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ABSTRACT

Soil can be used in situ as a scrubber for industrial waste 
gas flows by injecting the gas into the soil field through buried 
porous pipes. Sulfur dioxide, nitrogen oxides, and organic gases are 
sorbed by the soil and converted to less noxious forms. Field size 
varies directly with gas flow rate and indirectly with the power 
required.

The effective lifetime of the scrubber is the soil’s sorption 
capacity (total basicity) divided by the pollutant gas emission rate. 
The lower the emission, rate, the longer the lifetime.

Particulates in the waste gases would be trapped by soil 
pores. Settling chambers, water injection, and cooling the gas would 
prevent plugging of the soil scrubber by removing particulates before 
the gas entered the porous pipes.

Large gas flow rates and high pollutant concentrations require 
thousands of hectares of soil, and scrubber lifetimes are short. Low 
volume flow rates with low pollutant concentrations can be handled 
by smaller fields, and. lifetimes.are longer.

v



INTRODUCTION

Soil is capable of retaining or sorbing many gaseous air 
pollutants, both organic and inorganic. The sorbed gases are then 
oxidized to forms that are less harmful and indeed often beneficial.

The sorption capacities of soils for SO^ NO^, HgS , and 
sulfurous organic gases are comparable to commercial sorbents. 
However, the permeabilities of soils are lower and the sorption 
rates slower. Also , the sorption of these gases by soils is irre
versible and the soil can not be regenerated and reused for sorbing 
gaseous pollutants. Large amounts of soil would therefore be neces-. 
sary. For these reasons, employing soils in conventional filter beds 
for the control of industrial waste gases may not be practical.

Miyamoto, Warrick and Bohn (1974) suggested using field soils 
in situ. They examined three injection systems: covered ditches,
wells, and buried porous pipes. For efficiency and uniformity of 
gas flow, they found the buried porous pipes most advantageous.

In this paper, in situ soil scrubber fields using buried 
porous pipes are described for both high volume and low volume 
waste gas flows from industrial operations. Part I deals with high 
volume gas flows from five coal fired power plants. Part II con
siders the example of a low volume waste gas flow from a kraft paper 
mill. ,

1



PART I: HIGH VOLUME AIR ELCWS

Coal burning electric power plants are a major source of 
air pollution in the United States. The emissions are SO2 , NO^, and 
particulates. In the southwestern U.S., large multi-unit coal 
burning power plants are now supplying electric power to Utah, Nevada, 
California, New Mexico, and Arizona. The power plants are located 
far from large urban areas. Several of them are located, however, in 
areas of great scenic beauty, where tourism is important to the econ
omy. The smoke and smell of the stack gases are an annoyance and

L
perhaps a health hazard.

The power output from the plants is on the order of 500 to 
2,000 Mw. This requires an estimated 5,000 to 20,000 tons/day of 
coal. The plants use western coal, which contains 1% sulfur, but the 
emission of SĈ , NG^, and particulates is nonetheless high. At each 
plant site two or more, units are in operation, under construction, or 
planned for the future. This concentrates the emissions in one area.

SOg is sorbed by calcareous soils and, if water is present, 
oxidized to F^SO^. Nitrogen oxides (NÔ ) are also sorbed by soil and 
are in fact part of the soil’s nitrogen cycle. Nitrogen oxides and 
SO2  make up about 99.3% of the undesirable gaseous effluent from coal 
burning power plants (Perkins, 1974). This suggests the feasibility 
of a soil scrubber for removing these.pollutants from the stack gases 
of power plants.



Emissions

Sulfur Dioxide
Coal deposits contain sulfur which is released as SO2  when 

the coal is burned. Conventional controls of SO2  emission have
economic and logistic disadvantages, as well as efficiency problems. 
Current methods follow.
1. Burning low sulfur coal: This coal is not always readily avail
able. It generally has a lower energy content than high sulfur coal 
so the power output per unit of sulfur is not so different for high- 
and low-sulfur coal. Also, some power slants are currently designed
for burning high sulfur coal, and would nave to oe redesigned to

as the Mohave and Navajo stations, are emitting significant amounts 
of S02.
2. High stacks and monitoring: This control method simply releases 
the gas at a higher level, where it becomes sufficiently diluted by the 
atmosphere to retain low ground level SO^ concentrations. By monitor
ing ground level concentrations, the industry can modify production .. 
when pollution levels are exceeded. One disadvantage of this method
is that the time lag between detection of the situation and corrective 
action may be too great*.
3. Limestone injection, wet and dry: In the dry method CaCOg is 
injected directly into the combustion zone to form CaSO^. In the 
wet method, the hot gas is passed through a lime slurry which removes

X
utilize low sulfur coal.. Even plants burning low sulfur coal, such

the remaining SO2  plus some N0x and particulates.
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The dry method removes about 50% of the SO2  and creates

a secondary dust problem. The wet method has a high efficiency for
SO2  removal but is sensitive to pH control of the slurry. The wet
scrubber causes a pressure drop and thus a power loss which can be as
much as 7% of the plant's total power output. Both wet and dry
methods create a disposal problem; the wet slurry is particularly
troublesome.
4. Sodium Scrubbers: In this process, SOg in the stack gas is con
centrated and converted to E^S, which is then converted to elemental 
sulfur. The process is cbnplicated and expensive but has the advan
tage of converting SC^ to a saleable product, sulfur.

