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I. INTRCDUCTION

The process of diffusion is invelved in all movement of chemical sub-
stances through the scil and, therefore, plays a role in all the various
processes by which organic substances meet their fate in the soil. In
some instances, the movement is directly due to diffusion, while in
others it is an indirect influence. We list a few of the important soil
phenomena involving diffuaion:

Loss by Volatilization, Vépors which are lost from the surface of
the soll must reach that surface from the body of the soil. This will in-
volve diffusion.

The Action of Fumigants in the Soll, The diffusion of gases and va-
pors is necessary to reach the pest that is to be controlled, be it plant,
fungus, or a nematode.

Nonvolatile Pesticides in Soil. In like manner, nonvolatile, soluble
pesticides must also reach the pest and, in this process, diffusion
through the soil sclution plays a part.

Dispersion. Diffusion contributes to the many instances in which the
organic chemical disperses to a larger volume of 50il than its original
placement. This includes such varied situations as the large-scale
movement of fumigants, the micromovement to the Interlor of soil
crumbs, or the broadening of adsorption bands during leaching. This
latter, obviously, overlaps with mass movement which is dealt with in
another chapter.

Decomposition, Where the site of degradation is localized, as may
be the case for microorganisms, or catalysis at soil surfaces, move-
ment of the chemical to the active site is an essential factor, Since dif-
fusion is inevitably involved, it will relate to kinetics, which is treated
in another chapter.

If these and the many other phenomena occurring in the soil are
studled without attention to the diffusion processes, they will not be
fully understood. This is evident in a number of published empirical
studies, both as to conclusions drawn and to the experimental designs
used, T

In a qualitative sense, diffusion is very simple: Diffusion always
occurs from a higher concentration to a lower concentration; and the

L3
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greater the difference, the greater the diffusion rate. This is exactly
similar to the flow of lieat from hot to cold. In fact, the mathematics

of heat flow was first worked out and {t was followed in the development
of the mathematics of diffusion. The mathematical techniques are thor-
oughly presented in several standard works, including Crank [1], Jost [2],
and Jacobs [3], and the reader is referred to them for a fuller treatment
of diffusion in general. The reyiew, "Movenient of Nutrients to Plant
Roots' by Olsen and Kemper [4] has an excellent presentation of diffu-
slon of dissolved materials in soils, The following presentation is nat-
urally oriented to soil phenomena but will attempt to provide a conceptual
basis and an introduction to. mathematieal tools for dealing with diffusion
in the soll environment. .. . - N o

Vo L. GENERAL THECRY

\,j A. Fick's Laws of Diffusion

The basic relationships governing diffusion are usually stated mathe-
matically as Fick's two laws, but it is helpful also to relate them to
simple physical systems. Fick's first 1aw, for example, may be visual-
ized in terms of a uniform tube of unit area cross section containing a
fluld with a dissolved material having a constait concentration gradient.
This concentration gradient 1s attained by maintaining a constant concen-
tration at one end (e.g., a saturated solution) and zero concentration at
the other. This system is illustrated by Fig. 1. '

AR e N

r “
purs { ‘: pure solvent
solute '.. ! {’ wash {’
I T
saturated solution o c=0

C=Cy

concentration gradient = ~:—:— = %—:— = E'KZQ

Fig. 1. One dimensional case of steady-state illustrating Fick's first
law of diffusion. : . : '

Fick's first law simply says that the rate of transfer of material
down this tube by difflision wiil be directly proportional to the concen-
tration gradient or rate of concentration change with respect to distance.
This can be represented symbolically as follows:

Flux - 38 - . (-"—c)
t

dt ox (1)
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where dg/dt is the rate that material moves past a given point per unit
cross-gectional area, c is the concentration, x is the distance measured
atong the tube, and D is the constant of proportionality or diffusion con-
stant. (it is always a positive number. The negative sign is essential
since diffusion occurs in the opposite direction from the concentration
gradient, i.e,, from high to low concentration, )

The illustrative physical system shown in Fig. 1 is in a condition
known as steady state; that is, although actually diffusion 18 cccurring
constantly to transfer material from one end of the tube to the other, the
concentration at any potnt along that tube remains constant and unchanging
with time, Thus, although the system 1s in constant dynamie flux, it ap-
pears to be static. Diffusion in systems of this sort is relatively easy to
treat for two reasons: First, Fick's first law can normally be applied,
and the resulting first-order differential equations are comparatively
easy, mathematically speaking. Second, diffusion rates and concentra-
tion gradients are frequently easy to determine. For example, in the
one-dimensional case of Fig. 1, the flux must be constant throughout the
system. Furthermore, if the diffusion constant D {s truly constant
throughout the system, the concentration gradient will also be constant
since, otherwise, the flux would not be constant according to the equation
for Fick's first law. As will be seen later, steady-state systems are
often used to measure diffusion coefficlents. However, it needs to be
kept in mind that diffusion constante may not be independent of concen-
tration or position, particularly for ionic solutes.

In many cases, however, systems are not in a steady state and it is
extremely difficult to apply Fick's first law, so that Fick's second law is
empioyed. The second law is not actually a different law from the first,
but only 2 modification of it, in which the rate of flow or the flux has been
transformed iInto the rate of change of concentration with time. This is
accomplished by applying the principle of material balance; namely, that
the rate of change in the concentration at a given region represents the
difference between the rates of diffusion into and out of the region, also
called the law of continuity. The transformation 18 relatively straightfor-
ward and will be described in detail later in connection with diffusion in
porous media. It leads to Eqs. {2) and (3) for diffusion in one dimension:

E-EeE), e

i D is a constant, Independent of concentration and position, this
equation becomes (3), which is the form__csually encountered:

o)

ox

!
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Visualization of the second law is more difficult than that of the first
law, since the second law deals with gradients of concentration gradients.
The second law deals with the phase of the diffusion process which ends
either In a steady state or cessation of diffusion. In elther case, final
concentration gradients are uniform (in relation to any nenuniformities
of the medium, of course), so the second derivatives are zero.

The precise pattern of concentration as it changes with time can be
determined by solving the partial differential equation for diffusion [Eq
2) or (3)] However, the equatlon alone i8 insufficient, since it is only
a description of rates of change from point to point and from time to
time. There must also be a description of a partlcu]ar system, since
any one partial differential equation can represent any number of dif-
ferdnt particular systems. This information is in terms of Yboundary
conditions, " which are simply times or places where the condition of

_the system is specifically known.

B. Boundary Conditions

Boundary conditions can be convenlently classified into three cate-
gories:

The initial or tinal state or some other Spectﬂc state of the system,
The existence of real or virtual boundarles ln the system

Some constraint on the System such as constant amount of material
in the total system. :

With these types of informatlon, it 1s then possible to obtain 2 spe-
cific answer from the differential equation for a given diffusion system.
An example of the first type could be a salt solution overlayered with
pure watet. Here, the initial contiition of the systém is defined as two
regions of constant concentration sephrateéd by a sharp boundary: Thus,
having obtained a genéral solution of the differential equition, we then
need to Substitute time = zero, and eoncantration = zero, for coordinate .
values greater than those represénted by the boundary, and concentra-
tion =C, for values less than those of the boundaries. With these two
fixes on the system, it should be possible to evaluate exactly the dis-
tribution of concentration in the syatem at any other time afterwards,
if the vatue of D is known. Another variant of this type of boundary con-
dition sometimes used is the state of the system when final equﬂlbrium

is reached, {. e, when time i¢ infinite, . = . G
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The second type of boundary condition is illustrated by the top and
bottom of the container for the overlayered salt solution. These real
physical boundaries also serve to define the special solution of the dif-
fusion equation that fits this particular system. Ancther instance of the
second type of boundary condition would be the surface of a fumigated
goll with enough air movement to maintain an essentially zero concen-
tration. ¥ an impervious tarp is thrown over the surface, it becomes
a further example in which the gradient is considered to be zero at the
interface: (de/dx) = 0. -

The third type of resiriction or constraint on the system is much
more individual with the particular situation and needs to be evaluated
in each case. It is obvious that enough boundary conditions must be
recognized and utilized to evaluate all the arbitrary constante in the
general solution, and part of the art of applying mathematics to diffu-
sion systems lies in recognizing these boundary conditions.

C. Diffusion Constants

1. General Considerations

The fundamental relationships of diffusion were originally derived by
analogy to the mathematics of heat transfer, and Fick then provided ex-
perimental verification. It is, however, possible to derive these rela-
tionships from physicochemical first principles as was done by Nernst
and Einstein. The reader is referred to Jacobs [3, p. 11], for a de-
scription of the derivation which, in essence, depends on relating dif-
fusion to osmotic pressure and ends with the following interesting rela-
tionship involving the rate of change of the osmotic pressure with con-

centration:
dg _ 1 (Q_P) (B_C) @)
dt . Nf \aC/\odx

where N is the number of molecules per mole; { is the frictional force on
a molecule moving at unit veloclty; and P 18 the esmotic pressure. 1If -
Vant Hoff's law for osmotic pressure holds: P = CRT, where R 18 the
gas constant and T is the absolute temperature, then dP/9C 18 RT, which
is constant at a constant temperature. All factors except 4C/9x are thus
constant, and the result is Fick's first law with the diffusion coefficient
represented by . . : :

_RT
p-RT_ ®

According to this theory, D should be constant for dilute solutions of a
specific solute molecule in a specific golvent (this determines the
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frictional force, f) and directly proportional to the absclute temperature.
However, Vant Hoff's law 1s an approximation that holds only for dilute
solutions, so Fick's first law should more accurately be written as

dq _ . [OC .
& - (a—x) . ©)
where D(C) is a function of the concentration.

This complicates the solution of the equation greatly, both mathe-
matically and because the exact nature of the function D(C) needs to be
determined. R is fortunate, therefore, that the solutions in soil {(gaseous
or liquid) are very dilute and it 15 generally gafe to ignore any inconstancy
in D. An exception to this is the diffusion of ions, in which case inter-
iohic attraction causes deviation from 'idedl behavior, ' as it is called,
at '?uite low concentrations.

‘Diffusion constants have been determined for a large number of sub-
stances by a variety of methods. The reader is referred to general texts
such as Jost [2] for descriptions of method, development of theory, and
tabulation of data,

Diffusion coefficients of some substances which may appear in soil
are listed for gases in Table 1 and for liquids in Table 2. A comparison
of these tables shows immediately that at comparable concentration gra-_
dients diffusion in gases proceeds 1, 000 to 10, 000 times more rapidly
than in the liquid phase {e. g., O3 in air, D = 0. 178; O3 in 1% NaCl solu-
ton, D = 1.98 x 10~5 cm2/sec). Two values of diffusion coefficients in
solids given in Table 2 show them to represent so slow a process as to
be certainly negligible in soil.

