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ENERGY CHARACTERISTICS OF MASS TRANSFER
IN POROUS SOLIDS

V. V. Beloborodov UDC 621.311:536.423.539.217

We obtained equations for the energy characteristics of the system "solid-liquid (vapor)” and its indi-
vidual phases and for numerical values of the energy characteristics for various systems, including
ones used in industry. Their analvsis is performed and an assessment from the energy standpoint is
given. The "mesobodv” concept is introduced and described qualitatively.

The adopted characteristic of mass transter in the system "solid—liquid” (extraction and adsorption from
liquids) or "solid—vapor (gas)" (drying, humidification, and adsorption from a vapor or a gas) is the mass-trans-
fer (diffusion) coefficient, which belongs to the kinetic quantities. At the same time, for analysis of mass trans-
fer it is important to know the energy that must be expended on overcoming the resistance of the system
"solid~liquid (vapor, gas)" and its individual phases (a solid, a liquid, a vapor, and a gas). As applied to a
moist (water-containing) body as a whole (the system "solid—liquid, vapor”), this problem was addressed by
Polanyi [1] and Rebinder [2]. As a result, the following well-known equation was obtained for the energy of
moisture—solid binding:

W=—RTIho, (1

where @ = pey/ps.

Equation (1) can be extended to the processes of evaporation-condensation (desorption-sorption of
vapor) of any liquid; however, it cannot be referred to the processes of mass transfer without evaporation (con-
densation), among which are, for example, extraction and adsorption from liquids.

For the system "porous solid—liquid,” as is demonstrated in [3], the laws of diffusion for a liquid from
its kinetic theory can be employed [4].

With account for the foregoing, using expressions for the diffusion coetficient from [4] it is possible to

write
&’ W,
=i g (2
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From Egs. (2) and (3) we obtain
W =Wy~ W, = kT In 20 4)
sol = "V sol.lig g =~ Dliq '
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Physically, W, is the energy that must be expended in order for one molecule of the material for a distance
between holes in the liquid & to overcome the resistance of the solid structure proper. This is not sufficient for
diffusion. Energy is also needed for overcoming the resistance of the liquid proper W{iq, i.e., overall, diffusion
in the system "solid—liquid” requires the energy Wuiiq

Diffusion of one mole of the material (R = AN) requires

Dy
W, =—RT In—2d - ©)
' Dy,

If W, is the energy for overcoming the resistance for a distance 8, then the energy for overcoming the resis-
tance for the distance / (the body size) is

/ D
Wsol[ = g RTIn B)II..]I ) (6)
iq

Correspondingly, Wliql = ([/S)Wliqv Wsol.liql = (I/S)Wsol.liqv and Wi son = ([/S)Wsol.sol-

Caiculated results for Wy, Wy, and Wy iq are presented in Table 1. In accordance with [4], & =
107 m and 7, = 107" sec. The values of Dy, for most solvents were taken from [5], those for trichlo-
roethylene were obtained from the nomogram of Otmer and Takara [5], and Wy, for water was found approxi-
mately from [4]. The values of Dy g, I, and T were taken from the references given in Table 1. The
magnitudes of Wiy and Wy iiq were determined from Egs. (2) and (3), respectively.

It should be noted that, in the diffusion of various metals, for example, copper, Wy, ranges from
58.9 kJ/mole (Au) to 117.0 kJ/mole (Pb) [4].

Analysis of Table I permits one to draw the following conclusions:

I. In terms of energy, the system "solid—liquid" occupies an intermediate position between the systems
"solid—solid" and "liquid-liquid,” which is quite natural. However, the range of W, depending on the po-
rous structure of the solid, is wide: on the one hand, Wy i, approaches W, o (for example, 36.5 kJ/mole tfor
crumbled suntlower—hexane and 58.9 kJ/mole for Au—Cu), and on the other hand, it approaches Wi, (for ex-
ample, 11.8 kJ/mole for solid layer—water and 9.3 kJ/mole for simply water). It may well be that at the freez-
ing temperature or below it, Wy iiq approaches Wi even more for metals.

2. Present-day traditional technologies for preparation of materials for extraction do not change their
internal structure very appreciably. This is seen, for example, from a comparison of Wy, for a soy kernel (an
intact, native cellular structure) and a moist soy petal (structural disruption due to the flattening of kernel par-
ticles on special machines): in both cases, the magnitude of W,/ Wy, 1y amounts to 70%. The extraction is
accelerated mainly due to a reduction in the particle size.

