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Abstract

In order to take account of the effect of the electric potential ¢ induced by charged chem-
ical species in rain drops on acid rain formation, a new mathematical model, which con-
tains the electro-migration term in addition to the conventional terms, has been con-
structed. The electric field in rain drops is brought about by the movement of ions which
is produced by the absorption of acidic atmospheric pollutant. The ions undergo the elec-
tric force caused by the electic field in rain drops and they move toward the certain direc-
tion depending on their charge. The numerical simulations by the new model developed
here discloses that: (1) the electro-migration of ions makes Ht concentration higher than
that estimated neglecting the electro-migration; (2) the distibution of Ht concentration
tends to uniform under the elecric potential field; and (3) the electric potential is higher
at the drop center than at the drop surface.

1 Introduction

There are various interactions between aquatic enviromnent and atmospheric en-
vionment. Rain is an important mediator which brings about interactions between
thetwo envionments. Among the interactions the transfer of anthropogenic atmo-
spheric pollutant, especially acidic substances, from the air to rain water is paid
great attention in these days, because it gives rise to deterioration of water and
soil, which causes a lot of damage to human health and various ecosystems as
lakes, forest, and so on. Therfore, it is very important to estimate the rain water
acidity precisely and to clear the mechanisms of the acidification of rain water.
Conventioal mathematical models used to estimate the rain water acidity usu-
ally include drop-phase diffusion, drop-phase reaction, and mass trasfer between



@; Transactions on Ecology and the Environment vol 14, © 1997 WIT Press, www.witpress.com, ISSN 1743-3541
4 Water Pollution

rain drops and the air (Shiba, 1992). However, when acidic atmospheric pollu-
tant as sulfur dioxide is absorbed into rain drops, it dissociates to produce such
cahrged species (ions) as H*, HSO;, and SO%~. These ions are transported by
not only the diffusion process but also their individual velocity acquired under
the electric potential field.

This movement of ions in rain drops is driven by the electric potential dif-
ference and it is called elecro-migration, which brings about recurrently the new
state of electric field within the rain drops. That is, ions undergo the time vary-
ing electric force induced by the non-steady electric potential due to their own
movement. Thus obtained elecro-migration velocity should affect the rate of the
transport of ions and acordingly the dynmics of rain drop acidification caused by
the absorption of the acidic pollutants. The dynamics of the distribution of their
concentration under the electric field may be different from those ignoring the
electric field.

2 Drop-phase chemistry of acidification

After absorption of SO,(g) into rain drops, physically dissolved sulfur dioxide
SO, - H,0 is dissociated to form bisulfite ion HSOj, sulfite ion SOZ~, and hy-
drogen ion H*. The dissociation process is typically quite rapid compared with
such processes as oxidation and diffusion. After two steps of dissociation, the re-
sulting concentrations in rain drops reach equilibrium with a given air-phase con-
centration. For SO,(g) the absorption and desorption process can be represented
as follows (Liss and Slinn, 1983):

SO.(g) + H0 = SO; - H;0 (#4) (1)
SO, - H,0 = HSO; +H* (Ky) (2)
HSO; = SO~ +H* (K2) (3)

where # = distibution coefficient (= 30.32); K, and K, = first and second disso-
ciation constants, respectively (= 1.74 x 1072M and 6.24 x 10~¥M). These values
of coefficient and constants are measured at 25 Cels. SO,-H,0,HSOy;, and SO§‘
form a particular class that is in rapid equilibrium and they usually represented as
a sulfur group S(IV).

The acidification due to physical absorption and abovementioned dissocia-
tion is limited to the equilibrium concentration to the ambient SO,(g) and in that
case usually pH does not get so low value (e.g., pH < 4.0). Then, it is consid-
ered that before rain drops reach the ground the sulfur species SIV) in rain drops
are oxidized to sulfate SO; ™, i.e., a species of group S(VI), after the dissociation.
SO3~ is more powerful for the acidification of rain drops than HSOj; [the major
species of S(IV)].