Table 1 also makes the point that whether the term "interdiffusion"
should actually be used for the diffusion coefficient depends on 2all sub-
stances involved. Thus, the interdiffusion of Og and N3 ts definitely
more rapid than interdiffusion of Oz and COy. This can also be regarded
as resulting from the effect of concentration upon the diffusion constant
as s indicated by diffusion of hydrogen from Hp-CO3 mixtures tnto pure
CO3. Fortunately, gaseous diffusion in soil air volume is generally for
very dilute vapors and a single, limiting value for the diffusion coeffi- '
cient. It is noted, however, that soll alr contains higher COg content
due to microbiological activity and slow diffusion of oxygen into the soil.
The possible small effect of this on diffusion in soil does not appear to
have been studied, Diffusional movement in a uniform, homogenous solu-
tion with no concentration changes is known as self-diffusion and can be
measured with radicactive isotopes. This will be discussed in connec- -
tion with diffusion in the soil solution. o
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TABLE 1
& . TABLE 2

Gaseous Diffusion Constants at 1 atin Pressure

Diffusion Coefficlénts in 'Aqﬁéous Solutions

Gas pair D Temp. _ : . . S 5
p 2 °C 2 Mol. wt. D/M  Ref. : Temp. . .. Dx10
! Into (em*/sec) (°C) m o-v / : Solute Solution . (°C) - - (em2/sec) Ref.
Ai 0.178 0 1.7 32 1.01 5 5 I
02 : 7 (5] : 03 - 1% NaC2 18 1,98 [5]
o) Ng  0.181 0 1.75 32 o2 [s5] ; co,  mo 18 v et 148 - (2]
03 Coz-  0.132 o 2¢ 32 o0m [5) i KCl o.otM 25 . 1 [10]
H3(+COg) COz ' s \ 0.1 M 25 1.844 {10]
, o 0.1 M 185 .. 1513 [10)
3:1 _ 0.594 0 — 2 .19 [2] i = »
_ g Urea 2.0M - 20 1,14 (5]
1:1 0. 605 0 — 2 .21 [2] S
0.25 M . 1.18 [5]
1:3 0. 833 0 — 2 .27 [2] 5’ _
, : : Glucose 0.39% 25 0,873 [10}
Hy0 Alr 0,219 0 175 18.02 .0.928 [2] - Y
: | | NH,Cl 1.0 M 20 1.84 [5]
c COy 0.113 23 — 4401 0.75 |8 S
©2 2 | . (6} ZnSO4 0.05 M 20 - 0.54 [5]
Ethylene Air 0, 07042 0 1.95 187.86 0.967 [7] . I
dibromide . CaCly LoM 0. S Lae [5]
Chloropicrin  Alr  0.088 -~ 25 (2.0) 1644 0.947 [8] Allyl aleohol 0 D e A (5]
o - g 1 Nicotine 0.1 M 20 | 0.53
CCly Air 0. 0828 0 — 153,82 1.03 [9] E | = : ,-"_".J I 5 [5]
: : ' ] Na in per- 20 © . 1.30 x 10-3 (cm2/day) 5
CS2 Alr 0. 0892 0 2.0 786.14 0,778 [5] l B mutiéed . y (5],
Biphenyl Alr 0,0600 0 2.0 154.2 0.758 [5] 1 Alr-lead® - { 100 0,23 x 103 (cm?/day) (5]
am is defined by the equation D = Dst-d" (T/273.2)M780/P, where _aVery dilute solution of solute; D approaches limiting value for infin-
Dgtyq is the diffusion coeffictent at 0°C and 760 mm. ] ite dilution. A e ’

bsolid-staté diffusion.

7
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The dependence of gaseous diffusion coefficients upon temperature
and pressure can best be understood in the light of the molecular theotry
of gases. A complete development of this is, of course, far beyond the
scope of this text and the reader is referred again to works on diffusion
such as Jost [2]. who will further refer to the classics in the area such
as Chapman and Cowling [11]. The basic model for all these treatments
is that the diffusion rate depends upon the average velocity of the molecu-
lar motion and the average distance the molecules travel between colli=
sions {mean free path}. The former is determined primarily by tem-
perature and the latter by density, which depends on both pressure and
tempfr]ature. Equation (7) i an approximate relationship given by
Jost|2]: :

NV (7)

Dia¥3 2V,

o

where Dy is the diffusion coefficient of gas No. 1 into gas No. 2, ) is
the mean free path for molecules of gas No. 1, and V; is the mean vel-
ocity of the molecules of gas No. 1. Simple molecular theory of gases
relates average velocity directly to temperature:

— 8RT 1/2
v (wl—m) ©

and the mean free path inversely to the density:
B RT
B m—— — 9
A= Density - = ( P ) ©)

where T is the absolute temperature, P the pressure, R the gas constant,
and B the constant of proportionality by the perfect gas law. When com-

bined with Eq. (7)., these allow us to compare diffusion rates at different

temperatures and pressures:

(P12}, 7, ()‘“

D P \T
( 12)b a

Ty
where m is 3/2 by the approximate theory, but has been measured to be in
the range of 1.75 to 2.0 and to estimate the effect of molecular welght:

1/2-

(10}

Dyg (@MW),

= ={ T ' (11)
Dyg | (MW)

¢ L T

it v - i -
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As indicated by values for the exponent, m (1.75 or 2.0 instead of 1.5),
and also the values for D/Min Table 1, these relationships are only ap-
proximate. The pressure proportionality 18 quite acecurate for the nor-
mal atmospheric pressures since it depends on neglecting molecular
diameters relative to distances between molecules. This does not be-
come a significant error until the pressure well exceeds several atmos-
heres. The deviations of the simple relationships for temperature
EEq. (10}] and molecular weight [Eq. (11)]are duee to ignoring inter-
molecular attraction in the simple theory. More exact theory requires
molecular constants of this nature which are not generally available.
However, Eq. (10) with the empirical value for the exponent, m (1.%75 to
2.0), 1s useful for the relatively limited temperature range of the soil
environment. ' The rough compariscns of gaseous diffusion coefficients

that are possible with Eq. (11) can be useful guldes but are subject to
cbneiderable error. :

| The complexity of the liquid state causes a more complex theory for
liquid state diffusion which is generally less helpful than that for gases.
Temperature dependencé, for example, needs to be determined experi-
mentally in each case. Some illustrative values for diffusion coefficients
in water solutions appear in Table 2, and several points should be noted:
Comparing KC1 with urea, the greater effect of concentration on the

fonic materials can be seen. .The values differ less as a group than is

noted with gaseous diffusion. Finally, temperature effects are larger

than with gases. All these, and particularly the last, arise because in-
teraction energies are so much larger and more important in the liquid
state than for gases.

2. Diffusion Constants for Spils

Soil 18 4 porous medium, and the diffusion e modified appropriately.
First, it will be seen that the diffusion coefficient in soil, on the basis of
the total soll mass, should be smaller than the diffusion coefficient for
unobstructed fluid, simply because the solid portion of the sofl will in-
terfere with the flow of material. Moreover, there are interactions with
soil, such as adsorption and solution, which would further reduce the
diffusional flow. Some experimental values for diffusion coefficlents in
soil are given in Table 3, and it will be seen that, indeed, they are lower
than corresponding values in Tables 1 and 2. \

The ratio D/Dy, given where 1t i8 known, indicates decrease by a fac-
tor of 3 or more for gaseous diffuslon. The ratio for aquecus diffusion of
the anion Cl is approdimately the same {0.23); but cation diffusion is
greatly hindered as shown by the diminished ratio (0. 01-0,0005), This is
an obvious consequence of the cation exchange of the soil whereby most
of the ions are bound to the clay and, hence, immobile. This point will
receive further discussion at a later point. .
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Another general feature in Table 3 which is worthy of mention is the
effect of temperature. An indication of temperature effect may be noted
in the RbCl2 diifusion results obtained by Graham-Bryce [20] (6.5 and
1.4-fold for 7.5° temperature change} and the diffusion of NaCl through
Na-bentonite by Dutt and Low [22] and by Murrmann et al. [23) (~ 2X be-
tween -1°C and -3°C and ~4X between ambient and -1°C). The results
of Murrmann et al. are particularly interesting since they show that dif-
fusion may continue even in frozen soil. The likely explanation is that
the water near the clay surfaces 1s subject to attractive forces which
prevent it from assuming the crystalline structure of ice. This effect
has not been demonstrated for soil with organic chemicals and is of
sufficient significance that such experiments should be done. In fact, the
general lack of data on the temperature effect for the few organic chem-
jcals reported is 2 handicap for the possible practical usefulness of the

studies. -

(7]

Ref.
s-1
[14, 15)
(58]
[16]

Method®
S-1
S-1
U-1
U-1
U-1
U-1
U-1
U-2
u-2

0.199

8 =0.303

(Above 3 at field capacity)

bt

Soil conditions

(3. 93% Hy0)

(2. 67% H30)
Gila silt loam, 94% r.h.
7. 7% H20

(2.01% Hy0)
Gila silt loam, 75% r.h.

Much of the available data on diffusion coefficients of pesticides in
soil are summarized in Table 4, These data include cases of both gas-
eous and agueous diffusion. The results of Graham-Bryce [16] with di-
sulfoton and dimethoate show rather clearly the opposite effect of mois-
ture content upon gaseous and aqueous diffusion. Diffusion coefficients
for dimethoate show a dramatic increase {over 40-fold) as the water con-
tent changes from 10 to 43%. On the other hand, disulfoton shows little
change in diffusion coefficient with meisture content from 7.7 to 40. 8%.
The explanation for this behavior is that dimethoate, having high eolubil-
ity and low vapor pressure, diffuses in the liquid phase while disulfoton
has such a balance of solubility and vapor pressure that it diffuses about
equally in both phases. Lindane [14, 15] shows quite a high degree of
constancy for the diffusion constant as the moisture content changes from -
fleld capacity to saturation. Oxygen represents a case of a highly vola-
tile, slightly scluble material, and its diffusion would be decreased as
water displaces the air through which the greatest part of diffusional
flow occurs. A practical example of thie phenomenon is the suffocation
and death of plant roots in waterlogged soil. Papendick and Runkles [24]
obtained diffusion coefficients {see Table 3) showing this to be true for
even a relatively narrow range of molsture contents.

