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Soil Amelioration of Alakline Soils Distributed in Northeast of China Using by Gypsum

from Desulfurization Process and Stable Increase in Food Production
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(Graduate School of Agriculture and Life Sciences, University of Tokyo, 113 - 8657,
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Summary

We propose here a concrete and effective practice for the amelioration of alkali or alkaline soils
distributed in the Northeast of China. Alkalinization changes soils to a much poorer support for
vegetation than is the case of salinization. Their adverse effects on plant growth can be attributed to
impaired aeration, restricted rooting depth, interference in nutrient uptake and plant metabolism,
corrosion of root surface, and sodium toxicity. In the same way as soil salinization, long periods of dry
and warm or hot weather are important factors in the formation of alkaline soils. Another important
factor is hydrology: high groundwater level, intensive irrigation, and inundation by the sea or saline
water. Relief is also often important, because alkalinization is most severe in depressions or at the edge
of depressions. Alkalinization of soils is characterized by the formation of soils with a high percentage
of exchangeable sodium; often sodium carbonate and sodium bicarbonate also dominate, increasing the
chemical reaction to beyond 8.5, sometimes to 9 or 10. Clay particles and humus are easily dispersed
and eluviated from the A to B-horizon under alkali reaction, and accumulate as a nitric subsurfac e
horizon. A nitric horizon once formed is characterized by a very hard pan with prismatic structure
formed by clay and humus coatings on the ped surfaces.

- The total area of the alkaline or alkali soils in China reaches to 320,000 km?. The very important fact
that more than 50,000 km’ of Mollisol distributed in Northeast of China from alkalinization has been
revealed by the recent soil surveys carried out by Japanese and Chinese soil scientists. Therefore, it
would contribute to the more desirable condition of self-sufficiency for food in China to rehabilitate
these suffered Mollisols from alkalinization, because normal Mollisol generally shows high productivity.
To reclaim alkali soil, a two-step process has been used. The first step process i nvolves the replacement
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of exchangeable sodium with calcium; the second step process is to leach the resulting sodium from the

soil. Leaching alone of a calcareous soil on which a crop is growing can reclaim alkali soils, but the
process is slow. Of the amendments used to bring about exchangeable sodium replacement with calcium,
gypsum (hydrated calcium sulfate) is far and away the most used materials, because it has the
advantages of being nontoxic to plants, easy to handle, and moderately soluble. However, using gypsum
as an amendment material for alkali soils has been barely put into practice in China. The main reason is
in the fact that demands for gypsum in China are pressing, and its agricultural utilization as a soil
amendment is not common due to the market price.

Incidentally, the acid rain and air pollution originating from sulfur dioxide released from coal

combustion furnaces is one of the serious environmental problems in China. Hence, it would be
considered truly a case of killing two birds with one stone if we can produce gypsum from the

desulfurization process of each coal combustion facility at power stations and factories, and use it as an

improvement material for sodic soil.

In this report the possibility of using the by-product from the desulfurization process for the
amelioration of alkali soils will be revealed for its possible incentive to the construction of

desulfurization processing in China.
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CHAPTER 10

Distribution and Amelioration of Alkali
Soils in Northeast China

S. Matsumoto

Introduction

lkalinization of soils has expanded rapidly
.in many irrigated areas of the world due to
man’s misuse of the land. Alkalinization
changes soils to a much poorer support for
vegetation than is the case with salinization.
Their adverse effects on plant growth can be
attributed to impaired aeration, restricted
rooting depth, interference in nutrient uptake
and plant metabolism, corrosion of root
surface, and sodium toxicity.! In the same way
as soil salinization, long periods of dry and
warm or hot weather are important factors in
the formation of alkali soils. Another impor-
tant factor is hydrology: high groundwater
level, intensive irrigation, and inundation by
the sea or brackish water. Relief is also often
important, because alkalization is most severe
in depressions or at the edge of depressions.
Alkalinization of soils is characterized by the
formation of soils with a high percentage of
exchangeable sodium; often sodium carbon-
ate and sodium bicarbonate also dominate,
increasing the pH to beyond 8.5, often to 9 or
10. Clay particles and humus are easily
dispersed and eluviated from the A to B hori-
zon under alkali reaction, and accumulate as a
natric subsurface horizon. A natric horizon is
characterized by a very hard pan with pris-
matic structure formed by clay and humus

coatings on the ped surfaces.?
The total area of the alkali soils in the arid
and semi-arid regions of China reaches to
320,000 km?. The very important fact that
more than 50,000 km? of Mollisol distributed

in semi-arid regions of China suffer from
alkalinization has been revealed by the recent
soil surveys carried out by Japanese and
Chinese soil scientists.’> Therefore, it would
contribute to the more desirable condition of
self sufficiency for food in China to rehabili-
tate these Mollisols suffering from alkaliniza-
tion, because normal Mollisol generally shows
high productivity.