The highly soluble hydrogen peroxide H,O(g) is a common species found
in the atmosphere and can work for S(IV) oxidation in rain drops. O3 and O, also
can work to oxidize S(IV), but hydrogen peroxide is the most effective in the pH
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range of 3-6 (Pandis and Seinfeld, 1989). This pH range observed in usual acid
rain.
For H,0,(g) the sequence of absorption and dissociation can be described
as follows:
H,0:(g) + H,0 = H,0, - H,0 (#5) (4)

H,0, -H,0= HOZ_ +H + H,0 (Ks) (5)

where #; = distribution coefficient (= 1.73 x 10°); and K; = dissociation constant
(= 1.84 x 10712M). Since SO,(g) and H,0,(g) are absorbed concurrently, HSO;
is oxidized by H,0, - H2O in rain drops and is transformed to sulfate SO~ as
follows (Maahs, 1983):

HSO; + H;0; - H,0 — SOi_ +2H,0 + H* (k* =kMET)  (6)

where k* = reaction rate; and k = reaction rate constant (= 5.2 x 107s~'M~2).
Comparing with the time scale of oxidation [Eq.(6)], the time scale of the disso-
ciation [Egs.(1)-(5)] is very short and the dissociation is considered to be instan-
taneously accomplished in rain drops. In Fig.1 the sequence of the poduction of
sulfate ion SO2~ described by Egs.(1)-(6) is schematized.

SO5(g) HyO9(g)

Rain Drop

2_
SOy

Drop-Phase Oxidation

Figure 1: Production of Sulfate Ion SO;~ from Sulfur Dioxide Gas SOx(g)

It should be noted that the oxidation rate of Eq.(6) is propotional to the con-
centration of produced H*. This means that SO3~ and H* increase autocatalyti-
cally and that the production rate of SO3~ is dependent on the initial concentration
of HY.

Although nitrogen oxide is also considered to cause acid rain, NO and NO,
play no direct role in the acidification or formation of NO; or SO;~ (Durham et
al., 1981). Furthermore, from the global point of view the amount of the emission
of sulfur oxide to the air is much greater than that of nitrogen oxide and it is still



S@_ Transactions on Ecology and the Environment vol 14, © 1997 WIT Press, www.witpress.com, ISSN 1743-3541
6 Water Pollution

increasing year by year especially in Asia. Therefore, in this study the acidifica-
tion of rain drops due to sulfur dioxide is exclusively treated.

3 Governing equations for rain drop acidification

The washout of gaseous pollutants by rain drops is effected by various physi-
cal and chemical factors. Therefore the acidification process due to the washout
is very complex. However, in this study the washout process is represented by
a simple diffusion equation, equilibrium relations, and electro-neutrality condi-
tion, providing that non-circurating spherical rain drops fall with terminal veloc-
ity through the air of uniform gas concentration.

The notations for the concentrations of the chemical species in rain drops and
in the air are defined as follows:

(Ch. Cy, Oy, Cy, C5. C. C)
= ([SO; - H,0J, [HSO;7], [SO3 7], [SO;]. [H,0; - H,O]. [H*]. [HO;])  (7)
(Cha, Csg) = ([SOz(g)}- [HzOz(g)]) (8)
From the two step dissociation of SO; - H,O described by Egs.(2) and (3), equi-
librium relations can be taken as:
K] . (,', = (/'2 . "6 3 Kz . Cg - (73 . (,/v(,' (9), (10)

Similarly, from the dissociation of H,O,-H,O described by Eq.(5), an equilibrium
relation is given as:
K5 M (/’5 = (/‘7 N (/'6 (11)

The electro-neutrality condition, which must be satisfied among the concentra-
tions of anios and cations in rain drops, is:

(/v(; - (/'2 -2 /‘3 — 2(/‘4 - C/’7 - KW/(/’(, = (12)

where K, = dissociation constant for water (= 10~ *M?); o = constant to be es-
timated by initial concentrations of ions in rain drops.

Taking diffusion, electro-migration, drop-phase chemical reactions, and the
mass trasfer between the air and rain drops into account, the non-steady equation
of mass conservation for chemical species (| can be written as follows:

9C, 10 (L[ F 0 ADCY)
ol ror (’" {ﬁff)ﬁ'ﬂc‘+ or + A (13)

where (/} = concentration of species 1 (mol/L); 7 = time (sec); r = radial coordinate
(cm); 7 = diffusion coefficient of species i (cm?/s); F = Faraday’s constant (=
9.6 x 10%erg/V/mol); R = universal gas constant (= 8.31 x 10*erg/mol/K); T =
absolute temperature (K); z; = charge number of speciesi (-); ¢» = electric potential
(V); and R; = reaction term. The first term of the right hand side of Eq.(13) is
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due to the electro-migration of ions. The electro-migration velocity depends on
d¢/0r (electric field), =;, and D,. Therefore, the velocity differs for each species.