Garden soil, 8¢ =0.389
Gila silt loam, 0% Hy0
Gila silt loam, 10% HoO
Gila silt loam, 53% r.h.f

Ashhurst soil, 8
16.4% Hy0

30
20
20
20
20
20

Temp.
(°C)
20

2
20
20

D/Dg?
0.187
0.626
0.1383
1]

D
(em2/sec)
0.01507
0.005058
0.01121

1.88 x 10-7
0.058 x 10-7 —
0.096 x 10-7 —
1.06 x 10-7

0.28 x 10-7

0.25 x 10°7

Aq
Ag.
Ag.

TABLE 4
Diffusion Coefficients of Pesticides in Soils, Clays, and Porous Materials
Air

At very low moisture contents, diffusion constants tend to decrease
for another reason: increase in sorption. This phenomenon is illustrated
in Table 4 by lindane and dieldrin. Apparently, many adsorption sites ex-
ist in soil which preferentially adsorb water, and these will adsorb other
substances only when the amount of Water falls below the saturation value.
As adsorption increases, the mobility, and therefore diffusion rates, are
decreased. This is discussed further at a later point in this chapter. The
chapter on sorption should also be consulted.

-

B. Gaseous and/or Aqueous Diffusion

Solute-Solution
Gaseous Diffusion

Ethylene

' dibromide (g)2

Lindane (g,1)
(80 ppm)d

Dieldrin (g,1)
(35 ppb)

Disulfoton (g, 1)
(2-14 ppm)

!
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358 J. W. HAMAKER

Lindstrom and co-workers' work with 2,4-D [17] shows quite clear-
ly that the organic matter of the scil most definitely affects the diffu-
sion coefficient for saturated soil, i.e., liquid diffusion. Quartz sand,
having no organic matter, shows the highest diffusion coefficient and one
which is somewhat comparable to many values obtained for other anions.
Other than that, there is a general trend that the higher the organic mat-
ter, the lower the diffusion coefficient. A correction was derived for
sorption of organlc matter in soil; and when this was applied, the resid-
ual diffusion was roughly comparable for all soils of the series.

3. Methods of Measurement

A variety of methods have been used to estimate diffusion coefficients
in soll, inciuding both steady state and unsteady state methods. A full
review of the methodology 18 beyond the purposes of this chapter, buta
brief dellneation of general types is presented in Table 5. For details,
the reader should consult the references also provided in the table. This
list is, of course, not intended to be exhaustive, and other variants or

i O ARSROIMTARANET Y -
-

s

to cover most of the literature.

modifications may be found in the literature, but these basic types seem E .
T

One thing that 18 apparent in all cases is that the method 1s chosen
to minimize the complexity of mathematical treatment as far as pos-
sible. Steady-state methods were used earliest because of the simple
mathematical evaluation. Most of the unsteady-state methods are de- 7
signed to make use of the fact that the amount of material diffused from #
one layer to another is related, sometimes lnearly. to the variable ]
(Dt/L )1/2 where L is the thickness of this layer. Thls tendency of the F
amount diffused, depending on the (time)1/2, has been used to distinguish
diffusion-controlled processes. An example is a study by Weber and
Gould {27} on sorption of organic pesticides by activated charcoal where
the rate of sorption was directly proportional to the (time)l/ 2, This was
taken as evidence that intraparticle transport, i.e., diffusion controlled
the rate, :

The varlety of soil environments suggested in Tables 3 and 4 in-
dicates quite clearly that a purely empirical approach would be waste-
fully large. Efforts that have been made to understand the quantita-
tive relationships between diffusion constants in alr or water and those
in soll are, therefore, quite justified. The factors that have been con-
sidered include: (1) the porous structure of soil, (b} sorption by soil
surfaces, (c) gas solubility in the water phase, and {(d} decomposi-
tion, :

5. DIFFUSION AND VOLATILIZATION © 359

D. Diffusion Laws for Porous Media

1. Tortuous Tube Model

The diffusion coefficient 18 usuaily based on the flow through a homo-
geneous fluid across a unit area. However, in the porous medium, this
unit area Is partially blocked, so the flux is ornly a fraction of that for the
pure fluid. This fraction or factor has been the subject of considerable
discussion and Investigation without complete unanimity. In order to
limit consideration to the geometrical aspect, the analysis that follows
immediately will consider an inert, stationary phase and, thus, will put
Interactions such as sorption, reaction, or solution temporarily aside to
recelve later consideration. The diffusion phase is considered to be
hoEogeneous. 80 a corresponding real system would be sand, elther dry
or lcompletely waterlogged, depending upon whether gaseous or liquid
d gsion is belng considered. - '

Following the initial work by Buckingham [28]]. a number of investiga- .

tors used the model (see Penman [12] and Cali [7)) involving the following
quantities: . '

Porosity. Considering the cross section only, the maximum attain-
able diffusion will be determined by the fraction of open area. This can
be taken to be the fraction of open voluime in the mass or porosity: &.

Blocked Pores. Correction must be applied for the portion of this
open area b representing blocked pores which do not contribute to the
diffusion paths. This can be subtracted: @ - b,

Tortuosity. The diffusion paths are not straight, but twist and turn,
so this distance traveled is increased. This is called tortuosity and is
corrected for by a factor often symbolized as a .

According to this model, we can write :Fick"s first law for diffusion
in an inert, porous material: ' Lo

Flux = -D{£)= - a(B;b)Do(g—c) ' (12)\
iD= a{@-b)D, '

where the symbols are as previously défihed. The experimental values
for @ and b, which have been reviewed by Currie (29, 30] and by Call [7],
are quite varied, with possible best values: a = 0.66 (0.6-0.7) and
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362 : : J. W. HAMAKER

b = 0.1 (0-0.25), This relationship has validity over only a limited range
of porosity: approximately 0.2-0.7; and experimental values in the lit-
erature are quite variable, particularly for b. Actually, b, the blocked
pore volume, was earlier identified as the residual air porosity remain-
ing after water addition had caused gaseous diffusion to cease. This has
the obvious weakness of probably not being equivalent to porosities ob-
tained by compaction. It appears that this relationship might be suffi-
ciently valid for the porosity ranges found in soil but is probably not to
be considered as theoretically sound.

The idea of blind or blocked pore volume has another significance in
the case of non-steady-state diffusion. Here it reférs to that portion of
the porosity which does not contribute directly to the diffusion pathways
through the medium. This volume comprises a ""storage’ reservoir into
which material moves by diffusion, and it acts to slow down diffusional
movement. Some references have appeared on the determination of blind

pore volume in soil: Jackson and Klute [31), Philip [32], and Turner [33];

but an effective application of thig concept to soil diffusion has not yet ap-
peared. The theory using this concept is well developed in chemiecal en-
gineering and geological applications and should be able to give useful in-
sights for soll diffusion, as Turner suggests. Goodnight and Fatt [34],
for example, developed a differential equation based on the picture of a
blind pore as a cavity with a single, constricted opening and applied it

to a sandstone. As would be expected, the differential equation is much
more difficult to handle: i.e., it contains d2C/3t2. 1t is again clear that
this is closely allled to flow through the porous medium since the same
process of diffusion into the cavity will occur. This will be discussed
somewhat further in connection with diffusion to plant roots.

Nye [35, 36] has used this model for the treatment of diffusion of ions
in the soil solution. He proposes the following relationshlp for the diffu-
sion coefficient in soil:

ac,. acg
‘D =Dy 8 a, 5"+ Dgfas e
dc a3
“Dpoerac Pg=0

where L and S refer to liquid and solid states, respectively, and D is the
total diffusion coefficient for the soil, Dy, is the diffusion coefficient in
the liquid phase, and Dg is the diffusion coefficient in the solid soll. This
last has been shown to be probably zero (as would be expected). C and
C1, have the anticipated meanings of total exchangeable and dissolved ion
concentrations; 8 and a have the usual meanings of fraction of soil volume
and tortuosity factor. The derivative dCy,/dC is particularly interesting

!

Wmnw o
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as being the fractional change in soil solution concentration for a small
change in total goil concentratidn, the difference being ions taken out of
solution by exchange. It simply is the slope at a point on the ion exchange
isotherm or plot of soil solution concentration agalnst total soil concentra-
tion. Since the exchange isotherm is far easier to determine than are di-
rect measurements of diffusion coefficients, this method could be very use-
ful. It should also be applicablé to reversible sorption of neutral materi-
als,

An important problem with fonle substances is that diffusion coeffi-
clients are strongly dependent upon thé kind and concentration of salts in
the soil solution. Thus, a necessary distinction is drawn between condi-
tions where concentration differences produce a significant difference in

fusion coefficients and where they do not. Several terms are used in
mdking this distinction and also two sorts of diffusion coefficients are de-
sciibed in the literature:

Seli-Diffusion. Diffusion under conditions of negligible concentration
difference: 1i.e., diffusion of a substance against itself. This 18 accom-
plished experimentally with radloactive lsotopes as, for example, the
diffusion of a trace of 14C-labeled 2, 4-D from a solution of inactive 2, 4-
D into an otherwise identical solution of tnactive 2, 4-D.

Differential Diffusion Coefficient.” Measured under condition of self-
diffusion. :

Bulk Diffusion, Diffusion between two concentrations for which differ-
ential diffusion coefficients are significantly different. (Used by Nye [36] )

Integral Diffusion Coefficlent Measured under conditions of bulk dif-
fusion. .

Diffusion coefficients are strictly valld only for the system in which
they were measured or the exact equivalent. Thus, use of differenttal
diffusion coefficlents at other concéntrations or integral diffusion coeffi-
clents at other conc¢entration differences always hag an element of risk.

Nye [36] polnts out in his analysis that, for self- diffusion, dCL/dC =
C1/C can be determined by analysig in any given case. However, for
bulk diffusion, this relationship is normally not true and dCL/dC must be
evaluated. He proposes an expression due to Crank [1):

_Cf- pdc - - (14)
€17 %, : ‘

H -.D.=
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Crank examined diffusion into a plane sheet for a number of functions re-
lating D and C and found less than 25% discrepancy. An expression can
then be written for the "bulk" or integral diffusion coefflcient:

c, ¢ '(c c)
I U I LY
L'L°L (C,-Cy) $§°8 (C,-C,)
(15)
c, ¢
-6.a B( 1- LZ)
L2LPL ©, - )

Nye points out further that D, where Cg =0, closely approximates
the self-diffusion coefficient at concentration C where normal soil liquid
concentrations are used.