To reclaim alkali soil, a two step process
has been used. The first step involves the
replacement of exchangeable sodium with
calcium; the second step is to leach the result-
ing sodium from the soil. Leaching alone of a
calcareous soil on which a crop is growing can
reclaim alkali soils, but the process is slow.
Of the amendments used to bring about
exchangeable sodium replacement with
calcium, gypsum (hydrated calcium sulfate) is
far and away the most used material, because
it has the advantages of being nontoxic to
plants, easy to handle, and moderately soluble.
However, using gypsum as an amendment
material for alkali soils has been barely put into
practice in China. The main reason is that
demands for gypsum in China are pressing,
and its agricultural utilization as a soil amend-
ment is not common due to the market price.

Incidentally, the acid rain and air pollu-
tion originating from sulfur dioxide released
from coal combustion furnaces is one of the
serious environmental problems in China.
Hence, it would be considered truly a case of
killing two birds with one stone if we can
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produce gypsum from the desulfurization pro-

cess of each coal combustion facility at power
stations and factories, and use it as an improve-
ment reagent for sodic soil. In this report, the
_possibility of using the byproduct from the
desulfurization process for amelioration of
alkali soil will be examined for its possible
incentive to the construction of desulfuriza-
tion processing in China.

Alkali Soil Formation,
Characterization and Its
Distribution in China

Alkali soil is formed when soil colloidal
materials are inundated for a long period with
groundwater whose chemical composition is
predominantly sodium carbonate or sodium
bicarbonate. Fig. 10.1 shows the concept of
alkali soil formation. These sodium salts in
the groundwater are produced when carbon
dioxide in soil or atmosphere is absorbed by
sodium hydroxide, which is hydrolyzed from
sodium ions. With ionic absorption on the
surface of soil colloids, predominantly by
sodium ions, soil colloidal materials become
dispersed, forming very compact, hard struc-
tures of high pH, beyond 9, as they dry. The
layer cohered from sodium colloids is called
a natric horizon, and will become a soil so
undesirable as a medium for plants that
almost all of crops even weeds cannot grow
at the presence of the horizon. Alkalinization
of soils once formed change to much poorer
soils for vegetation than the case of saliniza-
tion because soil condition changes to
impaired aeration, restricted rooting depth,
interference in nutrient uptake and metabo-
lism, corrosion of root surface and sodium
toxicity. The existing hard horizon with pris-
matic structure formed by clay and humus
coating on the ped surfaces makes also very
difficult to leach excess salts from soil.

Alkali soils distribution in China are
found in the arid and semi-arid regions of
Inner-Mongolia,' Jillian, Heilonjiang, Liaoning,
Xinjiang-Uygur Autonomous, Heibei, Gansu,
Shaanxi and Qinghai provinces and especially
the distribution in the northeast and north
China of latitude 40 degree north is intensi-
fied. And its acreage is estimated more than

100,000 km2.4 According to the criteria of
saline soils,1 the saline soils are classified to
three types due to TSS (Total Soluble Salts),
pH and ESP (Exchangeable Sodium Percent-
age) as shown Table 10.1. And Tables 10.2 and
10.3 give the chemical properties of non-alkali
soils (Haplic Solonchak) and alkali soils (Al-
kali Solonchak) distributed in northeast
China. The most characteristic difference
between non-alkali soil and alkali soil is found
in the content of calcium, magnesium, and

.carbonate and bicarbonate ions in the solu-

tion extracted from soil by distilled water. In
northeast China, the distribution of alkali or
alkali-saline soil is also related to the topo-
graphical characteristics of the land; they usu-
ally are found in the areas with high ground-
water tables, or in low lying ground. These
areas are favorable for forming sodium car-
bonate or bicarbonate, because the sodium
ion is more mobile than other cations, and
because carbonate and bicarbonate originate
from microbial decomposition of the organic
matter which predominates in wet locations.

Corn cultivation was originally very
popular among Chinese farmers because of
it produces a large biomass as well as seeds.
However, its recent crop cultivation inupland
soils of China has been more popular than
before. The reason lies in the fact that the
consumption of meat in China has been
increased largely in the past decade owing to
Chinese economic growth, and that corn
cultivation has been stimulated by subsidy
from the Chinese government. As water
consumption of corn cultivation is estimated
at 7 to 8 times that of wheat,’ a large amount
of irrigation water has applied to cornfields
during the vegetative stage in the summer
season. The observed data from groundwater
levels of wells in the Kangpin district,
Liaoning province, which lies in the middle
of the corn cultivation area, show that the
groundwater level changed from 4 to 12 m in
the last eight years.® The large, rapid declines
of groundwater levels are also found in many
upland areas not only in northeast China but
also in China as a whole; this fact suggests that
there are still high possibilities of expanding
soil alkalinization.
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Table 10.1. The classification of saline

soils
EC ESP
(dS/M) pH (%)

Saline >4 <8.5 <15
soil
Alkali <4  >85 >15
soil :
Saline-*i B >4 7 ;8.5 >_1E
alkali soil

EC: electric conductivity; ESP:
exchangeable sodium percentage.