The gradient of electric potential ¢ in rain drops is given as:
%__EIZ(%Q%) (14)
or  F (200

Therefore, when all the concentration gradients 8C',/0r = 0, the gradient of the
electric potrential d¢/0r = 0 and the electro-migration velocity disappears.

The reaction terms R; in Eq.(13) are composed of dissociation and oxidation.
They are represented as:

Rl = —k1+Cl + /i?l_c'z(zvg (]5>

RQ = k'1+Cl - kl_Czcb‘ — k2+(/v2 + kz_c'gc(; — kC6 712 /'5 (16)

Rg = }\72+672 — kZ_Cg(jﬁ N R4 = A7C’GCZ(75 (]7) (]8)

Rs = —k54:C5 + k5_C7Cs — kCsCC (19)

Ro = k14 C1 = k1 CoCs + ko Oy — ky Cs5C5 + k5. Cs — ks _C7Cs + hCsCoC
(20)

R',' = k‘5+(/’5 — k5_0705 (21)

Where ki, and k;_ = forward and backward rate constants, respectively. k| and
ki_ give the dissociation constant in Eqgs.(2), (3), and (5) as K; = ki /ki_.

Because (s in most rain water ranges from 10~°M (pH 6) to 10~*M (pH
3), it can be assumed that C; is much larger than both of C; and Cj. In this pH
range Cs also can be much larger than C;. Therefore the governing equation in
dimensionless form can be reduced as:

AC, 18 (,[Fdp .~ 9(DC) o
P =5 (r {RT@? iDCy + o7 +R (i=2,4and5) (22)
Where R, and z; are given as:
(Rz. ﬁ4, 1’%5) = (—]:76’66'2(75. ];6662@5. *Z’égé’zés) (23)
(32, 24, Z—;) = (‘1 —2. O) (24)
The dimensionless varia bles and numbers are defined as follows:
P Ci -~ 4t’D1 - 2r
= =1 . = 25). (26). (2
C P t ) (25). (26), (27)
. kaiD =~ DX Che)? )
Bi=gwim, M, (28).(29)
- Ce o K, _
HC g = ,}“f K= s = — (30), (31). (32)
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Where Bi; = Biot Number which can be estimated by Eqgs.(37)-(40) as shown
later.
The initial condition for the goveming equation Eq.(22) is given as:

Ci=Co at =0 (i=2,4and5) (33)

Clo is the concentration of the rain drop at the time the rain drop leaves the cloud
bottom. That is, Cyq is identical to the concentration of the cloud water.

The boundary conditions for Eq.(22) are given at rain drop center and sur-
face. They prescibe the mass flux at the boundaries and are described as:

A(D,Cy)
7

=0 at r=0 ; —==J, at 7=1 (i=2,4and5)
(34), (35)
Bi,;

Csi PN .
(J2, o, J5) = ["52’ (KG C,y - ﬂlclc) , 0, DsBis (Cs -~ %Csc)l (36)

Q

The dimensionless number Bi; controls the mass transfer rate at rain drop
surface. Bi; is estimated as:

De 1 1/2 1/3
= Shjgo— D, 2}[[_ ; Shic=2+0. 6Re SCiG (37), (38)
uD . Vg
Reg = Z ;i SCe = D (39), (40)

where Sh;; = Sherwood Number; Re; = Reynolds Number; Sc;c = Schmidt Num-
ber; v = kinematic viscosity of gas; and u = falling velocity of rain drop. u in
cm/s is geven as:

u(D) = 958 {1 — exp [~ (D/0.177)147] } (41)

Once 6'2, 5’4, and Cs are known, the remainders @1, 6'3, 6’6, and Cj are eas-
ily calculated from the charge neutrality condition and the equilibrium relations.
They are given as follows:

~ 1/~ N N N PR
Cs = 5 <Cz +2Cy+a+ \/(Cz +2Cy + a)2 + 4(2K2C;2 + Ks5Cs + Kw) )
o o (42)
(Cy, Cs, C7) = (CsCy /Ky, KyCy/Cy, KsCs5/Cs) (43)
The algorithm of the computation of the rain drop concentrations at t = t; is
summarized as: (a) obtain C3, Cy, and Cs, integrating Eq.(22) with known values
of Cy’satt = t;_;; (b) compute Ce, substltutmg thus obtained new C’z, C’4, and

C’s into Eq.(42), ; and (c) calculate C,, Cs, and Cy by Eq.(43), using these new
Cz, 04, Cs, and CG



@ Transactions on Ecology and the Environment vol 14, © 1997 WIT Press, www.witpress.com, ISSN 1743-3541
Water Pollution 9