All these treatments of the porous mass look at it as if it were a
bundle of tubes or channels of uniform diameter. As such, it is related
to the Kozeny-Carman permeability equation (16) which is a relationship
much used in permeability of porous media;:

: 3
Permeability const = —8° B {18)
. (Area)2

where B 18 the empirical constant {~5), and Area 1s the total surface
area of the particles in centimeters squared per cubic centimeter.

Particular difficulty occurs for media where the pore size is vari-
able, such as is probably the case with soill. Furthermore, it is not
reasonable to consider the tortuosity and the blind pore volume to be

independent of the porosity, whether changed by compaction or by water
saturation.

2. Random Pore Model

A more recent approach looks "at the hole rather than the doughnut”
by regarding soil as a system of pores connected by small openings or
necks. Originated by Childs and Collis-George [37] for the treatment of

ermeabllity, this approach has been applied to diffusion by Marshall
f 8] and Millington and Quirk [39, 40). The basic assumption of this
theory is that the area of the "necks' between pores controls the rate of
diffusion {and permeation) through the porbus matter. Marshall esti-
mates this area by considering random joining of two cut faces. The
fraction of "open" space on any one face is simply 8, the porosity; but
the fraction of open space "'shared™ in commeon will be by 8 x 8 or 82.
From this he derives the relationship

7

4
X
b |
X
E

3
i

:;

b SR A TR o L
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/D, =62 =82 x g5 an

A simple visualization will show that intersections of pores are variously
oriented in space and that the area is greater than the projection onto the
cut face. Thus, the area of the necks will be larger than 82 or, because
8 15 less than 1, represented by a lower power of § than the square.
Millington and Quirk derive an equation:

1.3

s¥3_g - (18)

D/D, =

very successful aspect of this theory is the simple treatment of gaseous
}ltfusion of porous media containing a wetting fluid, e.g., wet poil. Mil-
ltn@to\[32] derives the following relationship:

D 910/3

19

where & 18 the air-filled porosity and Bt the tobal poroslty of water and
air,

Currle [29, 30] has studied the diffusion of hydrogen gas through a
large varlety of granular materials, both wet and dry, Including soils.
He concluded that for dry materials hig data fiu:ed the emplrical egua-
tion .

D/Dy=afd (20)

where a and b depend on the material. ' He found that a varied between 0.8
and 1, while b was less than 2 for sofls and sand.  This has obvious sim-
ilarity to the equations of Marshall and Millington. In his study of diffu~
sion through wet miterials, Currie conbidered both solid particles and
porous particles. The latter would répresent normal soils which have a
crumb structure {bimodal pore distribution, i.e., a group of small pores
and a second group of large pores} while the former might represent soil

in a "puddled’ condition. He founid for the condition where the larger
pores are being drained (crumbe fully saturated and solid particles), that
the empirical equation fitting his data was

p _f{8\Y.
! ‘Do"(sv) P @1)

where 8 is the air-filled porosity, -Bv the large-pore porosity, and o = 4,
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This is only partially equivalent to.Millington's equation. He was un-
able to find any simple relationship for the condition of partial saturation
of soil crumbs, pumice particles, or the equivalent. It would appear
likely that the present theoretical foundation for diffusion is basically
sound when applied to disturbed or puddled solls. The theoretical treat-
ments probably use an overly simplified model for soll but may be close
enough for practical use with thege sofl conditions. Undisturbed soils
containing enough clay to develop a crumb structure are another matter
and are not fully understood. All analyses thus far studied assume a
continuous distribution of pore size, not bimodal distribution as is ac-
tually the case for such solls.

3. Fick's Laws Modifled for a Porous Medium

The previous section developed the difference between diffusion con-
stants in homogeneous and in porous (heterogeneous) media. Fick's first
law requires only that the diffusion coefficlent and concentration be on the
basis of the porous medium rather than the diffusing phase. The required
diffusion coefficient can be estimated from the normnally more available
diffusion coefficlents in pure solvent and the data or relationship dis-
cussed in the previous section. Concentrations are frequently on a whole
soil basis or can be converted thereto.

In contrast, the second law takes a slightly different form in lnert,
-porous media because diffusion flux is, in fact, controlled by the concen-
tration gradients in the diffusion fluld. This will be seen in the following
derivation: Visualize a2 uniform tube of porous material of unit cross-
sectional area. the pores of which are completely filled with a "diffusion
fluid, " e.g., water or air. Consider a thin slice of it as Indicated in
Fig. 2. The change in concentration on the basis of the diffusion fluid in
the slice is clearly the change in the amount of material divided by the
volume of the slice. On the basis of rates, this is the rate of inflow at
point x less the rate of outflow at (x + dx}, all divided by the volume of
the fluid in the slice:

o (dg/dt) - (dg/dt),_ -
dC _ : (% + dx)
E = X dV' X (22)

where dV' is the volume of diffusion fluid in the slice and is determined
by area, width, and porosity: AN

dV'= g (Adx)= Qdx {23)

CAPEEDH NN 3

T R I ] TR

5. DIiFFUSION AND VOLATILIZATION 387

.

—

(d%l): :'\

A cross sectlonal
ire ) e

volume of elemeht dx«dy=(area)dx=dx L

Fig. 2. Diffusioh thiough a porous medium,

(since A =1 by construction). Noting that thé numerator of ‘Egq. (22) is -
ehnegatlve of the rate of change of material in the slice, this can be
tr ’

\sformed to
L Cfac L 1fsdesay
dt) = b’(_..ax:)--, o 24)
T
Finally, substituting for dq/dt from Fick's first law' [Eq’. (1)]:
_ CL2 :
dcC a fiacy - _d°C :
S\dt/,ax axt ox S

(if D 1s independent of C) where D is the diffusion coefficient for the total
porous medium and will be related to the diffusion coefficient in pure
fluld, Do, as discussed previously. C is the concentration in the diffu-
slon fluid or any quantity linearly proportional to it. Thus, concentra-
tion on a whole 8ol basis can be uged including sorbed and dissolved ma-
terial if they dre also linearly related to the concentration of the diffusing
material. That 1s, if the concentration can be represented as a constant
times the solution concentration (C' = AC), the constant will disappear by
cancellation. A little consideration will show that this will be the case
oiily if the amount of material fixed by the immobile phase is linearly re-
lated to the concentration In the mobile phase. Comparison of Egs. (2)
and (3) for diffusion in homogeneocus media with Eg. (25) shows the fac-
tor 8 to be the difference. ;

E. Interactions with the Soil

1. Sorption and Solution1

Soil is not an inert, porous medium and there will be Interactions
which must be considered. Three interactions and their effects on the
diffusion equations are generally recognized as important: {a) sorption
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by the solid soll, (b) solution in the water phase tn the case of a gas,

and {c) disappearance of the chemical by chemical reaction. Where
steady-state diffusion 1s occurring, the first two are normally at equilib-
rium so that they produce no obvious effect on the diffusion, The immo-
blle phases eimply retain a constant amount of material which does not
affect the diffusion flow, as such. Any irreversible loss as in factor (c)
wiil, of course, increase the diffusion flow and will have to be ccnsidered
separately. The reason for the long time required for the establishment
of steady-state diffusion is that it includes the time for distribution and

sterage of what may be a major portion of the material. One important

advantage of the application of the study of steady-state diffusion is that
these interactions can be ignored, which makes things very much
simpler. :

In the case of nonsteady or transient diffusion, interactions with the
porous medium cannot be ignored since the concentration is continually
changing at every point, producing corresponding changes in the sorption
and solution of solute. Reversible sorption of chemical on the immobite
phase of soil and solution in the aqueous phase can be incorporated into
Fick's second law without difficulty, The term 8{3C/ot) in Eq. (25) can
be interpreted as the rate of Increase of material per unit of diffusing
fluid volume at point x, as supplied by the diffusion represented by the
right-hand side of the equation. If, however, part of this incoming
material 1s lost from solutlon as adsorbed {ads), dissolved (sol), and
decomposed {dec), additional terms will be needed on the left side of
the equation to represent the material thus lost from the solution:

. 2.
ac) . (oc@ds)\  focsa) . [c
e(ﬁ) . ( a S)+ ( _6st ’) _D(—axz) @6)

The new symbols represent the concentration of these amounts calculated
on the volume of diffusing fluid, l.e., ag if they had not yet been ad-
sorbed. These new terms can be evaluated in terms of their relationship
to the solution {or gaseous) concentration C as follows:

dC(ads)} _ foc(ads)) {acC
(fspee) . (20t (oc) @)

dC(sol)} _ 6C(soii ac
(25et) - (25t (3) &0
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" Substituting and rearranging ylelds

ac

_ D a2\
t ‘9+{ac(ads)/ac)+(ac(son/acj(_) (29)

6x2

whose exact form wil) depend on the relationships for sorption and solu-
tion. It 18 assumed that sorption and solution are reversible and rapld

enough that they can keep up with changes in conceiitration produced by
diffusion. '

uilibrium between adsorbed and dissolved material: linear partition

{d B\tlﬁihutlon law), Freundlich, and Langmulr. These relationships and
the \dsociated derivatives follow:

\ Three relationships are commonly encountered for the isothermal
e

Linear partition:  Clads) = KC % =K (30)

Freundlich: Clads)= KC" 9Clads) _ Knc"! (31)

ac

K.C K Kz
Clads) = i 9C(ds) - 1 39
BT i o R 62)

It can be seen Immédiately why the first relationship for sorption is uni-
versally used: The differential equation 18 much easier to solve. There
is, however, experimental Justification for this simplification; although
for sorption in soll the Freundlich isotherm appears to be most accurate,
the value of n 18 quite close to unity in many cases. This was discussed
in the chapter on sorption. S

Langmuir:

With regard to solubility, two possibilities exist:- {2) solubility from
water solution into waxes, organic materials, etc., of the soll, or {b) of
gases in the sofl water. The former of ‘the two 18 generally lumped in
with adsorption, which s fine if the linear partition approximation can be
used for adsorption. If the more exact laws for sorption are used, this
solubility term should be entered Beparately if it can be identtfied, which
seems doubtful at present. ) o

' 1

Solubility in water as a hindrance to diffusion applies, of course, to
gaseous diffusion. In this case, at the dilute concentrations that were ob-
tained in soll treatments with gases, we are quite justifiéd to assume that
the concentration in water is directly proporticnal to the concentration or
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re of gas in the air of the soil. This, of course, is known as
Il?ll;e?lisyl:selaw glﬁ physical chemistry. As with the direct proportion or
distribution relationship for sorption, this means that the derivative of
the concentration in solution, with respect to concentration in the gas,
is a constant which we denote appropriately in this case as K(sol)- Thus,
in its simplest form, the diffusion equation becomes the following:

(B_C) ; p & ¢ (33)
ot/ G+ K'(sorp) +K (scl}) ox

where the constants are computed on the basis of concentration in the
"diffusing phase, " i. e., the air volume, and 84 is the fraction of alr
space in the soil. It is customary to state adsorption on the basis of
weight per weight of soil vs volume concentration, the dlsso'l‘ved con'(‘:en-
tration on the basis of volume of s0il water (Gy,), and the "primes" on
the constants indicate this. With the indicated changes, the equaticn

becomes

ac D 520) (34)
(6_t) i Gy + BK(sorp) * (GW/B) K sol) (axz

where B is a factor for conversion to volume concentration units.