Reclamation of Alkali Soils

Concept and Principles
Reclamation of alkali soils usually involves
a two step process. The first step is replacing
exchangeable sodium ions with calcium ions.
- This calcium may originate from the disso-
lution of Ca-containing minerals in the soil,
such amendments as gypsum and calcium
chloride, or irrigation water with calcium
ions. A second step involves leaching the
resulting sodium salt from the soil. A signifi-
cant factor in reclaiming alkali soils is the

maintenance of hydraulic conductivity by
providing a sufficiently high electrolyte con-
centration in the soil solution to counter the
influence of exchangeable sodium. The rea-
son it is necessary to apply a sufficiently high
electrolyte concentration is that low salinity
water such as rainwater makes clay swell, and
swelling clay leads to low impermeability
which impedes the leaching salts. Figure 10.2
illustrates the concept of alkali soil ameliora-
tion by calcium sulfate. Generally, the higher
the electrolyte concentration, the higher the
exchangeable sodium fraction at which a rela-
tively high permeability can be maintained.’
The electrolyte concentration affects the
hydraulic conductivity less when the content
of soil water is low.® According to our labora-
tory experiments,” among the amendments
used to bring about exchangeable sodium
replacement with calcium, gypsum (CaSOy-
nH;0, hydrated calcium sulfate) is far and
away the most effective amendment material.

The Chemical Composition
of Byproducts from Desulfurization
Processes

The most widespread desulfurization
process in the developed countries is the wet
lime slurry method, whose byproduct is mostly
pure gypsum. In the developing countries, on
the other hand, a semi-dry process tends to be
adopted, owing to its low construction and
running costs. However, the byproducts from
a semi-dry process contain Ca(OH), (calcium
hydroxide), CaCOj (calcium carbonate) and
fly ash, as well as gypsum. Among several
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Fig. 10.2. Concept of reclamation of Alkali soils by calcium sulfate.

semi-dry processes, the byproducts from the
ash recovery activation method (ARAM) were
examined, because the Japanese government
has already installed a working plant at
Qingtao City, Shandong province in China.
ARAM is the process by which a slurry of the
polycrystal substance called Ettringite, which
is formed through hot water treatment of a
mixture of CaO (calcium oxide), fly ash and
gypsum, is sprayed into the flue gas to absorb
SO, (sulfur dioxide) as gypsum.m The chemi-
cal properties of byproducts from desulfur-
ization processes are shown in Table 10.4. The
byproduct from the wet process is almost pure
gypsum, while the byproduct from the
semi-dry process includes only 20 wt %
gypsum and 20 wt % calcium hydroxide,
which would increase the pH of the soil.
Until now, there have been very few
applications of the byproduct from the
semi-dry process to the alkali soils in China,
because it is considered to be only waste.

The Effect of Byproduct Application
from the Semi-Dry Process to Alkali
Soil

Using soil samples classified as alkali soil
(Table 10.5), pot cultivation experiments were
conducted. Air dried alkali soils were mixed
thoroughly with the byproduct from wet
process at levels of 0, 0.1, 0.3, 0.4, 0.5, 0.7 and
0.9 wt %, and with the byproduct from
semi-dry process at the levels of 0, 0.5, 1.5 and
2.5 wt %, respectively. These eleven mixtures

f_n

were placed in separate pots (1/5000a; "a" is

— - g e ™ e ]

Table 10.4. Chemical properties

of the by-products
Wet Semi-dry
process process
ph 7.6 12.6
wt% wt%
CaSO4 88 20

CaS03(%) 0 35

equivalent to 100m?, so 1/5000a is 0.02 m?.)
and wheat grains were sown in the upper layer
of each pot. The pot cultivation experiments
were undertaken by triple repeat tests in the
green house using to the normal cultivation
method. After harvesting, wheat grains
obtained from each pot were measured by
weight; the results are shown in Figures 10.3
and 10.4. The productivity of alkali soil was
increased at each level by the addition of the
byproduct from wet process; an effect of in-
creasing additive was not recognized. On the
other hand, an amelioration effect to alkali soil
by byproducts from the semi-dry process was
recognized only at the level of 0.5 wt % addi-
tion, and addition of byproduct over 0.5 wt
% showed much lower productivity of wheat
than that of alkali soil. This result seems to be
attributable to the fact that the pH level was
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Table 10.5. Chemical Properties
of the soil used

ph 9.8
EC(dS/M) 0.84
CEC (cmol(+)/kg soil) 6.5

Exchangeable cation (cmol(+)/kg soil)

Ca 10.7

Mg T
Ko

Ef _ 76~A ]
ESP (‘J}o)—‘" o 3;7ﬁ .