Nitrogen Oxides (NO )
Nitrogen oxides (NO, and to a lesser extent ̂ 0) are 

produced in the combustion of fossil fuel. Nitrogen oxide (NO) and 
NOg are pollutants, ^ 0  is usually disregarded as a pollutant. NÔ . is 
a natural component of the atmosphere , and natural sources contribute 
more to the air than man does. Man-made processes, however, cause 
local high concentrations of NO , and the high concentrations are 
the problem.

Nitrogen oxide production in combustion depends on peak flame 
temperatures and excess air. Currently, controlling the combustion 
is the best way to control NO emission, although wet lime scrubbers 
do remove some, particularly M^.



Particulates
Particulates are the most visible part of a stack gas. They 

cloud the air, reduce visibility, and are a health hazard. Particulates 
from, coal burning are composed mainly of carbon, silica, and aluminum 
and iron oxides emitted as fly ash. The gases NO and SCL also pro-X z
duce visible aerosols by reaction in the atmosphere.

The particles range from molecular size to 500jum. Because 
of the large size range, a variety of controls are needed. Larger 
particles are fairly easily removed by conventional methods , but the 
smaller particles are harder to trap .

The amount of particulates emitted during combustion depends 
on the ash content of the coal. Western coal generally has an ash 
content of 8-22%, but the fly ash is a relatively small fraction of 
the total ash content (Miller, 1976).

Removal techniques for particulates are:
1. Gravitational settling chamber's, which remove particles of 50
; 1 . ■ ■ v ■ : ■ - :or more in size;

2. Centrifugal separators, useful for particles down to several 
micrometers; „
3. Wet scrubbers, which also remove some gases;
4. Cloth or paper filters, effective for particles in the submicron 
range. These filters are flammable and generally unsuitable for 
power plants;
5. Electrostatic precipitators, which remove seme gases as well; and
6. Ultrasonic agglcmerators.



These control methods all require a method of dust disposal. 
The natural abrasiveness of the particles causes much wear on the 
machinery and materials involved.

Soil and Waste Gases 
The soil is a natural sink for many pollutants. Soil has the 

ability to retain or sorb many organic and inorganic gases. In some 
cases the gases are changed to forms that may actually be beneficial 
to plants growing in the soil, or at least to less noxious forms.
In other cases, the soil acts merely as a scrubber and storage site, 
where materials may at least be kept out of the air and ground water.

In air dry calcareous soils, NOr is physically sorbed by the 
surface of soil particles. Wetter soils which have sorbed NÔ . show 
a noticeable increase in NOg and slight increases in NOg and NH^+ . 
The N0x is oxidized or converted to these compounds. Any conversion 
of NO to Ng has not been measured (Prather, Miyamoto and Bohn, 1973).

Nitrogen oxide and NOg are oxidized to NOg in the presence 
of water to form HNOg, and the pH of the soil decreases. The basicity 
of the soil neutralizes or buffers this change in pH. Nitrous oxide 
reacts very slowly with soils and may simply pass through and be 
emitted from the soil surface (Bohn, 1972).

Sulfur dioxide is sorbed readily by neutral and calcareous 
soils. If HgO is present, SOg is oxidized to HgSO^ which decreases 
soil pH. Soil basicity buffers this pH change, but when soil pH is 
less than or equal to 3, SOg is no longer sorbed.



The sorption capacity of soils for SO2  and NCt. is related to 
the content of alkali and alkaline earth carbonates and exchangeable 
cations. Capacity is slightly related to moisture content and sorption 
rate increases with moisture content. Over the short term, the sorption 
capacity of the soil is roughly equal to its available basicity. As 
the sorbed SO2  and NO^ are oxidized, forming i^SO^ and HNO^, respective
ly, the pH of the soil decreases. The available basicity is consumed, 
the pH drops to less than 3, where H saturates exchange sites, and 
the gases are not absorbed.

Over the long run, the increased acidity of naturally basic 
calcareous soils may speed up the rate of feldspar decomposition.
This would add to the basicity of the soil,.thus increasing its 
buffering capabilities, and its sorption capacity for S09 and HO .

Soil is an effective filter of particulates, trapping particles 
by three methods; diffusional attachment (Brownian movement), direct 
interception (particulate sieving), and impaction (particulate bombard
ment) (Miyamoto and Bohn, 1975). Initially, direct, interception of 
particles is minor, because most of the air stream passes through 
coarse pores. But as particles begin to gather on pore walls, impaction 
and interception become important. The dust cake itself becomes the 
filter, with the original soil as a foundation.