As has been pointed out previously, it s universally assumed that the
establishment of sorption and solution equilibrium is rapid compared with
diffusion; but, in fact, this is not apparently always true of sorption. At
lease one reference exists in the literature [41] which indicates that sorp-
tion by soil can be slow, taking even months to establish equilibrium,

" Full discussion of the significance of this phenomenon and its oceurrence
belongs. of course, in the chapter devoted to sorption, particularly on
its kinetics; but imention should be made of the possible need for its in-
clusion in the diffusion equations. This is, in theory, readily accom-
plished by simply noting that the sorption constant in the equation indi-
cated last will be a function of time and probably of concentration. Thus,
in theory, the incorporation of this relationship would make an equation
very difficult but not impossible to solve. However, at the present time,
there does not appear to be sufficient, basic understanding of the change
of the sorption with time to permit really meaningful incorporation of
this factor. It would only be possible lo incorporate some emplirical re-
lationship which would, of course, hold-only for specific pesticide soll,
etc.., and this would have limited usefulness. This particular considera-
tion awaits further data and work.

o e 1,
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2. Chemtical Decomposition-

One further factor that needs to be incorporated is the degradation
or decomposition of the chemical in the soil, for, obviously, if the chem-
ical is decomposing at a rate comparable to the rate of diffusion, the dif-
fusion pattern will reflect the decomposition. At any point in the medium,
the rate of change of concentration 18 due not only to the diffusion in and
out of material, as tnfluenced by sorption or solution, but must also be
diminished by the rate of decomposition or disappearance:

o) ()
6+ BK{sorp) * (ew 9 K(slo'l) ax2 dt (decomp)

1

Rates of decomposition {n soil are a subject for discussion in another
chapter, but it can be pointed out that textbook chemical kinetics will
usually not apply. However, so little 18 known of the kinetics of de-
composition in soll that arbitrary assumptions such as first-order are
usuaily applied. One cautionary note here is that one may freely flip
from concentration on a diffusing volume basis to a total bulk basgis in
the equation, where it Is assumed that sorption is linear with concen-
tration. 1t is most convenient to express it this way, since the rate of
change of concentration may be most conveniently expressed on a soil
volume basis. However, should it turn out that the sorption or even
solution constants are replaced by some function of concentration, as
with the Freundlich equation, then it could not be so readily done, in
that proper factors would have to be incorporated. This poses no in- -
surmountable problem, but it will cause error if not eonsidered.

9c _
at

3. Biological Effects

With the proper boundary conditions, the solution of the diffusion
differential equations yields a picture of the concentration pattern through
the soil profile at any given time. This i8 useful for questions relating to
resldual amounts of chemical, but does not provide an adequate guide to
the biological effects from the chemical because it {ghores time of expo-
sure. A low concentration for a very long period may have more effect
than a high concentration for a short perfod. Since purposeful or acci-
dental effects on life forms are an impdrtant consideration regarding
use of organic chemicals in soll, thig question must be examined.

Goring [42) has used lIhree terms to structure the problem:

Intensity — actual toxicarit concentration experienced by the organ-
© ism, - o : :
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Capacity — a measure of the amount of toxicant effect an organism
can tolerate.

Dose — the joint effect of intensity and tine.

Dose and capacity are related concepts with the first referring to the
external environment and the second to an internal environment, When

an organism is exposed to an external concentration, i.e., intensity,

it will take In the chemical to some extent and by detoxifying, ignor-
ing, or simply tolerating it, live with it. Dose measures the amount
of exposure that the organism has recelved, while the maximum amount
of internal punishment that it can absorb s its capacity. The capacity
is, of course, associated with the lethal dose. Dose, as the combined
effect of concentration and time, is actually a complex of many fac-
tors such as absorption rate by the organism, detoxification, water
content, etc.; buf, as Goring pointed out, it has been found that a sum-
mation of the product of concentration and increments of tlme is a
reasonably good measure of dosage., This assumes that a dosage of
2000 ppm achieved by a 4-h exposure at 500 ppm concentration has the
same effect as an 8-h exposure to 250 ppm. The expression is obviously
not exact because the scalé is 1imited at both ends: at the lower end by a
threshold below which the organism is capable of detoxifying or chal-
lenging the exposure indefinitely, and at the high end because it cannot
be any deader than dead, Within these limitations, however, the sum-
mation is generally accepted a8 a useful approximation. The determina-
tion of the amount of dosage is easy if the concentration is constant; but
it becomes difficult if the concentration is varying, as in a case of un-
steady-state diffusion. 1In such a case, the methods of integral calculus

can be applied:

PO
Dose = f Cdt =f ft) at (36)
Y Y '

solution of the diffusion equation will give a relationship, C = f{t), so
;‘gsee for any time period can be determined by performing the integration
and evaluating the result. In the case of nonintegratable expresstons,
numerical methods are well known. For experimental data, the area un-
der 2 concentration-time plot is the acéumulated dose. Thus, one way
or another, dosage can be estimated and a distributlon of dosage con-
structed where a concentration distribution is known,
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III. APPLICATIONS

A. Gaseous Diffusion

1. Soll Fumigation

A very practical example of gaseous diffusion is sofil fumigation,
and the extensive investigations of the subject are reviewed in the
corresponding chapter. However, mathematical analysis in terms of
diffusion laws is appropriate here. Perhaps the most complete math-
emytical analysis of the fumigation process is that due to Hemwall
(43-45]. Since many of the points thus far made are illustrated and
draw together in his treatment, we will present this analysis in
sonle Qetall, An Important consideration is that he makes two sig-
nificant contributions that do not occur eisewhere: (2) dealing with
the normal fumigation. geometry consisting of injection in lines spaced
in the field, and (b) a description of the manner in which aglectronic
computers were used for the soluticit and evaldation of the diffusion
differential equations. This last point 18 of particular importance,
since it can enable us to get around the oftén formidable mathemati-
cal difficulties posed by the differential equations of diffusion and in
appl)ylng them to very complex situattons (see the chapter on fumiga-
tion). s

Mathematical analysis of soll fumigation has otherwise been limited
to simplified models, as, for example, In the work of Call {48] which
considered radial diffusion from a point of injectioh. Hemwall considers
the typical injection pattern in parallel lines and analyzes it as basically
& two-dimensional pattern on thé cross seetion of the field, perpendicu-
iar to the lines of injection. Diffusion is, therefore, from points spaced
regularly across the field, as shown in Fig. 3 which 1s taken from his
work [45{.

Asg Indicated, symmetry allows this to be reduced to a single, small
area which repeats itself throughout the field, one side of which passes
{as will be seen) through the injection point and, the other, midway be-
tween two tnjection points, Again, by these symmetry conatderations,
one can consider that the barriers thus coticeptually constructed in the
diffusion field actually hct as impervious barriers reflecting diffusion.
Another way of looking at it is that diffusion out of the space is exactly
counterbalanced by diffusion into the space from the other injection
points on either side. - S e B
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Fig. 3. Cross section of a fumigated field perpendicular to the fumi-
gant injection lines E, F, and G. {x and y are the coordinates perpen-

dicular to the injection lines, d 18 the injection depth, and s ig the spacing

between adjacent injection lines; area A 1s one of a series of identical
mirror images which can be drawn through the field and E is the depth
of these mirror images.) (Reprinted from Hemwall {45).)

He used an equation (37) derived, as was Eq. (35), with two modifi-
cations: (a) diffusion in two dimensions and {b) assuming first-order
kinetics — (@C/dt) = -k, C:

2
(%):D'(ﬁ;p@—g)-klc (37)
dx~  dy
where
o . 0. 66 BADO
GA * BK(sorp) M (ew/ 9)\) K(sol)

C 18 the concentration in the air space, A the air space, and w the water-
filled space. The term 0.6 GADO is based on Penman's tortuosity value
and ignores the change of tortuosity with porosgity or the existence of
blind-end pores. In the light of later work already discussed, the equa-
tion and diffusion constant could probably be changed, but the method of
mathematical treatment would remain the same as probably would the
general conclusions. .
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The numerical method of solutién, which was used, is based on ap-

proximating the derivatives as ratio of small finite increments, i.e.,
dC/dt = AC/At, : -

The diffusion field 18 imagined as divided into a square grid of small
cells (10 x 90 = 900 for this case) and the increments computed between

- adjacent cells ag indicated In Fig. 4. Diffusional flow from or into the

central square from each of the surrounding eight squares is computed
for the small time difference, At. Hemwall uses the finlte difference
method of Milne [47] to get the following difference equation:

(38)

NI
Cpphan™ -5 80 {[1 -ao/maley, yvem o,

+ 4C(x + 4C

- 8%,y T Mix,y ¢ Ay):+ 4C(X:Y - Ay)

+ C(x+Ax.y+ Ay)+ c(x+ Ax,y - Ay)

+ C(x - Ax,y + Ay) M (_:(x '-Ax, ¥y -Ay))}t

Y
(ax)

for Ax = Ay

The computer {8 programmed to run through the entire grid of cells using
the difference equation and, thus, advancing to the pattern after the small
time differential. Provision is made for boundary conditions in the edge
cells. The answer i obvlously approximate because of the finite size of
the cells and of the time interval; but if these are made small enough, it
can lead to an answer which is reasonably representative of the true an-
swer. The parameter a determines the accuracy of the answer; and,

thus, for a given mesh size and for a desired accuracy, the time incre-
ment At that must be used 18 determined.: The atcuniulated dose at every:
point 18 calculated by the equation : : o

t=t - :
Dose(ﬁ’ g t) = Z cx.y At .. (39)

t=o0

Using this mathematical technique and its definition of dose, Hemwall
compared the zone of control for nematodes under a variety of fumigation
conditions. He used the vapor pressure of ethylene dibromide which had
been determined by Call [49]. a representative range of soil properties,