EC: electric conductivity; CEC: cation-
exchangeable capacity; ESP: exchangeable
sodium percentage

— e~ - - _— »

increased with the addition of calcium
hydroxide included in the byproducts from
the semi-dry process. Therefore, I evaluate
that in the case of amelioration of alkali soil
by byproducts from the semi-dry process, the
maximum addition should be 0.5 wt %.
Results of soil analyses after harvesting
the wheat are shown in Table 10.6. In the
table, data of two 0.5 wt % plots in the pot
experiment are given to show the ameliora-
tion effect by the byproduct from the
semi-dry process, and the lasting effect of the
amendment as well. The table gives us the
facts that the byproduct from wet process
have decreasing effects over time on pH and
exchangeable sodium percentage (ESP) of
alkali soil, and that the addition of an amount
over 0.5 wt % of the byproduct from semi-
dry process has little decrease over time in
effects on pH and ESP of alkali soil. The per-
sistence of the amendments increased
remarkably over the cultivation period.
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Conclusion

The possibility of using the byproduct
from desulfurization processes for ameliora-
tion of alkali soil is examined, to provide
incentives for the construction of desulfuriza-
tion processing facilities in China. It was shown
that applying mixtures of 0.5 wt % of the
byproduct from semi-dry process, which tends
to be adopted owing to its low construction and
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running costs, to alkali soil have the same ame-
lioration effect on such soils as the byproduct
from the wet lime slurry used in developed
countries. However, application to alkali soils
of more byproduct than 0.5 wt % from the
semi-dry process has a deteriorating effect on
amelioration, due to the persistent increased
pH of the soil.
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“Capsule”: Application of by-product from flue gas desulfurization to sodic soils has the potential to provide growth
benefit to a commercially important production of plants with solving the acid rain problem.

Abstract

Interest is growing in the use of by-product from flue gas desulfurization (FGD) to reclaim sodic soils by controlling the pH and
excessive Na*. This study evaluated the effects on corn (Zea mays) production and pH and electrical conductivity (EC) of calcar-
eous sodic soil during four times of cultivation when the by-product was applied once at the first cultivation (Study I) and the
impacts on plant and soil quality at first cultivation when the by-product was applied to the soil at 23,000 kg ha=! (Study II). In
Study I, the germination rate and corn production increased by applying the by-product (0, 5,800, 11,600, and 23,100 kg ha='), and
the greatest total amounts of corn production during the four times of cultivation was when the by-product was applied at 23,100
kg ha=!. In Study II, the pH, exchangeable sodium percentage (ESP), clay dispersion and soluble Na* in the soil decreased and
soluble Mg?* and soluble K* in the soil increased. The soil pH was reduced from 9.0 to 7.7 by applying the by-product. However,
the by-product decreased the concentrations of total N and P in corn leaves in this study. No significant difference in the con-
centrations of Mo, Zn, Pb, Ni, Cd, Mn, Cr, Cu, and Al in corn leaves and the soil was observed between the by-product addition
and the control except for B in the soil and Fe in corn leaves. The concentration of B in the soil was reduced from 28.7 mg kg~! to
25.4 mg kg~! and the concentration of Fe in corn leaves increased from 17.5 mg kg~! to 22.6 mg kg~! by applying the by-product in

our study. © 2000 Published by Elsevier Science Ltd.

Keywords: By-product from flue gas desulfurization (FGD); Sodic soils; Reclamation; Trace elements

‘1. Introduction

The increasing production of coal combustion pro-
ducts has increased the need to find suitable uses for
these by-products (Phung et al., 1978; Terman et al.,
1978; Korcak 1985, Marsh and Grove 1992a, b;
McCarty et al., 1994; Stehouwer, et al, 1995a, b; Crews
- and Dick, 1998; Stuczynski, 1998a, b). Substantial evi-
dence exists that, with proper use, these by-products can
be a valuable resource to improve soil, but improper use
that can be detrimental to the soil quality and the
environment is also of concern (Carlson and Adraino
1993; Siddaramappa et al, 1994; Stucznski et al.,
1998a, b). Increasing concerns about SOx emissions in

* Corresponding author. Present adresss: 1-1-1, Yayoi, Bunkyo-ku,
Tokyo, 113-8657, Japan. Tel.: +81-3-5841-5140; fax: +81-3-5841-
8042.

E-mail address: aa87041 @mail.ecc.u-tokyo.ac.jp (S. Chun).

flue gas of coal combustion and associated problems
with acid precipitation have promoted the development
of desulfurization technologies to reduce SO, emissions
but they also produce large amounts of by-product
from flue gas desulfurization (FGD; Carlson and
Adriano, 1993). FGD involves the removal of SO, from
a stack, usually by adding limestone slurry to the FGD
system. Wet limestone scrubbing is the most common
FGD process to control SO, emissions from coal com-
bustion and forced oxidation in the scrubber loop
improves the dewatering properties of the slurry, lead-
ing to the formation of a high amount of CaSO, (wet
FGD process). Interest is growing in the use of the by-
product to reclaim sodic soils as CaSO, in the
by-product has a possibility for a dissolution-exchange
reaction in soil colloids.