Description of the Power Plants 
_  arid Their Topography

The five power plants in this study are Mohave Power Plant 
in Clarke County, Nevada; Navajo Power Plant, Page, Arizona; Cholla



Power Plant, Joseph City, Arizona; and the Four Comers and San Juan 
Power Plants, near Farmington, New Mexico.

The Mohave plant produces 1580 Mw of electrical power and is 
located near the Colorado River. From the plant the land slopes gently 
up from the river low lands. The slope is gentle enough for a scrubber 
field to be installed.

The Navajo plant is on a low mesa. The surrounding landscape 
slopes away slightly to scattered mesas. The plant has five units and 
produces 2250 Mw of power.

Cholla Power Plant is the smallest unit studied, with one unit 
producing 500 Mw. It is situated on the floodplain of the Little 
Colorado River.

The Four Comers plant has five units and produces 2055 Mw of 
power. The topography is rolling. The San Juan Plant nearby is located 
on a rolling landscape with some small, dissected mesas.

The purpose of this research was to evaluate the possibilities 
of using soil scrubber fields to clean stack gases from coal fired 
power plants. Five plants were visited, to determine the physical 
possibilities in terms of closeness to unused land, suitability of 
available land (topography), physical character of soils (depth, 
texture, and rockiness), and sorption capacity of the soils for SC^ and
rox.

Methods and Materials
At each power plant site, an area for sampling was chosen on 

the basis of landform, current use, and accessibility to the plant.



9
Most of the plants were located on or near rolling land, suitable for 
filter fields. The Navajo plant is on a mesa and soil samples were 
taken from flatlands immediately below. Land already in use was 
disregarded as sites for scrubber fields. At all five sites, suitable 
land was close by and easily accessible to the plants .

Three sites within the sample area were randomly chosen. An 
auger was used to take samples to a depth of one meter or to rode, 
whichever occurred first. The soil samples from various depths were 
mixed, as. an overall estimate of basicity was desired. Basicity determi
nations for specific depths were not necessary because sane of the soil 
would be mechanically mixed in the process of installing the pipe. Also, 
general soil surveys of the areas showed the soils to be deep and fairly 
uniform with depth. Mien rock was encountered, it was due to local out
crops or gravel. At no time was an indurated horizon or bedrock 
encountered.

In the laboratory, the soil samples from each site were manually 
tested for texture and rockiness was estimated. The samples were then 
crushed and rolled, sieved through a 1 nrn sieve, and rerolled before 
bagging. Sieving eliminated particles larger than 1 mm, whose total 
surface area per unit of volume is small and contribution to sorption 
capacity would be negligible.

Soil samples from the sites were laboratory tested to determine 
their sorption capacity for SO^ and NO . The sorption capacity is the 
acid titratable basicity of the soil (ATB) plus any basicity contributed 
by feldspar decomposition. From this, lifetimes for the fields were 
calculated.
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Feldspar content of the samples -was checked by X-ray diffraction. 

AIB was measured according to the method given by Miyamoto, Bohn, and 
Renthal (1973). Soil samples weighing from 1 to 40 g were boiled with 
0.5N HC1, cooled and filtered. The soil was washed in the filters with 
distilled water, and the filtrate collected. The. filtrate was titrated 
with 0.25N NaOH to a phenolphthalein end-point.

If the concentration of excess acid from the soil (C) is between 
0.1 and 0.3M, ATB varies linearly with C (Miyamoto et al., 1973). Sample 
weights of soils were chosen to give C values, in this range, and ATB 
values were extrapolated to zero excess acid from the equation:

ATB = (ATB - 0.56C) / (1+ 0.65C)
Extrapolating ATB to zero removes the arbitrariness of sample size and 
C value.

Estimates of total gas flow volumes for each plant were made, 
and the size of soil field needed to handle them calculated. The length 
of pipe heeded to disperse the gas flow (L) was calculated by means of 
the equation: P „ w.y
where P (watts) is the power required to force the gas through the ,
scrthber, Qv (in m /sec) is the volumetric flow rate from the plant,

2 - - 
k (in m ) is the soil permeability, Ep is a unitless soil use efficiency
parameter, ju (kg/m • sec) is the gas viscosity, and L (m) is the length
of pipe needed to handle the gas flows (Miyamoto, Warrick, and Bohn, 1974)
L was calculated at each of 3 power levels —  10"’ watts, 10^ watts, and
0.1% of each plant's total power output. These amounts are considered
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reasonable fractions of the power output to clean the gas. The 
volumetric air flow rate, Qv, was estimated from the power production
of each plant. A coal fired power plant operating at 35% efficiency

6 3 3produces about 2 x 10 ft of gas per minute (900 m /sec) for each
100 Mw unit of power produced (Perkins, 1974), Gas viscosity was taken
to be 2.6 x 10 ^ kg/m-sec; this is the viscosity of air at 300° F.

