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Abstract
In order to study the application mode of By-product from Flue Gas Desulfurization (BFGD) used to
reclaim sodic soils, the field plot experiment of sunflower was conducted to analyze effects of two
application modes, applying BFGD in batches and applying BFGD only once, on the physical and
chemical properties of two sodic soils (in sodic soil I, ESP=19.8; in sodic soil II, ESP=46.9) and the
sunflower production. The results indicated that ESP and pH of the top 40cm soil decreased
significantly, and germination rate, dry matter weight and sunflower production increased after
applying BFGD in all the treatments. The soil EC in the top 40 cm soil appreciably increased in initial
stage after applying BFGD. However, it was lower after two years than that in initial stage and soil EC
was less than, or close to the value before the experiment. The mode of applying BFGD in batches was
better than that of applying it only once because the mode of applying BFGD in batches could decrease
the accumulation of soil salts and promote the dissolution of CaSO4 .The ESP of sodic soil I and sodic
soil II reduced to 13.5 and 14.9 respectively, their pH reduced to 8 and 8.4 respectively, and sunflower
production increased by 1630.80 kg·hm-2 and 1315.65 kg·hm-2 respectively in the most effective
treatments of applying BFGD in batches. In contrast to the mode of applying BFGD only once, the soil
pH decreased by 4.76% and 2.33% in sodic soil I and sodic soil II, ESP decreased by 8.78% and
24.75%, germination rate increased by 4.71% and 17.57% and sunflower production increased by
12.95% and 17.52%.If the drainage was in good condition and the byproduct was applied at right rate,
the salts of soil top layer would not be accumulated.
Keywords: By-product from Flue Gas Desulfurization (BFGD); application mode;sodic soils;
reclamation; sunflower

1

Introduction

Increasing concerns about SO2 emission in flue gas of coal combustion and associated
problems with acid precipitation have promoted the development of desulphurization technologies
to reduce SO2 emission but they also produce large amounts of byproduct from flue gas
desulphurization (BFGD; Carlson and Adriano, 1993). The main components and characters of
BFGD are similar to those of inartificial gypsum, and it contains abundant minerals such as S, Ca,
and Si which are necessary to the plants (Xu etal, 2001). Substantial evidence exists that, with
proper use, these by-products are valuable resources to improve soil, but improper use that is
detrimental to the soil quality and the environment when they enter water system and pedosphere
with rainfall and surface runoff (Carlson and Adriano, 1993; Stuczynski et al, 1998; Chun et al,
2001).
Typical sodic soils contain an excess of exchangeable sodium (ES) in soil colloids. They
have soluble carbonates in forms of Na2CO3 and NaHCO3, a value of pH>8.5, a value of electrical
conductivity of saturated paste (ECsat) <4.0 dS·m-1, a value of sodium adsorption ratio (SAR)>13
and a value of exchangeable sodium percentage (ESP) >15 (Ilyas etal, 1997). Reclamation and
improvement of sodic soils require the removal of part or most of the exchangeable sodium and its
replacement by more favorable calcium ions in the root zone (US Salinity Laboratory Staff, 1954).
In the world, the sodic soils reclaimed with gypsum (CaSO4·2H2O) has had a history of more
than 100 years, yet gypsum has not been popularized because of its expensive price. The
effectiveness of the applied gypsum can be increased by improving permeability of the soil profile.
1
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The application of gypsum increases permeability and leaching (Frenkel et al, 1989; Baumhardt et
al, 1992), improves flocculation and macroporosity (Bresler et al, 1982; Chartres et al, 1985),
decreases bulk density (Southard et al, 1988) and reduce surface crusting (Gal et al, 1984).Interest
has been growing in the use of BFGD to reclaim sodic soils in recent years. Recent research has
shown that BFGD can significantly decrease soil pH and ESP, with no environmental impacts
from trace metals, and increase germination rate and crops yield (Li etal, 1999; Chun et al, 2001;
Wang and Yang, 2004; Sakai et al, 2004).
When the by-product is used in agriculture, its high content of soluble salts may adversely
affect plant growth because it negatively impacts the osmotic potential of plant roots, even though
it is a good source of CaSO4 (Katerji etal, 1997; Shannon, 1997; Clark etal, 2001). In sodic soils,
swelling and dispersion of soil aggregates causes the decrease of the size and the number of
water-conducting pores (macropores), resulting in a slow leaching. The salty water held in
micropores remains largely immobile under steady-state flow conditions, since the micropores do
not take part in the water flow (Carter, 1989). If the soil profile has limited permeability, little or
none of the exchanged Na+ will be removed and gypsum will largely be ineffective (Keren, 1996).
So it is very valuable to determine suitable application mode and application amount of BFGD in
which crops can bear not only the salinity but also the sodicity. Current research for sodic soil
reclamation with BFGD is mainly focused on maintenance effect of the byproduct on soil quality
and plant production under the condition that the BFGD was applied only once. Only a limited is
concerned about the benefits of applying BFGD in batches in the reclamation of sodic soils.
In assessing the feasibility of reclaiming sodic soils, it is essential to first determine the basic
physical and chemical properties of the soil (Van Rooyen and Weber, 1977).The objective of this
research is to determine the effects of different application modes of BFGD on sodic soils
properties and sunflower growth and to select the best application modes of BFGD for sodic soils
reclamation which could control the salinity and the sodicity.