Sodic soils contain an excess of exchangeable Na™* on
soil colloids and have soluble carbonates in the form of
Na,CO; and NaHCOs. This results in a high pH (> 8.4)

0269-7491/01/$ - see front matter © 2000 Published by Elsevier Science Ltd.

PII: 50269-7491(00)00226-8
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of soil, clay dispersion, soil swelling, and overall poor
soil physical properties (Suarez et al., 1984; Gupta and
Abrol, 1990). Improving chemical and physical soil
properties is necessary in sodic soils to avoid not only
agricultural but also soil erosions. Amendments for
sodic soils are materials that directly or indirectly fur-
nish divalent cations (usually Ca?*) to replace
exchangeable Na*. Using CaSO, can only be justified
economically by a yield response, usually over several
seasons of reclaiming sodic soils (Gupta and Abrol,
1990). The dissolution-exchange reaction in soil colloids
is represented as (US Salinity Laboratory Staff, 1954):
2NaX + CaSO4 = CaX; + Na* + SO (1)
where X is the soil exchange phase. The exchange of
Ca’* for Na™ in the soil exchange complex results in
flocculation of soil particles and the restoration of the
porous structure and high permeability of soil. Gypsum
also immediately increases the electrical conductivity
(EC) of the soil solution and increased ionic strength
leads to proton generation resulting in reducing the soil
pH.

When the by-product is used in agriculture, its high
content of soluble salts may adversely affect plant
growth because it negatively impacts against the osmo-
tic potential of plant roots, even though it is a good
source of CaSOy4 (Shannon, 1997). The by-product also
may contain trace elements of environmental concern
(Fowler et al., 1992; Stehouwer et al., 1995 a, b). More
information is needed of the influence of the by-product
on soil properties so that guidelines can be developed to
use in both agricultural production (Terman et al., 1978;
Carson and Adriano, 1993) and environmental recla-
mation (Stehouwer et al., 1995a, b). Provided the envi-
ronmental impacts are minimal and socially acceptable,
development of environmentally benign or even bene-
ficial uses for by-product from FGD would effectively
reduce the costs of SO, emission control. The objective
of our study, therefore, was to assess the impact of
the by-product applied to a calcareous sodic soil on the
growth of corn (Zea mays) and on soil quality.

2. Materials and methods

Field experiments were made in the semi-arid area at
Kangping (42°70' N, 123°50’ E) 100 km north of Shen-
gyang, in northeast China. Table 1 shows the physical
and chemical properties of the Kangping soil (Mollisol)
before the experiments. X-ray diffraction data were
obtained using a Rigaku diffractometer with Cu K,
radiation. The Kangping soil has typical characteristics
of calcareous sodic soil with CaCOs;, a high pH and an
exchangeable sodium percentage (ESP), and low
hydraulic conductivity. ESP is a critical parameter used
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Table 1

Soil properties of calcareous sodic soil before the experiment

Property Parameter Value

Classification® Kastanozems

Mineralogy® CS, S8, K

Physical Loamy sand
Bulk density (g cm™) 1.53
Hydraulic conductivity (cm s~!) 5.88x10~7

Chemical pH 10.2
EC (dSm~')° 0.84
CEC ((+) cmol kg=!)d 8.4
CaCOs (g kg™ 225
ESP (%)® 34
Soluble cations (cmol kg~?)
Na* 3.04
Ca2* 0.97
Mg+ 1.19
K* 0.87
Soluble anions (cmol kg~!)
HCO;, 0.30
CO3- 0.10
Cl- 0.32
S03~ 0.09

* Based on the ‘Soil Map of the World’ (FAO-UNESCO, 1974).

® Mineralogy key based on X-ray diffraction peak intensity:
CS, Chlorite-smectite intergrade; S, Smectite; K, Kaolinite.

¢ EC, electrical conductivity.

4 CEC is cation exchangeable capacity determined by IN Na OAc
at pH 8.2.

¢ ESP, exchangeable sodium percentage.

to evaluate sodic soils and an ESP value of 15 is the
critical point for deterioration in soil structure (us
Salinity Laboratory, 1954). The precipitation during the
growing season of corn in this area was 259, 519, 766,
and 339 mm in 1996, 1997, 1998, and 1999, respectively
(Table 2). More than 70% of the rainfall in this area
occurred during the monsoon period from June to
August.