— T ‘1 0The gas permeability (k) of the soil was assumed to be 10 m .
A low efficiency value, Ep - 0.8, was used to give a conservative cal
culation of length. A depth of 2 m was chosen for the pipe. Because 
depth, Ep, and spacing are interrelated (Table 1), the distance between 
centers of the pipes to achieve Ep = 0.8 is 2.2 m.

The volume of the soil treated and the lifetime of the soil 
scrubber were calculated from the field areas, pipe depths, and

3
sorption capacities by assuming a soil bulk density of 1300 kg/m 
The field lifetime is the soil’s sorption capacity (total basicity) 
divided by the emission rates of S09 and NO . The emission rates are 
for stack gases which have already been through some controls or which 
already conform to EPA guidelines (data kindly supplied by D. Bock, 
Manager of Environmental Systems, Tucson Gas and Electric Co., personal 
comnunication, 1976), but are still high.

In a soil filter field, the porous pipe or the soil surface 
directly around it would quickly become blocked by small particulates. 
The equation

, . jr . . = 0.01 (Area of soil surface)
Enission rate of particulates
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TABLE 1/ Effect of pipe depth and spacing on efficiency (Ep), 

uniformity (U), and area of soil filter field.
. Efficiency is the efficiency of the soil in transmitting 
gases at a given power level (P = ICr w). Uniformity is 
the fraction of the soil utilized by the gas flow at a given 
depth and spacing. Area is the size of soil field needed 
for a given volumetric gas flow rate (Qv = 4 x 102 mr/sec) 
(Miyamoto, Warrick,'and Bohn, 1974).

Ep
Depth
Spacing . u Pipe

Depth
(m)

Pipe
Spacing

(m)
Field 
Area 
 ̂(nr)

0.8 0.9 1
r ■ 

1.1 5.7 x 106
0.8 0.9 2 2.2 1.1 x lO7
0.8 0.9 3 3.3 1.7 x 107
1.1 0.6 0.7 1 1.7 6 .4 x 10^
1.1 0.6 0.7 2 3.3 1.2 x 107
1.1 0.6 0.7 3 5.0 1.9 x 107
1.6 0.3 0.5 1 , 3.3 8.5 x 106
1.6 0.3 0.5 2 : 6.7 1.7 x 107
1.6 0.3 7 0,5 - 77'' 3 10.0 2.6 x 107
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2where 0.01 kg/m is the maximum load of micrometer size or smaller 

particles which hinder air flow through the soil's pores, gives the 
particulate lifetime of the scrubber.

Results
Textures of the soil samples from the five plant sites varied,

but all were coarse (Table 2). The San Juan and Cholla sites showed
■wide variations from sample to sample, with San Juan ranging from sandy
clay to loamy sand and Cholla ranging from loamy sand to silt loam.
The other soils were more uniform: Mohave soils are coarse gravelly
sands, Navajo soils are loamy fine sand to fine sand, and Four Comers
soils are loamy to fine sand.

The AEB fs of the Mohave soil samples range from 0.2 to 1.1
eq/kg of soil, averaging 0.55. The ATB.'s of the other four soilso
showed less variation (Table 2) and averaged 0.13 for Navajo, 0.29 for 
Four Comers, 1.13 for San Juan and 1.36 for Cholla.

The power allotments assumed for each case were 10^ and 10^ w, 
and 0.1% of each plant's rated output. The length of pipe needed to 
transmit the gas and the lifetime of the system are.inversely proportional 
. to the power allotted (Tables 3 and 4). The Four Comers power plant, 
for example, requires a pipe length of 1.3 x 10 m  for a power requirement 
of 10^ w, 1.3 x 10^ m for a power requirement of 10^ w, and 6.2 x 10^ m  
for a power requirement of 2.1 x 10^ w (0.1% of the total power output). 
The lifetime of the soil scrubber also varies with the sorption capacity 
of the soil for SO2  and NO^. The higher the sorption capacity the 
longer the field can effectively clean the gases.
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TABLE 2. Soil sample textures and sorption capacities.

Sorptive capacities are equal to the ATBq plus the basicity 
added by feldspar breakdown over a ten year period. Textures 
are given in USDA terminology.

Location Texture
Feldspar/
Quartz
Ratio

Bas.
from
Fspar
eg/kg

Ave.
atb0
eg/kg ,

Total
Sorp.
Cap.
eg/kg

Mohave coarse grs 2.52 2.54 \ 0.55 3.00
Navajo Ifs - fs 0.13 0.40 0.13 0.53
Four
Corners Is - fs 0.47 1.16 0.29 1.45
San Juan sc - Is 0.52 0.85 1.13 1.98
Gholla Is - sil 0.41 0.66 1.36 2.02
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TABLE 3. Change in pipe length and lifetime with power requirement (P). 

Efficiency = 0.8, spacing = 2.2 m, and depth = 2 m.