3. Under actual conditions, i.e., with the particle sizes used in practice, the energy characteristics in the
considered cases increase by seven orders of magnitude (//8 = 1073/10710),

The generality of Eq. (5) and, correspondingly, the relations for Wiq, Woitig» Weots Wiig, and Wop iy
can be demonstrated, for example, by comparing the values of Wy, calculated from experiments on drying or
distillation of a solvent and experiments on extraction. In the first case, Wy was calculated from the equation
(see Table 2)

am
W =-RT 1n—D—V. (7
In these calculations, a,, = 1.09-107 m*/sec for a sunflower kernel in drying was taken from [14] as the mean
of four values, D, = 4.06-10° m*/sec for the system "water vapor—air” at 373 K and D, = 3.1-107° m?/sec at
323 K were taken from [15], ay for crumbled sunflower in drying was calculated from [16], the values of ap,
for the system "solvent vapor—air” at 333 and 363 K were taken from [16], and the values of D, for hexane in

air were calculated from the Jilliland equation [17].
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TABLE 1. Energy Characteristics of Various Systems

. Liquid )
Sg::ge phase L,mm | T,K k;‘//;;)l’l R ka/an;q’l kv}//s‘)l‘l‘l% WWSOIA ,% | Reference
P (solvent) 0 ole mo sol.lig
Layer of solid spheres
with structure:
cubic Water 15 281 2.5 9.3 11.8 21.2 [6]
rhombic tetragonal " 15 281 3.1 9.3 12.4 25.0 [6]
unordered " 15 281 34 9.3 12.7 26.8 [6]
rhombic triangular " 15 281 3.6 9.3 12.9 279 161
octahedral " 15 281 3.8 9.3 13.1 290 (61
tetrahedral " 15 281 4.2 93 13.5 31.1 [6]
Kernel of ced Extractive 2.90 293 19.5 8.1 27.6 70.6 [51]
crel ot soy seeds gasoline | 3.35 | 293 19.0 8.1 27.1 70.1 5]
Kernel of peanut seeds Same 43 293 138 7.6 214 644 {7, 8}
" 43 309 14.5 7.5 22.0 65.9 [7, 8]
" 4.3 325 16.2 7.4 23.6 68.8 [7, 8]
" 43 341 16.3 7.3 23.6 69.2 [7, 8]
Microtome sections | Technical 116 | y9g 17.3 78 25.1 69.1 9]
of peanut seeds hexane
Same 0.13 298 17.3 7.8 25.1 69.1 191
Same 0.16 298 17.6 7.8 254 69.4 [9]
Same 0.20 298 18.9 7.8 26.7 70.8 [91
Crumbled sunflower:
without husks Hexane 0.06 323 29.0 7.5 36.5 79.5 [10]
5% husks " 0.07 323 26.6 7.5 34.1 78.0 [10]
10% husks " 0.08 323 26.6 7.5 34.1 78.0 [10]
15% husks " 0.10 323 26.1 7.5 33.6 77.7 [10}
25% husks " 0.11 323 22.7 7.5 30.2 75.2 [10]
Mo al Extractive 0.18 328 20.7 7.8 28.5 72.6 151
oist soy peta gasoline | 023 | 328 19.1 7.8 26.9 71.0 (51
Same 0.28 328 18.2 7.8 26.0 70.0 5]
! 0.33 328 18.8 7.8 26.6 70.7 (5]
Dichloro- | ¢ 1 | 378 208 96 30.4 68.5 (5]
ethane
" 0.23 328 15.6 9.6 25.2 62.0 (51
* 0.28 328 13.6 9.6 23.2 58.7 5]
" 0.33 328 13.0 9.6 22.6 57.6 [5]
Extractive | o\ | 395 21.1 7.8 28.9 73.1 (1
gasoline
Same 0.11 325 21.7 7.8 29.5 73.7 [11]
b 0.15 328 16.1 7.8 239 674 [5]
Trichloro- | 16 | 300 150 47 19.7 76.1 [12]
ethylene
" 0.14 300 15.2 4.7 19.9 76.4 [12]
" 0.22 300 12.1 4.7 16.8 72.0 {12}
" 0.27 300 13.5 4.7 18.2 74.2 [12]
Soy grit Eg’:;ijl‘;‘f | 38 15.6 7.8 234 66.7 (13
Grit of coriander Same | 0.38 | 328 19.7 78 275 717 [}
waste
ggtff ress sunflower Hexane - | 323 17.7 75 25.2 70.3 [10]
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TABLE 2. Magnitude of W, from Data on Drying (Distillation of the Solvent)

Material W01, kI/mole
Kemel (crumbled) of sunflower seeds 32.9 (kernel, drying)

Crumbled sunflower seeds with a husk
content of, %

0 217

5 18.2 ing)

10 17.5 (drving

15 18.0

Forepress sunflower petal

22
20.7
19.6 (distillation of solvent-gasoline)
17.2

As is seen from a comparison of the data of Tables | and 2 for the corresponding materials, the energy
assessment of the porous structure of a solid gives close magnitudes, regardless of the experimental data (on
drying or extraction) from which the kinetic coefficients that enter into Eqgs. (5) and (7) were obtained. Natu-
rally, this can apply to cases where the process parameters proper (temperature, moisture content of the mate-
rial, etc.) do not have a marked effect on the porous structure.