The by-product from FGD used (Table 3) had a pH
of 7.6 and its EC value was 2.2 dS m~! (1:10, the by-
product to water ratio), a value corresponding to more
than 4.0 dS m~! soil saturation extract value used to
define a saline soil (Soil Science Society of America,
1987). Content of CaSO, in the by-product was 88%
based on dry sample and the amounts of total Ca in the
by-product was almost 25%.

2.1. Study I

To evaluate the effects of the by-product on the pH
and EC of the soil and on corn production, Study I was
conducted between 1996 and 1999. The by-product
was applied to the experimental plots before seeding in
1996 (the first cultivation). Study I was designed by
completely randomized design with three replications
and the treatment rates of the by-product were 0, 5,800,
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Table 2
Precipitation and mean daily temperature on the experimental site
during the growing seasons of corn from 1996 to 1999

Year Month Precipitation (mm) Temperature (°C)
1996 April 16 9
May 44 17
June 38 22
July 98 23
August 54 22
September 9 17
1997 April 13 11
May 43 17
June 35 23
July 79 26
August 283 24
September 67 16
1998 April 20 14
May 83 18
June 119 21
July 293 24
August 223 22
September 28 19
1999 April 20 9
May 19 17
June 57 22
July 97 26
August 141 23
September b 18

11,600, and 23,100 kg ha~!. The by-product was uni-
formly applied and was incorporated into the top 20 cm
of soil (the root zone) by hoeing, and an untreated plot
as the control was also hoed. Each plot (3.6x3.6 m) was
seeded with 48 seeds of corn. Although the by-product
was added in the first cultivation only, response vari-
ables were evaluated for 1996, 1997, 1998 and 1999 for
assessing of maintenance effect of the by-product. Soil
samples were collected and measured for pH and EC
using 1:5 water extracts. The germination rate and corn
‘production were also measured to evaluate the plant
growth for four times of cultivation.

2.2. Study II

Study IT was made in 1999 to examine the changes
in chemical and physical properties of the soil and the
chemical properties of plants, including concentrations
of trace elements, caused by applying the by-product.
The by-product was applied at 23,000 kg ha~! and
the determination of its treatment rate was based on the
" result of corn production in Study I. -Study II was
‘established by a completely randomized design with and
four replications. Each plot size was 13x80 m.

Soil samples were collected, air-dried, and analyzed
for pH, EC, CaCO;, ESP, clay dispersion, available P

13
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Table 3
Chemical properties of the by-product from flue gas desulfurization
Parameter Value
pH? 7.6
EC (dSm™')2 22
Moisture (%) 5.5
Compounds (% )®
CaSO, 88
CaSO; 0
Ca(OH),
CaCO; 0
Others 3
Trace elements (mg kg=!)°
Mo 4.1
Zn 17.3
Pb 15.7
Ni 4.3
Cd , nd¢
B 6.2
Mn 8.7
Fe 1240
Cr 12.2
Cu 12.5
Al 7490

* pH and EC (electrical conductivity) were measured using 1:10, the
by-product to water ratio.

b It is based on dry sample, and amount of total Ca in the by-
product is almost 25%.

¢ Trace elements in the by-product were extracted using HF solu-
tion.

4 nd, not detected.

(Olsen et al., 1954), soluble cations (Na*, Ca2*, Mg2™*,
and K*), and trace elements (Mo, Zn, Pb, Ni, Cd, B,
Mn, Fe, Cr, Cu, and Al). The pH, EC, and soluble
cations were measured by using 1:5 water extracts. The
amounts of the soluble cations were measured using an
atomic absorption spectrophotometer (SHIMADZU
680A). The amount of CaCO; was measured using 1.0 g
of soil sample put in a closed flask. One milliliter of 2N
H,SO04 was added to react with the CaCOs, and the
pressure of the evolved CO, in the headspace was meas-
ured immediately using gas chromatography (SHI-
MADZU GC-8A). The ESP value was predicted from
the sodium adsorption ratio of soil solution (US Salinity
Laboratory staff, 1954). The clay dispersion was esti-
mated by transmittance percentage of soil solution. Soil,
(0.5 g of sample) was Added to 50 ml of distilled water,
was sonicated for 10 s at 50 W, and was shaken for 30
min. The suspension were kept standing for 24 h, and 10
ml of each suspension was pipetted into a test tube. The
transmittance at a wavelength of 650 nm was measured
using a spectrometer (SHIMADZU 20A). The available
P (Olsen and Somners, 1982) was determined by the
ascorbic acid method. Trace elements in the soil were
extracted using the NH;HCO;3-DTPA solution at pH
7.6 (Soltanpour, 1991) and then were analyzed using
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inductively coupled plasma spectrometry (SEIKO SPS
1200V).

Corn leaves for chemical analysis were collected and
were dried in an oven at 80° for 72h. The total C and
N were determined using a carbon and nitrogen analy-
zer (SUMICA NC-90A). Plant samples were further
digested in a mixture of HNO; and HCIO, (3:1). Phos-
phorus in the digested solution was determined by the
ascorbic acid method and trace elements were analyzed
using inductively coupled plasma spectrometry (SEIKO
SPS 1200V).

