutions can be applied to compute the combined

convective and molecular mass transfer in biporous media complicated by sorption (desorp-
tion) or ion exchange.
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