-
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Fig. 4. Operation of the finite difference equation for diffusion.

and thefigure of 2000 ppm h for the lethal dose value of ethylene dibromide
on nematodes. The zone of control is, of course, simply the volume
within which the dose exceeds the lethal dose value. An example of his
analysis i1s shown in Fig., 5 where the comparative effect of different
depths of injection was computed. These seem to indicate a definite ad-
vantage ag might be expected for a deeper Injection and is interesting in
view of the current swing toward the practice of injecting fumigants at
greater depth for better control. In general, his conclusions are in
agreement with the results of the extensive studies that have been made
in this area of fumigation factors. A thorough discussion of the prin-
ciples of fumigation as applied in the field will be found in the chapter on
fumigation. ' :

Whereas Hemwall's treatment was theoretical and lacked experimen-
tal data to confirm his predictions, other studies in this area, contrarily,
have been theoretically incomplete, An example of this is the study by
Call [46] of the diffusion of ethylene dibromide through soil. In this case,
the material was injected in the center of a cylindrical mass of soil at a
depth of 6 in. and the concentration of ethylene dibromide in the alr
measured experimentally. The diffusion was treated according to the
diffusion equations, and much valid information was obtained; but, in the
absence of data on solubllity, adsorption, znd decomposition for his soil,
the full analysis which Hemwall demonstrates cannot be carrted out.

.
.

2. Soll Aeration

Aeration of soil is an important phenomenon which 1s now generally

recognized as a diffusion process {see Van Bavel [13] for a brief summary).
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Fig. 5. Biological control patterns for various injection depths for a
soll fumigant, (Reprinted from Hemwall [45).) - -

The oxygen content of soll is tmportant to the growth of plant roots and
to the metaboliem of microorganisms in the soil. ' The former aspect is
not directly pertinent to this book, and the reader is referred to the re-
view by Grable [48] for & summary and references. Since, however,
microorganisms play such an important role 1n the decomposition of
many chemical substances, the oxygen content of soll is an important
factor. When the oxygen falls below a eritical value (1-5%). the met-
abolic pattern changes from aerobic to anaercbic; and the degradation
pattern for organic chemical, likewise, can be radically changed. One
example {8 DDT which is degraded relatively rapidly to DDD under an-
aeroblc conditions while aerobic decomposition 1s very slow. This is
discussed more fully in the chapters on chemical transformation in soil.

Van Bavel [50] has developed a soil aeration theory based on diffu-
glon in which he assumes a rate of consumption of oxygen which is con-
stant and a steady-state cohdition of the soll. In order to simplify the
mathematical treatment, he also has assumed that the soil occurs in
horizons with constant porosity and other properties and also cases where
impervious layers or zones occur. These conditions represent a rather
artificial situation; and, furthermore, the soil may not bé in a condition
of steady state if soil conditions are changing. Penman [22] has concluded




378 J. W. HAMAKER

that a 40- to 100-min period may be required for a steady state to be es-
tablished in a 1-in. soil sample so that, for a layer of soil many feet
deep, many days may be necessary. For this reason, Papendick and
Runkles [24] developed an aeration theory based on non-steady-state
diffusion which, of course, 18 convertible to steady-state diffusion con-
ditions by the extension of time to infinite value. In a second paper [51],
they treat unsteady-state diffusion with the added condition that the con-
sumption of oxygen ig not constant, but clianges with time, using an em-
pirical equation for the rate:

dac _ kt (40)
yTe a + be

where a, b, and k are constants, This leads to an equation for diffusion
of oxygen into soil:

d

(9]

g
= D'-a—g- (a+ bekt) (41)
dx

[~7)

t

which is solved explicitly for concentration. Using Millington's relation-
ship between diffusion in a porous medium compared to that in air, they
find their theory fits their data reasonably well for shallow depths and
short times. For deeper penetration and consequent longer times, de-
viations are noted in the direction of less oxygen than anticipated. Al-
though not perfect, this model appears to represent a definlte step toward
dealing with soil as a dynamtc system that is subject to change. This is
particularly true when dry soil has been recently wetted as would occur
naturally in the rain cycle. An ultimate value of such work is, of
course, to develop the ability to determine depth beyond which anaerobic
patterns of decomposition must occur and, thus, to better understand the
decomposition pattern of pesticides and organic materials in soil pro- -
files. However, there i8 a conspicuous need to consider the dynamics

of soll in treating all aspects of the fate of chemicals in soil.

B. Liguid Phase Diffusion

Because it 18 so much slower than gaseous diffusion, liguid diffusion
18 significant for a much smaller scale of movement in soil. As will be
seen later, the order of magnitude of movement in soil is a ft?w cen-
timeters per month. An excellent review bearing on this sul:]ect is that
by Olsen and Kemper [4], "Movement of Nutrients to Roots." I we but }
substitute the word "pesticides' or "orgaiic chemicals" for "nutrients,
we find that much of the discussion 18 generally pertinent. Their gen-
eral discussion of the principles of diffuston is soil is recommended.

t
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- Diffusion serves to redistribute applied ¢hemicals on a microscale and

thus to provide for the delivery of the chemlcal to active sites of de-
composttion or sorption, or other aspects of soll activity besides move-
ment to roots. o : :

One of the compiexities in lquid phase diffusion 18 that most salts
are tonized but the tons have only partial independence of movement. I,
for example, a herbicide I8 2 sodium salt of an acid (e. g.» 2,4-D}, the
sodium catlon and the anion will diffuse partially independently. They
are subject to the condition that the electrical neutrality of the solution
must be maintained. Thus, the rate of diffusion or the diffusion coeffi-
cient for the anfon will depend upon the assoclated cation, 1.e., sodium,
potassium, ete., as well as other salts in the solution. Another way of
looking at this is in terms of the counterdiffusion. Thus, when an or-
ganlc ion such as 2, 4-D anion diffuses in a given direction, electrical

-neutrality can be maintained by counterdiffusion of other anions or by

diffusion of cations in the same direction. Thus, SO~ or Cl- ions could
diffuse to exchange places with 2, 4-D anion In place of "parallel' diffu-
slon of Nat, This means, again, that the other ions present in the solu-
tion, as well as the particular counterions which accompany the organic
molecuiar fon, will make a difference in the diffusion rate and, there-
fore, the value of the diffusion coefficlent.

The clay in the soil plays a role as an immobile electrolyte based on
ite cation exchange capacity, which further complicates the diffusion of
lone. Inthe case of large organic cations like paraquat or diquat, it is
likely that they are held so firmly as to be essentially immobile, It is
expected that organic anions, such as 2,4-D, would diffuse more than
the organic cations. Here again, the size and polarizability of organic
anions make them more subject to adsorption than inorganic anions like
Cl. An interesting study of ionic dlffusion through clay is provided by
Dutt and Low [22] (see Table 3). They established a steady-state diffu-
slon through Na-bentonite from 0.1 M NaCl to distilled water. When the
plug of Na-bentonite was sectioned, it was found that not only was the Cl
gradient unconstant but there was an apparent discontinuity in concentra-
tlon at the two surfaces, e.g.. a 0.1 M solution reservolr was associated
with a 0.07 M solution in the clay. ‘Although there was controversy {in-
volving Bolt and De Haan [52]) on interpretation, there was no challenge
to the experimental results. - Lindstrom and co-workers [17] use a large
reservolr (essentially infinite) over a column of water-saturated soil
which was then sectloned and analyzed for 14C-labeled 2, 4-D (Method
No. 4, Table 4); it is noted that, although the reservoir is 1. 26 ppm, the
highest concentration shown in soil 1s about 1, 07 ppm. It is interesting
to speculate that this could be a discontinuity, although it may be an arti-
fact of their experimental method such as sorption. Information provided
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in the paper does not permit clarification of this latter factor. The dif-
fusion coefflcient was obtained from the concentration-distance profile
by the standard error function equation (Crank (1], p. 30), so that in-
tegral diffusion coefficients to any given depth can be calculated. Single
values for D are obtalned, so it cannot be determined If there is any
trend in the coefficient a8 observed with Dutt and Low's work {22].
Graham-Bryce [16] found no meaningful trend in a sectioning experi-
ment using dimethoate and disulfoton.

An important potential application of diffusion theory is in studies of
uptake of pesticides by plant roots, The reader is again reminded of
the review by Kemper and Olsen {4].

Graham-Bryce [16] has agsembled the necessary basic information
(diffusion coefficient, adsorption coefficient, soll properties, vapor
pressure, and solubility) needed to estimate the rate at which the in-
secticides, dimethoate and disuloton, would diffuse to the root surface,
This he has compared with uptake by plants through the roots, and he
concludes that the limiting factor is root absorption rather than soil
diffusion. Thus, for example, he calculates that the observed uptake of
insecticide, in one case, should require no more than 0.9 em of root
length, which is to say the diffusion oversupplies the root surface with
chemical. :

Lavy [53] has qualitatively studied the uptake and transfer of three
symmetrical triazines through soll: atrazine, propazine, and simazine,
Using radioautographs, he found that atrazine tended to concentrate in
the soil around the root, simazine tended to become deficient, and pro-
pazine was Intermediate in character, with {ts behavior depending upon
the soil. This was consistent with the higher water solubliity of atrazine
which would tend to make more of it available for movement, Quantita- -
tive calculations are not possible since the basic information on the soil,
the pesticides, and their interaction is not available. Lavy [18] has
studied the diffusion coefficients of these three chemicals in the same
soils but reports only grand averages which cannot be used for specific
calculation. Lavy [53ﬁ puts the same interpretation upon this phenome-
non as Barber [54] in his work with Rb+, which is that, where deficiency
occurs, diffusion 18 the primary mechanism, and, conversely, concen-
tration results from mass flow being the primary mechanism. It would
seem to be more fundamental to look at the relative rates of uptake of
water and solute at the root in relation to the concentration of the soll
solution. If the ratlo of rate of solute absorption to rate of water uptake
18 greater than the concentration, there will be deffciency, and vice
versa. Nye and Splers [55] polnt out that it 1s not really vaiid to treat
the movement to the root as the sum of diffuston of the solute and mass

L3
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movement of solution, since the standard diffusion equations are not
valid if there is solvent flux, Water will also diffuse rapidly since it
has a small molecule, They derive an equation based only on the flux
of water and of solute and deduce that for steady state a critical lndex is

. %-z[‘.: : 42)

where rg i8 the radius at the root surface, Vo the inward radial velocity
of water at the root surface, D' = D dC'/dC, D the diffusion coefficient
of the solute, and dC'/4C the rate of change of soil selution concentra-
tion with total sof! concentration. This compares the inward movement
of witer with the diffusion of the solute as a condition for 2 steady-state
concéntration gradient of solute.