Plant
Power
Req.
(w)

Total
Output
.7=

Pipe
Length
(m)

Lifetim
(yr)

Four
Comers

105
106

0.005 1.3 x 108
7

215.0
0.05 1.3 x 10 . 21.5

2.1 x 106 0.1 6.2 x 106 9.9
San Juan 105 0.006 8.3 x 107 257.0

106 0.06 8.3 x 106 25.7
1.7 x 106 0.1 1 3.3 x 106 10.1

Navajo 105 0.004 1.4 x 108 140.0
106 0.04 1.4 x 107 14.0

2.3 x 106 0.1 6.2 x 106 6.3
Cholla 105 0.02 7.2 x 106 114.0

106 0.2 7.2 x 105 11.4'
5.0 xlO5 0.1 1.4 x 106 22.0'

Fbhave 105 0.02 7.3 x lO7 509.0
106 0.06 7.3 x 106 50.9

1.6 x 106 0.06 7.3 x 106 32.5
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TABLE 4. Change in scrubber field size (area) with power requirement (P).
Soil permeability (k) = 10"^ gas viscosity <ju) = 2.6 x 
10“il kg/m • sec, efficiency (Ep) = 0.8, and spacing (2s) =
2.2 m.

Plant
Location

Power
Eeq.
(w)

Volumetric 
Air Flow 
(m3/sec)

Pipe
Length
(m)

Area
(ha)

Four Comers, 1 0 5 2.0 xlO 3 1 .3 .x 1 0 8 29,000
Farmington, 
New Mexico

1 0 6

£

If 1.3 x IQ7

£
2,900

2 . 1  x 1 0 ° II
6 . 2  x 1 0 ° 1,400

San Juan, 1 0 5 1 . 6  x 1 0 ? 8.3 x 107 18,000
Farmington, 
New Mexico

1 0 6  

1.7 x 106

II
IT

8.3 x 106

3.3 x 106

1,800
730

Navajo, 1 0 5 2 . 1  x 1 0 3 1 . 4  x 1 0 8 31,000
Page,
Arizona

1 0 6

£

II 1.4 x 1 0 7

£
3,100

2.3 x 1 0 ° II
6 . 2  x 1 0 ° 1,400

Cholla, 1 0 5 4.7 x 1 0 2 7.2 x lO6 1,600
Joseph City, 
Arizona

1 0 6  

5.0 x 10

IT
11

7 . 2  x 1 0 5  

1.4 x 106

160
310

Mohave, 1 0 5 1.5 x 1 0 3 1 . 6  x 1 0 8 16,000
Clarke Co., 
Nevada

1 0 6  

1 . 6  x 1 0 6

11

II
1 . 6  x 1 0 7  

1 . 0  x 1 0 7

1,600
1 , 0 0 0
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With the exception of the Mohave soil, feldspar to quartz 

ratios were fairly low (Table 2 ). As SC^ and 
HNOg and increase the acidity of the soil, the feldspar would break . 
down to replenish the soil's basicity. In terms of equivalents of 
alkalinity feldspar breakdown would contribute 2.45 eq/kg of basicity 
to the Mohave soil, 0.43 eq/kg to the Navajo soil, 0.33 eq/kg to 
the Four Comers soil, 0.34 eq/kg to the San Juan soil, and 0.36 eq/kg 
to the Cholla soil. In each case, feldspar breakdown added signifi
cantly to the soil scrubber' s lifetime (Table 2).

Using equation 3 for particulate plugging of soil surfaces, 
lifetimes for the scrubber fields were found to be less than one year 
(Table 5). The area of the soil surface is the pipe length times the 
pipe circumference, chosen in this case as 0.5 m (16 cm diameter).
The maximum particulate load depends on particle size. For soil, 
probably only fine particles are important . This assumes that the 
particles are able to leave the pipe and enter the soil. If the pipes 
trap the particulates, they might rapidly become plugged.

Discussion
. * The scrubber fields described here would require large amounts

of land. Their effective life times, however, are fairly long.
The amount of land seems large, and comparison to other indus

trial land use confirms this. The water cooling system of the Turkey 
Point Nuclear Power plant near Miami, Florida, for example, requires 
168 miles of manmade canals (National Geographic, 1976). The canals 
are 50 ft. wide, and the total land area involved is 400 to 500 ha.

N0„ oxidize to B^SO, and



TABLE ). Lifetimes of the soil scrubber fields, based on particulate 
emissions.

5Power required = 10 w, pipe circumference - 0.5 m, and 
effective particle size = 1 j m . Effective particulate 
emission - 10% of the total particuLate emission rate.

Plant

Area of 
Soil 

Surface
Effective
Particulate
Bnission
(kg/day)

Lifetime
(yr)

Four
Comers

6.5 x 1 0 7 2 . 1  x 1 0 3 0.85

San Juan 4 . 2  x 1 0 7 ' 1 . 6  x 1 0 3 0.72
Mohave 3.7 x 107 1 . 5  x 1 0 3 . 0 . 6 8

Navajo 7 . 0  x 1 0 7 2.3 x 1 0 3 0.83
Cholla 3.6 x 106 5.4 x 102 0.18
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The soil scrubber for the smallest power plant studied, the Cholla 
plant, would require at least as much land. Scrubbers for the other 
plants would require 2 to 3 times as much.