Equations (5) and (7) can be written in the generalized form

W,

sol ™

—RTIny, (8)

where W is the ratio of the kinetic coefficient (of diffusion or moisture transfer) inside a solid to the corre-
sponding kinetic coefficient in a free liquid or a free vapor.

Although identical in structure, relations (1) and (8) are fundamentally ditferent.

In Eq. (1), the quantity ¢ is determined from data on equilibrium sorption (an equilibrium state),
whereas in Eq. (8) the quantity y is obtained from data on the process kinetics (a nonequilibrium state). The
quantity W characterizes the energy of various forms of moisture-solid binding; with increase in @ (the relative
humidity of air), W decreases, and at ¢ = 1, W = 0. The quantity W, (W) characterizes the energy needed
to overcome the resistance of a solid to diffusion (moisture transfer), it is an energy characteristic of the porous
structure of a solid and of the ability of a solid to confine the transferred material (hinder the material transfer).
As v increases, W, decreases, and at y = 1, W, = 0 (there is no porous body, or the pores (channels) are
so large that Dy iy = Dy or aym = D,). Conversely, with decrease in W, Wy, increases, and when y—0,
W = oo, i.e., diffusion (moisture transfer) does not occur at all. Such a body is thermodynamically inert rela-
tive to the given medium (a solvent or a material in the vapor phase). Generally, this is observed in the chemi-
cal interaction of a diffusing material with a solid material. A characteristic example is the so-called residual
oil content, i.e., a certain content of lipids in the solid phase (grist) that are not extracted by the given solvent.

Other things being equal, a fundamental difference of W from W, (Wi €tc.) is that W depends on
the moisture content of the solid, whereas Wyo (Wyopjig. etc.) does not depend on the content of the extracted
(sorbed) material in the solid, since it characterizes an invariable, under the given conditions, part of the sys-
tem, which is the structure of the porous solid.

With decrease in the pore size in the systems "solid—liquid (vapor),” the structural resistance of the
solid increases and at certain values of d that are comparable to 8, especially when d <9, the intenal mass
transfer begins to follow the mechanism for both a liquid (vapor) and a solid crystal body. Here, a molecule
of the diffusing material moves in both the liquid (vapor) (from hole to hole and over the mean free path,
respectively) and structural elements (such as cellular membranes, cytoplasm, and secondary partitions) of the
solid by analogy with impurity diffusion in crystals (a hole mechanism, a dissociation-recombination mecha-
nism, and an interchange mechanism [4]). The energy properties of such a body — a mesobody — are special:
it combines the properties of a crystal and porous solid, and W, increases rapidly to the magnitude for crystal
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bodies or, conversely, decreases rapidly to the magnitude for porous solids. Extraction from mesobodies be-
comes especially slow, as does sorption of materials by these bodies.

NOTATION

Pey» partial pressure of equilibrium water vapor above a material with a moisture content U; p,, pres-
sure of saturated water vapor at the same temperature; T, temperature; R, gas constant; W, energy of moisture
binding; W;Ol, W{iq, and W;Ol.“q, energy characteristics of a solid, a liquid, and a solid-liquid system, respec-
tively, referred to one molecule of the material; Wyo1, Wiy, Wyaiig» and Wi 1> €nergy characteristics of a solid,
a liquid, a solid-liquid system, and a solid—solid system, respectively, referred to one mole of the material;
Weoitr Wiigs Weoliigs and Wi g0 same for body of size /; &, Boltzmann constant; Dy and Dyl ig, diffusion
coefficients in a free liquid and a solid-liquid system, respectively; &, elementary travel of a molecule; T,
period of molecular vibrations about the equilibrium state; d, effective diameter of the pores; ay, coefficient of
mass transfer (moisture transfer) of a porous solid; D,, coefficient of molecular diftusion of a vapor in air; /,
geometric parameter (sphere radius, plate half-thickness); N, Avogadro’s number.
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