4

C. Solld Phase Diffusion

What is reférred to as diffusion in the solid phase, i it exists, is
more likely to be diffusion along the solid surface and refers o possible
contribution to the diffusion by movement of adsorbed material along the
surface. As noted in the earlier digcussion of diffusfon coeificients,
those representing diffusion through solids are so low that diffusion in
the solld particles of sofl should be negligible in comparison with move-
ment through the liquid. It 1s interesting to note that this type of diffu-
sion has been studied in connection with gasecus flow, Winterbottom and
Hirth [58] have discussed the diffusional flow in a Knutsen vapor pres-
sure cell where a very dilute gas (<10-2 mm) escapes through an orl-
fice. Although diffusion is far less rapid than effusion or direct molecu-
lar escape, the increase in concentration of £a8 near the surface due to
adsorption may be great enough to partially compensate, Thus, particu-
larly with very small orifices, a significant fraction of the total flux
through the hole may be due to diffusion. In a similar way, the possibil-
ity exists that chemical adsorbed to the sofl partiéles may contribute to
diffusion through the soll. S :

It has not been fully resolved as t6 whether "solid prhase" diffusion s
significant in soll. Nye and co-workers have studied soil diffusion for
evidence of contribution by adsorbed cations, consldering that the diffu-
slon process c4n be considered to be a sum of the liquid diffusion flow
and "golid" diffusion flowjand 1s represented by Eq. (13). = They have
found no evidence that "'solid" diffusion made a significant contribution,
The most accurate experiment by Mott and Nye [1 9] with self-diffusion
of Sr2* (10-2-10~4 M) indicated a liquid diffusion contribution of about
130X that of any possible solid diffusion. Valdyanathan et al. [21] found
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no significant solid diffusion for potassium ion. Gast [57], on the other
hand, has concluded from a study of diffusion in bentonite that the diffu-
glon current is greater than can be accounted for by electroconductivity
of the clay systems and discusses diffusion of "bound" cations. Graham-
Bryce [20] also discueses indications that diffusion by the exchangeable
cations may occur in soil. However, the work of Nye and co-workers is
more complete and appears to be less subject to experimental uncer-
tainty than any other published reports. In soil, a high proportion of
many organic chemicals adsorb in apparent association with the organic
matter, so the possibility exists that this selid sorption is contributing
to diffusion. The existing data provide no indicatton.

D. Liguid-Gaseous Diffusion

There 18 no similar uncertainty about cases where diffusion occurs
simultaneously in both liquid and vapor phases of soil. One example
already has been shown in contiection with the insecticide, disulfoton.
According to the data of Graham-Bryce [18] (Table 3), the diffusion rate
of this material is largely independent of water content. This can only
mean that the rates of diffusion in the two phases, liguid and gas, are
comparable; so that changing the proportion of the two phases does not
change the total rate of diffusion. This is reasonable, in view of the
partition coefficient which has a value of 5.5 x 103. The partition coef-
ficient represents the ratio of the equilibrium concentration in the lguid
phase to that in the vapor phase. This ratioc of 5.5 x 103 1e the same or-
der of magnitude as the ratio of diffusion coefficients in gas to liquid,
and so the faster diffuston in the gasecus phase is balanced by the pro-
portionally lower concentration in that phase. This, of course, is only
a rough rule-of-thumb, since the factors of sorption will enter here as
well. A listing of this factor for a number of pesticides is given in
Table 8.

Another case which has been studied with great care by Ehlers and
co-workers 14, 15] 18 the diffusion of lindane in soll. In this case,
again, the diffusion coeffictent is essentially unchanged over a wide
range of water:alir ratios for the soll. We reproduce, at this point, as
Fig. 8, their data which shows that, indeed, for most of the range of
water content the diffusion coefficient does not change. The drép of
diffusion coefficient to zero at very low water contents is interpreted
as strong adsorption of the lindane when the water 18 no longer present
in quantities sufficient to compete for adsorption by surfaces. Thus,
the lindane will be immobilized in very dry soil. A similar behavior
for dieldrin is indicated by the work of Farmer and Jensen (58] and the
calculated value for the partition coefficient of 4. 4 x 103 (see Table 8).
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The effect of temperature upon this diffusion is shown by Table 7,
taken from the work of Ehlers et al, In the use of activation energies,
Table T represents an exponential relationship between diffusion and
temperature (e - AH/RT) which might appear to be inconsistent with
the relation described in Sec. II, C. 1. '

m
P ENACATAS! ,
.-\ \T s m=1,75-2 (10
2 1 2

The reason for this apparent discrepancy is that the ratio P3/P1 depend
on the changes of vapor pressure and solubility of the chemical, which
are exponential. Change in the ratio Py/ P; 1s s0 large that it quite

i overshelms the second factor: (T1/Tg)™.

E. Volatilization

1. With Diffusion

With respect to soil, volatilization is obviously a matter of migration
to a surface followed by removal. This, of course, occurs normally in
fumigation where, unless the surface is tarped, the escape of fumigant
vapor from the soil surface causés a loss in biological control for the
surface layers. In models of diffusion in soil such as have already been
discussed, one of the boundary conditions s that the concentration at the

surface of the so0il be maintained essentially at zero. In the case of less

volatile materials and fumigants, loss from the soil by vaporization in-
volves vaporization from a water or a soil surface, It appears that in
most cases the dry soil surfaces hold organic chemicals very tenaciously
and may in many instances prevent loss for extended periods of time.
This was already polnted out in the discussion of lindane diffusion in soil
and has been reported for manyof the soll-applied herbicides. This has
been reported for propham and chlorpropham by Parochettl and Warren
[59), for EPTC by Fang et al. [60), and by Gray and Weterich [61], and
also for CDAA by Deming [62], to mention a few cases, In all these and
other Instances, it is observed that the losses of chemical from moist
soll are considerably greater than from dry soll.

This factor can be approximately quantized based on the fact that the
amounts of pesticides applied are much less, in general, than the amount
required to saturate the water phase of the soil. Thus, volatilization in
a moist soil 18 from a dilute water solution; and an important quantity, as
was pointed out by Hartley [63], is the partltion coefficient between water
and alr. A number of these have been listed in Table 6, and a further
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Fig. 6. Effect of soil water content on the diffusion of lindane tn gila
silt loam. (The equivalent relative humidities were determined at 20°C.)
{Reprinted from Ehlers et al. [15).)
TABLE 7

Influence of Temperature on Apparent Diffusion Coefficients of Lindane
Calculated from Relative Energies of Activation®

Temperature Dvapor' Dsoln' Dyg
(°K) (mm2/week) (mm2/week) (mm2/week)
293 1.6 ) 2.1 | 3.7
303 5. gb | 5. 80 11.4°
313 18.1 _ 15.1 33.2
E calc.© 2.0 20.0

AReprinted from Ehlers et al. [15].
bExperimentally determined values..

CEyg = 20 Kgg1/mole, Ey = AHygp, = 24.1Kggy/mole, and Eg = 16. 1
Kcal/mole. o :
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source is Goring's review [42]. The coeificient indicates to us what pro-
portion of chemical is in the vapor and, thus, gives some idea of the po-
tential for volatliization. For example, the coefficient for trifluralin in
Table 6 (3.2 x 102) suggests that something in the order of 3% of the tri-
fluralin in solution is in the vapor phase where volumes of soil:air and
water are equal. We hasten to add that this s an extremely rough meas-
ure, since adsorption will occur and tend to decrease the amount of ma-
terial in the vapor phaseé and because the water:air ratio 1 the sofl is not
very often equal to 1, . R oo :

Since diffusion is a significant factor in this volatilization process,
the depth of soil through which the chemlical is dispersed has a very
large effect upon the rate of volatilization.. It'is on this basis, of course,
that yolatile materials of this nature cdit be suceessfully used as soil-
applied herbicides if they are immediately incorporated or mixed into
the soil, An examination of the operation of diffusion laws In such 4
case gives a better appreciation of the incorporation factor, so the fol-
lowing, more detalled examination 15 to be presented: Let us then vis-
uaiize soil into which chemical has been uniiformly mixed to a given
depth and consider that the vapor 1s in equilibrium with the digsclved
and adeorbed material throughout the soil tnass. It is further assumed
that the chemical is largely adsorbed and immobile so that at any mo-
ment only 2 minor fraction is free to move by diffusion or leaching., It
should be clear, then, that as the vaporization from the surface occurs,
depletion will develop a con¢entration gradient for the material in all
phases: air, water; and soil surfaces; and this concentration gradient
will, in turn, be the driving force for further diffusion. - However, as
the diffusion proceeds, this concentration gradieit will diminish because
of a greater path over which diffusion takes place; and the rate of vola-
tilization will fall off with time, The mathematics of this system are,
as previously noted, somewhat complex; but 4i¢ much simplified where -
the Impregnated soil layer can be consideréd to be semi-infinite, namely,
that its total depth is large compared to the depth significantly depleted
by diffusion and volatilization. .In this case, there is a stmple relation--
ghip for the total amount of loss {(see Ctank [1, p. 31]):

Qt=2cof'(Dt/H)IZ?. o S @y

where Qt i the total loss per unit area, D the diffusion coefficient of the
vapor through soil, C, tlle initial soil concentration, and t the time. In
cage the loss has proceeded far enough to significantly affect the bottoin
of the layer, a reasonably accurate answer should be obtainable by
Crank's formula for evaporation from a surface [1, p. 57] with assis-
tance from the graph of a family of solutions [1, Figs. 4and 7). This
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jerir i -

ignores the diffusion downward through the soll, which will change the
bottom boundary. However, where the incorporation occurs in some- _ 1
what compacted so0il, one might expect this to be minimized. L

o

The application of the approximate formula (43) 18 illustrated by
Table 8 which contains data from Lichtenstein and Schultz [66] treated
to yield estimates of diffusion coefficients. The fact that the calculated
diffusion rate is smaller than might be expected from Table 4 is prob-
ably due to soll factors ignored and other approximations. It will be
noted, for example, also that the estimated diffusion coefficients de-
crease with increasing amounts of organic matter, reaching a minimum
with the muck soil. This {8 guite evidently due to sorption which lowers
the amount of available material in the solution and, thus, the concen- 1
tration of vapor in the soll air. The value for pure sand is reasonably
close to the diffusion coefficients for pesticides listed in Table 4, i.e.,
~10-7T em2/sec. 1t is freely admitted that such treatment is quite ap-
proximate in these cases for two reasons: (a) that the amount lost, at
least in the case of the quartz sand, became quite substantial; and (b)
there was a concurrent decomposition occurring so that the total con-
centration was decreasing at the same time as diffusion took place. The
numbers, therefore, can only be considered as very approximate indi-
cators of this diffusion process.