The soil filter field requires little maintenance. Because 
new pipe is laid as new fields are opened, there is no need for replacing 
worn pipe. There is no need for "in plant" space to be taken up, and 
the machinery involved is off the shelf. Also, there is no disposal 
problem because the wastes are deposited directly in the soil.

Maintenance costs of the soil scrubber field are low. The use 
. of conventional scrubbers for SQ^ in the. Mohave power plant would 
necessitate the hiring of 90 extra full time employees (Miller, 1976). 
Five to ten people could maintain the scrubber fields, and add new pipe 
lines as old fields are saturated.

Once the soil filter system has been installed, the soil surface 
is not further disturbed. When the stack gas leaves the soil surface, 
it has been cleaned of harmful elements. There is no noise or exposed 
machinery, so the effect on wildlife is minimized. As the soil becomes 
more acid, the plant community nay change. This could affect the 
animal populations. Heating and drying of the soil would temporarily 
affect the plant community. These effects on the vegetation and animals 
are probably no more than the effect of the pollutants when they are 
released to the atmosphere, and are confined to the scrubber field.

The initial cost of the system, including pipe and installation, 
is high. An estimate of the cost of trenching plus pipe is $3 to $5 per 
meter. At $5 per meter, installation of the scrubber field at the 
Mohave plant would cost roughly $260 million; at the Navajo plant,
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$500 million; Cholla, $26 million; Four Corners, $450 million; and San 
Juan, $300 million. These costs exceed those of conventional scrubbers 
and filters. Electrostatic precipitators for power plants of this size 
cost about $30 million, but accomplish only dust control.

Power costs of the soil system is considerably lower than 
that of conventional systems. A wet scrubber for SO2  removal uses as 
much as TL of the plant's total power output, while the soil scrubber 
could operate on approximately 0 .1 %.

The price of land is low in these areas. The use of the land 
for gas scrubbing is temporary and land could be rented or leased.

The dust concentration in the gas could plug the soil scrubber. 
Soil pores filter fine particulates from air streams, but in so doing 
become plugged. The soil's ability to filter particulates improves 
as the particulate load in the pores increases. The power needed to 
drive the gas through the soil is constant until a threshold load is 
reached. Then the power requirement rises sharply (Miyamoto and Bohn, 
1975).

The velocity of the waste gases in the distribution system would 
decrease as the stream is subdivided in the soil filter field. As the 
velocity and temperature decrease, particles agglomerate and settle 
out. The particle concentration reaching the soil would be less than 
the fly ash from the smoke stack. The estimates of lifetime in Table 5 
may therefore be too low. To prevent clogging of the pipe and soil by 
particulates, the air stream could be put through settling chambers 
before it entered the underground pipes.
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Injecting water into the air stream would remove most of the 

dust and increase the field's lifetime. The slurry could be disposed 
of by spraying it on the soil field. Water injection would also cool 
the gas and reduce the gas volume. The gas tolume is the major in
fluence on field Size.. Water would also speed up the breakdown of 
feldspar.

The filter field can be in any shape, and can be adapted to 
current plant design and the topography of the land. Once the pipe is 
installed, the land can be used for grazing or any other use that leaves 
the soil surface uncovered and permeable. Although flooding would not 
permanently ruin the filter field, standing water saturates the soil 
and reduces gas permeability. This would be a minor problem in the 
arid regions of these five power plants. : Floods are unlikely and in 
the Southwest are of short duration.

The pipe should be highly porous to the gas, without letting 
soil and debris enter it. Perforated plastic pipes surrounded by 
a gravel envelope would disperse the gas into the soil. The gravel 
envelope prevents dirt from entering the pipe through the perforations, 
and also increases the pipes' porosity by allowing the gas to flow more 
freely from the perforations. Concrete and metal pipes are more expen
sive and less resistant to corrosion by SĈ , NÔ , and their oxidation 
products and HNO^ than plastic types.

Summary ,
Soil scrubber fields could be highly effective in removing 

N0x and SC^ from the waste gas of a coal burning power plant. The cost
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is high compared to the cost of conventional scrubbers. Another draw
back to soil scrubbers use is the amount of land required. The 
single measure of water injection, however, would decrease the size 
and cost and increase the filter field's lifetime.



PART II: LOW VOLUME AIR FLOWS

Power plants emit large volumes of stack gas. Industries such 
as pulp and paper mills, general industries, and chemical plants 
release smaller gas flows which often contain lower concentrations 
of pollutants. Lower concentrations are more difficult to treat by 
conventional physicochemical pollution control methods. The cost for 
such methods per unit pollutant increases rapidly as pollutant con
centrations decrease. A small soil, scrubber field could handle these 
gas flows and the lifetimes would be longer than for high volume air 
flows. Soil scrubber fields may be more practical in these cases and 
will be examined for an Arizona paper mill releasing 30,000 to 60,000

Oft /min of waste gases.