Statistical analysis was done using the SAS system
(SAS Institute, 1989). Chemical and physical properties
of the soil and chemical properties of corn leaves were
evaluated using multivariate analysis of variance and
the trace elements of corn leaves and in the soil were
statistically analyzed using analysis of variance.

3. Results and discussion
3.1. Study I

The germination rate and corn production in the cal-
careous sodic soil increased by applying the by-product
(Table 4).The corn was assessed for 4-years and had
maximum growth when the soil was treated with 23,100
kg ha=! of the by-product. The application effects of the
by-product persisted for at least 4-years after only once
applying. However, we also observed chlorosis symp-
tom in some corn leaves at the fourth cultivation in soil
treated with the by-product (data not shown). Soil pH
declined with increasing amounts of the applied by-
product (Fig. 1a) probably because of effect of CaSO, in
the by-product. The soil pH decreased from 10.0 to 8.7
on the final sampling date (21 September 1999) when
the by-product was applied at 23,100 kg ha~!. But this
soil pH was still high, thus having the possibility of
reducing the solubility of mineral nutrients such as Fe
and Zn. The low availability of these elements in the soil
must be one of the reasons for chlorosis at the fourth

_cultivation. Most of the nutrients dissolved in the
decreasing soil pH when the by-product was applied at
23,100 kg ha~! might be consumed to normal plant
growth for three times of cultivation, resulting in

Table 4
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Fig. 1. Seasonal changes in (a) pH and (b) EC (electrical conductivity)
of soil treated with 0, 5,800, 11,600, and 23,100 kg ha~! of the by-
product from flue gas desulfurization in 1996.

chlorosis at the fourth cultivation. Cultivation with only
the by-product and without fertilizer might promote
nutrient deficiency in Study I. From a point of view of
fertilizer management in sodic soils, applying trace ele-
ments such as Fe and Zn with organic matter would
help to increase the availability of these elements in high
pH of the soil. Because many soluble forms of soil trace
elements are in the forms of humic chelates (Li and
Wang, 1997). Chhabra et al. (1981) also reported that
available P decreased in field condition soils as the level
of CaSO, application increased, because the provided
Ca2* from CaSO, bond with ionic P resulting in its
decreased availability in soil. ’

The EC slightly increased with the initial application
of the by-product (Fig. 1b), but it decreased to the same
level as the control within a few months, except for the

Germination rate and corn production on soil treated with the by-product from flue gas desulfurization in 1996

Treatment rate Germination rate (%)

1996 1997 1998 1999

Corn production (kg ha=')

1997(6) 1998(c) 71999(d)

1996(a) X (a+btc+d)
0 kg ha™! 0 0 40 63 0 0 0 430 430
5,800 kg ha~! 27 75 98 100 220 1930 1260 3430 6840
11,600 kg ha-! 73 77 96 100 500 1970 580 1780 4830

23,100 kg ha~! 100 92 96 100

2550 2820 730 2380 8480
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soil treated with 23,100 kg ha~! of the by-product. The
EC of control and soil treated with 23,100 kg ha~! of
the by-product in the final sampling date was 0.37 dS
m~! and 0.68 dS m~!, respectively.

3.2. Study I

Two critical factors limiting vegetation establishment
on sodic soils are high pH (>8.4) and excessive Na ™.
Calcium is available to reclaim these factors by dissolu-
tion-exchange reaction in soil colloids. Although this
soil has CaCOs, the displacement of exchangeable Na™
by Ca?* from CaCOs is not very effective due to the
extremely low solubility of CaCOj in high soil pH. In
our study, the application of the by-product from FGD
reduced pH, ESP, clay dispersion measured by trans-
mittance, and soluble Na™ in calcareous sodic soil
(Table 5). Chorom et al. (1994) found that by reducing
pH from 9 to 7, dispersion of clay in sodic soils can be
reduced three-fold, and they concluded that soil pH is
an important factor to manage dispersive soils under
field conditions. The by-product clearly reduced pH,
ESP, and clay dispersion and thus could lead to
improve physical properties in this soil.

The by-product increased the C/N ratio and
decreased the concentration of total N, P, and K in corn

leaves (Table 6). Despite better corn production by
applying the by-product (Study I), corn leaves had less
concentrations of total N and P than the control (Study
II). It is generally said that sodic soils contain high
amounts of available P (Singh and Nijhawan 1943;
Chhabra et al., 1981), but available P decreases in field
soils as the level of CaSO, application increases (Chha-
bra et al., 1981). The decreased concentration of total N
and P caused no abnormal growth, as applying the by-
product led to an increase in corn production.