Approximation notwithstanding, it is of interest to make some further
rough calculations on the simplified formula for a semi-infinite system
to show the effect of time and depth of tncorporation upon the loss rate.
Using the formula and the data from Table 8, we can calculate for a
4-1/2-1n. layer of Carrington silt loam that (a) with the same total dos-
age, 0.89% volatilization would be expected in 58 days while 16% was
observed, and (b) that if the soll concentrations were the same in the
deeper layer, then it would take 43 years to achieve the 16% loss by
volatility achieved in 56 days for the thinner layer, 0.31 em =0.1 in.
Farmer and Jengen [58] have treated a similar case for dieldrin {1 1b/
acre incorporated in 15 em to give 7.4 x 10-7 g/cm3) using the diffusion
coefficlents they determined (see Table 4). Noting that diffusion was
much slower through dry than wet soil {e.g., tenfold difference), they
treated the system as if it were "tarped” with a thin layer of dry sofl
(0.1 cm) and assumed that diffusion was rapid up to that bed. They pre-
dicted 20% loss in 1 year. I, however, the same problem is treated by
Eq. (43) using the highest value for the diffusion coefficlent, 17 months
is predicted; while the diffusion coeificient for drier soll (75% relative
humidity or D = 0.096 x 10-7 ¢cm2/sec) computes 294 months! Drying
of the soll surface should yleld a value intermediate to these two, What
was overlooked was that, because of the square root, a sixteenfold dif-
ference in diffusion coefficlent produces only a fourfold difference in
amount of logs per unit area (Q).

i
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dpifference in loss from closed and open bottles.
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These discrepancies suggest further work for experimental verifica-
tion, Existing data do not permit distinguishing between loss by volatili-
zation and by chemical degradation, so specially designed experiments
are indicated. It appears quite likely, however, that in the majority of
cases s0il decomposition processes will probably be more important for
the loss of semivolatile materials than volatility, providing they are dis-
tributed through a large enough soil mass. In fact, adequacy of Incor-
poration is likely to be a limiting factor.

2, Codistillation

At this point, some discussion seems advisabie in relation to the idea
that "steam distillatton" or codistillation will hasten volatilization of
chemicals from the soll or water surfaces. Acree ot al, (67] proposed
this explanation for work on the loss of DDT from water solution. They
placed a dilute suspension of DDT in water on a hot water bath and left {t
overnight to determine -the amount of water and DDT that were lost. They
found that the ratio of DDT loss to water loss was larger than would be
predicted from the vapor pressures of the two substances and invoked the
idea that DDT codistilled with the water, i.e. » the evaporation of the wa-
ter increased the volatilization of the DDT. Hartley [63] has commented
on this notion in his paper, "Evaporation of Pesticides, " and this writer
shares his opinion that there is no need, thus, to repeal the laws of clas-
sical physical chemistry. First, the use of the term "steam distillation'
is an unfortunate semantic error since, strictly speaking, steam distilla-
tion requires boiling water and an actual sweeping of vapor by mass
transport. Second, diffusion in the gaseous state is, by classical physico-
chemical theory, due to the largely independent motion of individual mol-
ecules, so it is most difficult to see any basis for the degree of molecu-
lar interaction implied in "codistillation. " As a matter of fact, since
molecular velocities depend inversely upon the square root of the molec-
ular weight, the speed of diffusion of DDT to that of water should be even
less than the proportion of vapors in the air. Assuming that diffusion
rates are inversely proportional to the (molecular weight)lf 2, we would
expect the water vapor rate to be 4. 4X that of DDT vapor on the basis of
moles per second. When this is corrected for the difference in molecular
welghts to a welght basis (grams per second), DDT vapor is calculated
to diffuse 23% slower than water vapor, other things being equal, in-
cluding gaseous partial pressure.

Bowman and Acree suggest that intermolecular Interactions tend to
concentrate the DDT at the water surface but overlook the fact that the
same processes would tend to concentraté"the_DDT from the vapor phase,
so that the same vapor pressure could be anticipated. Hartley has pro-
posed that the suspensions of DDT in Acree and Bowman's experiments

"5 i T - S s .
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were in a condition of super-cooled liquid, and he estimates that the va-
por pressure would be ninefold greater in such a cagse. He points out the
work of Felchtmeir [68] wherein acetone solutions of DDT evaporated on
glass slides did, indeed, yield liquid drops which required days to crys-
tallize, Certainly, we would hardly expeet the situation In soils to be
simiiar to the experiments of Bowman, since the large surfaces would
tend to adsorb or crystailize the DDT.  Spencer et al. [69, 70] found no
evidence to support codistillation of dieldrin in soil or water, i,e., the
vapor density was the same over crystalline dieldrin or excess dieldrin
in moist soil (2100 ppm apparently reguired to saturate soil water and
sorption capacity). The method used was saturation of air. Lichten-
stein and Schultz [66] concluded that soll surfaces had to be wet to
achleve maximum evaporation of ‘aldrin but that the amount of water
eﬁaporated had no significant effect on the persistence of either DDT
or aldrin. There does not seemi to bé any reason to continue the use
of the idea of codistillation in the volatilization of pesticides.

Hartley has also pointed cut that the mass movement of soil solution
to the surface by capillary action accelerates the evaporation of dis-
solved chemicais because 1t {8 much more rapid than vapor diffusion;
and he dubs this "wicking, " since soil behaves as a wick. It is well
recognized that water evaporates from soll much more rapidly when the
surface 18 wet than when it is dry. The mass movement of water in soil
ls treated in Chapter 6, and the reader is referred to it for further
discussion. : o :

The previous treatment of volatilization from soil, in terms of diffu-
sion only, ignored mass transfer and could, ‘therefore, tend to give some-
what low estimates of loss. A more accurate estimate of lose might be
obtained from the total water loss, particularly if the latter could be di-
vided into loss due to water vapor diffusion and loss due to mass trans-
fer of soll solution. The ratio of diffusion rates for water vapor and for
chemical vapor would predict the calculation of an estimated loss for the
chemical from the first component, while the mass transfer component.
and the concentration in the soll solution would yield a figure for the loss
of chemical by this route, Thus, as a first approximation, we could
write for the loss of a dissolved, volatile chemical:

]

__yp D (. - | |
Vg * s (), o o),

where Q represents amount of loss per unit area, Qt represents the
total amount of loss per unit area, C 18 the concentration of chemical
in the soll solution, and V and L designate loss as vapor and liguid,
respectively. - This simple expression would immediately be in need of
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refinements to achieve precision but might well give ugseful estimates of
volatilization to expected under-field conditions using rainfall data, Con-
centration in the soil solution could be estimated from solubility and
sorption measurements or directly as by Green and Oblen [71] ot Grover
and Hance [72]. The diffusion transfer of water through soil has been
studied in detail [73, 74}; it cannot be estimated properly from the dif-
fuslon coefficient of water vapor in air and porosity because of the phe-
nomenon of "leap-frogging, " i.e., condensation on one end of a pore
filled with water and almost immediate vaporization from the other end,
thus gaining time over the diffuston process. Hartley [63] has used this
approach in a simplified form. Using the ratio of vapor pressures of
pesticide and of water, and the evaporation rate for water {6 tons/acre
per day), he calcuiated an estimated evaporation rate for the pesticide.

IV. PERSPECTIVE

The mathematical and theoretical bases of diffusion are well estab-
lished, and their application to soll is quite advanced. However, two
factors have held back progress toward a fuller understanding of the dif-
fusion phenomena of organic chemicals in the soil, namely: (a) mathe-
matical complexity of the differential equations, and (b) a paucity of ba-
slc physicochemical data such as diffusion constants, etc. Recent papers
in this field, fortunately, have begun to correct the second deficlency as
the studies of pesticides are beginning to supplement the data we already
have for inorganic lons. Model examples include lindane diffusion tn
s0il by Ehlers et al. [14, 15]. root uptake of disulfoton and dimethoate
by Graham-Bryce (18], and the classical work of Call[7] on ethylene di-
bromide. Needless to say, this should be only a beginning,

The potential of the computer to overcome the first hindrance was
clearly shown by Hemwall [43-45] in his papers on fumigation, and it 1s
disappointing that nothing further has appeared since that time. Much of
the work that has thue far appeared on diffusion in soil has been on sim-
plified systems for the purpose of determining diffusion coefficients and
the effect of various soil factorg such as porosity, sorption, solubility,
vapor pressure, etc. Much progress has been made in unraveling the
basic factors, and it is high time that they be applied fo realistic situa-
tions by utilizing the really enormous capacity of the modern computer
to deal with complex and time-consuming mathematical operations. Even
in existing literature, there are many instances where, with reasonable
assumptions and mathematical analysis, published work could be made
more meaningful. This was perhaps suggested by the analysis just out-
lined for volatilization from soll, It seems likely that this has not been
underiaken because of the mathematical complexity involved. However,
the increased availabllity of computers and of professional assistance
should correct this.

?
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Certainly a great opportunity exists in bridging the gap between exact,
simplified laboratory studies and the complex reality of the fleld, which
has been dealt with only approximately and émpirically. The finite dif-
ference method used by Hemwall to solve his partial differential equation
1s well sulted to contribute, particularly with regard to the inhomogenelty
of soll in situ, a consideération so well delineated in Chapter 1. The mesh
or grid used in that method permits assignment of different constanta for
soil properties at different locations in the soil profile, Thus, while
Van Bavel [50] was forced to Introduc¢e discrete strata-and impervious
soll layers to make his treatment of the aeration process somewhat real-
istic, this use of the computer would handle a gradation of soil proper-
ties through the profile. The present challenge presented by environmen-
tal, problems is certain to generate intensive effort in just this direction:
a more exact treatment of the real-life behavior of chemiecals in soll. We
are hopeful that there will be rapid progress in the near future.
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