Waste Gases from Kraft Pulp Mills , •
In the Kraft pulp and paper industry, waste gases contain low

concentrations of sulfur dioxide (SC^), hydrogen sulfide (E^S), dimethyl
sulfide CH^-S-CHg (DS), dimethyl disulfide CH^-S-S-GHg (DD), and methyl
mercaptan CH^-SH (MM). The low concentrations of these gases from paper
mills are not hazardous to human health. However, the gases, particularly
the organic sulfides, have low odor thresholds of 1  to 2 0  ppb and the odor
is very disagreeable. Depending on atmospheric conditions, the odor from
a paper mill may be detected as much as 25 miles away.

Pulp and paper mills produce SÔ , E^S, DS, DD, and MM during 
\ ■ . . ■ 

two stages of the kraft process; when the cooked pulp is blown from

23



the digester and when the used liquor is evaporated and recovered for 
reuse. Removing these gases from waste gas flows is difficult and 
costly because the gases are at low concentrations.

A soil scrubber field with buried porous pipes could remove 
the odorous gases from the waste gas of a kraft pulp mill, even when 
they occur at low concentrations.

Soil is capable of sorbing gaseous pollutants because of its 
unique chemical and biological processes. SO2  is sorbed by soils and. 
converted to I^SO^. Organic gases such as MM, DS, and DD are sorbed 
by soils and are utilized by soil microorganisms as sources of energy 
and carbon. Elemental S is a byproduct of the microbial action and 
oxidizes to in the soil. In Geneva, Switzerland, soil is used
to remove odorous organic substances from waste gas generated in a com
posting process (Bohn, .1977). These organic gases are mostly aldehydes 
and acids but the principle is the same.

' Methods and Materials

Soil samples were taken from random sites within the sampling
O

area. Because the soil profile includes a calcic horizon (layer of CaCO 
accumulation) at 1 2  to 18 inches, samples were taken from both the low 
carbonate surface soils and the high carbonate horizons below 1 2  inches.

In the lab, ATB^'s were determined using the technique outlined 
in Part I.

The proposed scrubber system consists of an in situ soil field 
with porous pipes buried beneath the soil surface to disperse the gas.
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Length of pipe needed (L) was determined transposing equation 2 .to:

" rrl/rr
■where Qv is the volunetric gas flow, p. is the gas viscosity, P is the power 
required, Ep is a soil efficiency parameter, and k is soil permeability.

3 APower requirements (P) of 10 and 10 w were used. The waste gas 
flow rate (Qv) from the recovery furnace of the pulp mill varies. Some
sample flows are 3.91 x 10^ ft^/min, 3.88 x icfr ft^/min, and 3.10 x 10^.

3  4 3ft /min, with an average of 3.63 x 10 ft /min (data supplied by W. McClure,
Project Engineer, Snowflake Paper Mill, per s. ccran., 1977). Waste gas
flows from all other sources add about 6 8 % as much as the recovery furnace
(Jones, 1973). Based on this, total waste gas', flow rate (Qv) was estimated
at 6 . 1  x 1 0 ^ ft^/min or 29 m^ sec. -

The area or size of field was calculated by assigning depths (d)
and spacings (2 s) of d = 1  m, 2 s = 1 . 1  m; d = 2  m, 2 s = 2 . 2  m; d = 3  m,
2s = 3.3 m to the network of subterranean pipe. The cost of the pipe

/ -

and installation of the filter field was estimated at $3 to $5 per meter.
Sorption lifetimes of the scrubber fields were estimated from the 

basicity of the soils as in Part I, except that ATBo was converted to 
moles/kg. Each mole of sulfur in SQg, H^S, DS, DD, and MM is converted 
to 1  mole of KpSO^ in the soil.

Limitations due to particulate plugging of the soil scrubber 
field were calculated assuming that only particles less than 1  jum in 
diameter are effective in plugging soil pores. It was estimated that 10% 
of the particles emitted were in this size range.
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Results

Using two variables (power requirement and spacing) six scrubber 
field sizes were calculated. They are shown in Table 6 .

The installation cost of the fields varies with length and is 
approximately $ 8  million (L = 2.7 x 10^ m) to $800,000 (L = 2.7 x 10^ m) 
(Table 7). Equipment is readily available to install pipe at depths of 
1 and 2 m. Special equipment would be necessary to install pipe at 3 m.

Sorption lifetimes for the scrubber fields range from 3.4 years 
(Hp = 10\ 2s = 1.1 m) to 304 years (Hp = 102, 2s = 3.3 m) (Table 6 ).

The soil Surrounding the pulp mill is fine textured, ranging 
from sandy clay to clay loam. A thick horizon,, of calcium carbonate 
accumulation occurs at 1 2  to 18 inches below the surface.

The lifetimes of the soil filter fields are extremely short due 
to particulate plugging, ranging from less than one day to several days 
(Table 8 ). This assumes that all particulates leave the pipe and enter 
the soil. Much of the particulate matter is probably finely-divided 
wood residues which would oxidize rapidly in the soil .