Boron in the soil and Fe in the corn leaves showed
significant differences between the control and when the
by-product was applied at 23,000 kg ha~! (Table 7).
Boron is not likely to be limiting for plant micro-
nutrition in sodic soils. With increasing sodicity and pH
of soil, the concentration of B increases in soil solution
and at higher concentrations it could prove toxic to
plants. Accumulation of elements in plant parts in toxic
amounts result in injury, reduced growth and even plant
mortality, and commonly observed elements in toxic
concentrations in sodic soils include not only Na but
also Mo and B (Gupta and Abrol, 1990). However,
once the soil is reclaimed by chemical amendments and
leaching, the concentration of B in soil solution dimin-
ishes to within safe limits and no longer remains toxic to
plants (Gupta and Abrol, 1990). We also observed that

Table 5
Chemical and physical properties of soil treated with by-product from flue gas desulfurization
Treatment rate pH EC* CaCO, ESP®  Clay dispersion Available P Soluble cation (cmol kg=1)
@dSm=Y  (gkg™h) (%) (% Transmittance) (mg kg™!) —

Na* Ca?* Mg?* K+
0 kg ha~! 9.0 0.55 26.8 22.0 34 2.4 1.5 23 0.4
23,000 kg ha~! 7.7 0.59 28.0 4.8 30 1.6 3.5 6.4 0.6
Multivariate ANOV A effect
Treatment * ns ns *x ns * ns * *

2 EC, electrical conductivity.
b ESP, exchangeable sodium percent.

¢ Results of multivariate analysis of variance (ANOVA) effect: ns, not significant at P < 0.05.

*P<0.05.

**P<0.01

Table 6

Chemical properties of leaves of corn on the soil treated with by-product from flue gas desulfurization

Treatment rate C (%) N (%) C/N P (mg kg~") Na* Ca?* Mg?* K*
(mg kg™")

0 kg ha™! 42.6 1.9 22 221 14,860 521 950 2560

23,000 kg ha~! 40.0 1.5 26 152 8540 786 938 1990

Multivariate ANOV A effect®

Treatment ns i ** * ns ns ns i

# Results of multivariate anaylsis of variance (ANOVA) effect: ns, not significant at P < 0.05.

*P<0.05.
**P<0.01.
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Table 7
Concentration of trace elements in corn leaves and soil treated with
by-product from flue gas desulfurization?

Treatment rate

Part Trace elements
0 kg ha~! 23,000 kg ha™!
(mgkg™)  (mgkg™")

Corn leaves Mo 9.4 9.1
Zn 2.4 2.5
Pb 28.4 28.3
Ni 79 8.2
Cd nd® nd
B 12.8 12.5
Mn 10.5 10.3
Fe* 17.5 22.6
Cr 8.7 8.4
Cu 6.7 6.5
Al 377 37.2

Soil® Mo 6.4 6.3
Zn 11.6 11.0
Pb 14.9 15.0
Ni 4.6 44
Cd nd nd
B* 28.7 25.4
Mn 29.9 23.1
Fe 90.1 90.8
Cr 2.4 2.3
Cu 11.2 11.7
Al 47.8 50.8

2 Analysis of varaince was used to test for differences.
b nd, not detected.
¢ Trace elements were extracted by NH,CO3-DPTA solution at pH
7.6.
*P<0.05.

applying the by-product decreased the concentration of
B in the soil. Iron deficiency is commonly associated
with sodic soils due to the high pH of the soil (Ander-
son, 1982). However, uptake of Fe into corn leaves
growing in the calcareous sodic soil treated with the by-
product was more than that in the control. Other trace
elements, except B in soil and Fe in corn leaves, did not
change when the by-product was applied at 23,000 kg
ha=!.

If the number of applications of by-product from
FGD were increased, trace elements added to the soil
would also increase. Therefore, further studies are nee-
ded to determine the influence of potentially excessive
or multiple additions of the by-product on the accumu-
lation of potentially toxic elements in plants and soil.

4. Conclusions

The presence of Na,CO; or NaHCO; increases the
soil pH by increasing the activity of carbonate and
bicarbonate in sodic soils. A high pH of the soil can lead
to chemical imbalances and deficiencies in the mineral

16 -
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nutrition of crops. Applying the by-product from FGD
was efficient to reclaim calcareous sodic soil in our
study. Corn production increased by only one applica-
tion of the by-product, and its effect continued for at
least 4 years (Study I). The by-product significantly
reduced the pH, ESP, and soluble Na* in the soil
although it also reduced the concentration of total N
and P in corn leaves (Study II). Except for Fe, con-
centrations of trace elements in corn leaves did not
change when the by-product was applied 23,000 kg
ha=!. Thus, trace elements in the food chain from using
the by-product appears to have little potential toxicity
at least at the concentration of this study.

Using the by-product from FGD on sodic soils does
indicate that we can benefit from the scrubbing of SO,
from the flue gas of coal combustion because it reduces
acid rain and improves the soil properties.
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