4 Effect of electric field on rain drop acidification

In order to investigate the characteristics of rain drop acidification process un-
der the influence of the elecric field induced in rain drops, numerical simulations
of rain drop acidification have been carried out. The initial concentraions of rain
drops are: C; = 107" (M); Cy = 107°(M); Cs = 107°(M); Cs = 2.5 x 107°(M)
(pH = 5.6). The ambient concentration of SO,(g) is 50 ppb and that of H,0,(g)
is 0.1 ppb.
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Figure 2: Time Variation of Distribution of H* Concentraion in Rain Drop

The distribution of dimensionless H* concentration at various time in a rain
drop of 0.1 cm diameter are shown in Fig.2. The distributions are represented
parametrically in dimensionless time ¢. Solid curves (this work) are for the case
considered the electro-migration of ions due to the electric field induced by the
ions, and the broken curves (Shiba, 1992) are for the case without the elecro-
migration of ions. In both cases the concentration distributions approach to the
same quasi-equilibrium distribution ( the true equilibrium value is not shown on
account of the oxidation by hydrogen peroxide). However, at any time the con-
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centration taking the electro-migration of ions into account is higher than that
neglecting the electro-migration, except for the vicinity of drop surface in early
stage of the acidification process. The slope of the concentration distribution con-
sidering the electro-migration is gentler than that neglecting the electro-migration.
In other words, the electro-migration tends to make the concentration distribu-
tions uniform. The tendency to uniform the distribution is especially notable in
early stage of the acidification. This feature of the concentration distributions
shows that the electro-migration of ions accelerates the mass transfer from the
air to rain drops.
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Figure 3: Time Variation of Distribution of Electric Potential ¢ in Rain Drop

The time variations of the dimensionless electric potential ¢ in rain drops are
shown in Fig.3 parametrically in the dimensionless time ¢. The reference point
of the potential is set tentatively at the drop center # = 0. Then ¢ is negative-
valued. If the point is set at the drop surface 7 = 1, the potential ¢ becomes
positive-valued. In short the electric potential is higher at the drop center than
at the drop surface and ¢ decreases monotonously from the center to the surface.
The slope of the potential distribution becomes gentle with lalpse of time and the



@ Transactions on Ecology and the Environment vol 14, © 1997 WIT Press, www.witpress.com, ISSN 1743-3541
Water Pollution 11

slope is almost horizontal at t = 0.2, i.e., the potential distribution will be unform
ultimately.

Shown in Fig.4 is the time variation of the increment of volume averaged H*
concentration ACs(M) defined as follows:

ACs = Cy — CY (44)

where CJ(M) is H* concentration estimated ignoring the effect of the electric po-
tential ¢. ACY is mono-peaked and has the maximum value at around £ = 0.2.
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Figure 4: Time Variation of Increment of Volume Averaged H* Concentration ACj in
Rain Drop

In other words the enhacement of rain drop acidification by the electric potential
¢ keeps increasing from zero (at ¢ = 0) to a maximum value (at about { = 0.2)
and then it starts decreasing. As can be seen from Eq.(13), the electro-migration
of ions in rain drops is controlled by the electric gradient ¢ /dr. Then, the in-
crease or decrease of AC; behaves in the same manner as that of d¢/0r does.
This can be ascertained by comparing the variation of ACy in Fig.3 with that of
0¢/or in Fig.4.
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5 Conclusions

From the numerical simulations with the model developed here, the following
conclusions may be drawn;

1. A mathematical model, which takes electro-migration of ions into account
in addition to such factors for non-charged chemical species as diffusion
and drop-phase chemical reaction, has been constructed [Eq.(13)].

2. The electric potential field caused by ions accelerates the pollutant mass
transfer from the air to the rain drops. That is, the electro-migration of
ions quicken the dynamic responce of the acidification to the gas absorption
(Fig.2).

3. Electric potential tends to make the slope of the transient distributions of
the concentrations gentler, although the steady (equilibrium) state concen-
trations seem to be not changed by the electro-migration (Fig.2).

4. The electric potential is high at the rain drop center and low at the drop
surface, i.e., the potential gradient is negative-valued. The slope decreases
with lapse of time, although the slope is supposed to increse in very early
stage of the acidification (Fig.3).

5. The enhancement of rain drop acidity due to the electric potential increases
gradually till it gets to the maximum. After the maximum the enhancement
decreases monotonously and becomes zero ultimately (Fig.4).
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