Discussion .

A soil's sorption capacity for organic wastes is limitless. As 
the organics are added to the soil, microbial populations multiply and 
utilize the organics for food and energy. Sulfur dioxide, HgS, and 
organosulfur gases-are sorbed, and • comer ted to when water is present.
Carbon dioxide and B^SO^ are the ultimate waste products.
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TABLE 6 . Change in sorption lifetime with depth, spacing, and power 

requirement (P).
Bulk density of the soil = 1300 kg/m, sorption capacity 
(measured as ATB) = 2.45 equiv./kg.

Power
Beq. Depth Spacing Lifetime,
(w) (m) (m) (yr)

103  1 1.1 33.6
2 2.2 133.8
3 3.3 302.3

104  1 1.1 3.4
2 2.2 13.4
3 3.3 30.2



TABLE 7. Change in scrubber field size (area) and lifetime with power requirement (P).
—1 1 9  _cSoil permeability (k) = 10 m , gas viscosity (u) = 2.6 x 10 kg/m • sec, 

efficiency (Ep) = 0.8.

5ower
<eq.
(w)

PipeDepth
(m)

Pipe
Spacing

(m)
Pipe
Length

(m)
Area
(ha)

Area
(mi2)

Estimated
cost
($)

1 0 3 1 1 . 1 2.7 x 106. 300.0 1.15 8 . 1  to 14 x 1 0 6

1 0 4 ' 1 1 . 1 2.7 x 105 . 1 1 8.1 to 14 x 105

1 0 3 2 2 . 2 2 . 7  x 1 0 6 600.0 2.29 8.1 to 14 x 1 0 6

1 0 4 2 2 . 2 2.7 x 105 60.0 .23 8.1 to 14 x 1 0 3

1 0 3 3 3.3 2.7 x 106 900.0 3.44 8 . 1  to 14 x 106

1 0 4 3 3.3 2.7 x 105 90.0 .34 8.1 to 14 x 1 0 5
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29

Lifetime of a soil scrubber field, based on particulate 
emissions.
Pipe circumference - 0.5 m, and effective particle aize = 1 yum. 
Effective particulate emission rate = 10% of the total par
ticulate emission rate.

Natural Gas 
Fired Boiler:

Power
Eeq..
(w)

Area of 
Soil 

Surface 
(m2 )

Effective
Particulate
Emission
(kg/day)

Lifetime
(days)

103  1.35 x 106

104  1.35 x 105

4 x 1 0 - 
4 x 10-

3.38
0.34

Coal Fired 
Boiler:

lO"
10'

1.35 x 10c
1.35 x 10-

5 x 10- 
5 x 10-

2.75
0.28
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Two factors limit this process:

1. Water must be available to the microorganisms.
2. Gaseous exchange with the atmosphere must remove (X^ from the organ

isms' environment and provide oxygen.
The waste gas from a pulp mill contains 20-30% or more moisture 

(McClure, personal communication, 1977). This should provide enough 
moisture for microbial populations.

In nature, most soil organisms occur in the upper 6  to 12 inches 
of the soil where gaseous exchange with the atmosphere is carried out.
The buried pipes of the scrubber field would introduce air and the waste 
gas into the soil at greater depths . This would allow microorganisms to
live throughout the soil profile in the scrubber field.

■ • o  -A power requirement of 10 watts and a depth of 2 m (2s = 2.2 m) 
result in a field size of 600 ha and a sorption lifetime of 134 yr., at 
a cost of $8-14 million. For the pulp mill described here, this seems 
the nest practical design.

There are two drawbacks to use of the soil scrubber in this case. 
One is the installation cost, The pulp mill is not near large communities 
and resident response to the odor problem has been small . The gases 
occur at low concentrations and are not hazardous to human health. With 
these factors in mind, $8-14 million is a large and seemingly unnecessary 
expense.

The other drawback is the extremely short lifetime of the system 
in terms of particulate plugging. The particulates carried by the waste 
gas would have to be removed or greatly reduced before the gas enters the 
pipes of the soil scrubber field.
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Large dust particles could be removed by sinply cooling the 

gas. Cooling encourages water droplet formation with dust particles 
as nuclei. The droplets and dust would precipitate and could be 
removed before the gas entered the filter.

Many of the particulates are organic , and would rapidly decom
pose in the soil. Reducing the gas flow rate would reduce the particu
late emission rate proportionally, and would also decrease the scrubber 
field size and cost.



LIST OF SYMBOLS AND ABBREVIATIONS

Symbol Meaning

ATE Acid titratable basicity
d depth
Ep Gas flow efficiency in soil
eq equivalent
ft foot
g gram
ha hectare
hr hour
k soil permeability
kg kilogram
L Length
M  Molarity
m  .. meter
mi mile
min minute .
ran - milliitBter
Mw Megawatts
N. Normality
P Power requirement
ppb parts per billion
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Volumetric gas flow rate
spacing
gas viscosity
micrometer
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