2

Materials and methods

2.1 Study area
The study area was located at Changsheng Experiment Station of Inner Mongolian
Bayannaoer water conservancy science research institute in Northwest China (40º20΄ N, 108º31΄
E). The field was flat and the soil type was silt clay. There were convenient condition of irrigation
and drainage in this study area. The variation of water table was surveyed according to the nearest
observation well (0.1 km, Fig.1).
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Fig 1 Variation of water table during the whole experiment
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According to the nearest weather station (0.6 km NW) the weather in the experimental area
during our investigation, was relatively dry, warm and sunny. The mean annual amounts of
precipitation and evaporation were 215 mm and 2200 mm respectively. Irrigation and precipitation
during our investigations was showed in Fig 2.
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Fig 2 Irrigation and precipitation during the whole experiment

2.2 The physical and chemical properties of sodic soils and BFGD
After our soil investigation two sodic soils, sodic soil I (low ESP level, ESP=19.8) and sodic
soil II (high ESP level, ESP=46.9), were selected. Table 1 shows the main physical and chemical
properties of the two sodic soils tested.
Table 1 The physical and chemical properties of sodic soils tested
Parameter
Sodic soil I
Sodic soil II
Bulk density (g·cm-3)
1.43
1.49
ESa (cmol·kg-1)
2.56
7.91
13.06
16.85
CECb (cmol·kg-1)
19.80
46.90
ESPc (%)
9.1
9.6
pH1:5
0.75
1.21
ECd1:5 (dS·m-1)
2.53
2.67
Organic matter (g·kg-1)
8.12
6.53
CaCO3(g·kg-1)
1.62×10-3
2.51×10-5
HC (cm·min-1)
Note: Value of the mean of three replicates
a
ES, exchangeable sodium;b CEC, cation exchangeable capacity;c ESP, exchangeable sodium percentage;d
EC, Electrical conductivity HC, Hydraulic conductivity.

The BFGD tested was from China Huaneng Power International, Inc, which had a pH of 6.8
and its EC value was 3.15 dS m-1 (1:5, the by-product to water ratio). Content of CaSO4·2H2O in
the by-product was 89.8% based on dry sample and the amounts of total Ca in the by-product was
almost 25% (Table 2).
Table 2 The physical and chemical properties of the by-product from flue gas desulfurization
Parameter
Value
Content
Value
6.8
CaSO4·2H2O (%)
89.80
pH1:5
3.15
0.20
EC1:5 (dS·m-1)
CaSO4·1/2H2O (%)
10.10
5.55
Moisture (%)
CaCO3 (%)
1.02
4.45
Ca(OH)2 (%)
Bulk density (g·cm-3)
Note: Value of the mean of three replicates.

2.3 The requirement amount of BFGD
The requirement amount of BFGD was calculated by a modified method (formula 2; Wang
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and Yang, 2005) referring to the requirement amount of gypsum (formula 1; Oster and Frenkel,
1980) according to the content of calcium between BFGD and gypsum.

R D = 0.086 Hγ ( CEC )( E Nai − E Naf )

(1)

Where H is the soil depth to be reclaimed, 20cm; γ is the soil bulk density, g·cm-3; CEC
is the cation exchange capacity, cmol·kg-1;

E Nai is

the initial exchange sodium fraction; E Naf is the

desired final exchange sodium fraction; RG is the amount of gypsum requirement, t·hm-2.
(2)

RBFGD = 1.11R D

Where

R BFGD

-2

is the requirement amount of BFGD, t·hm ; 1.11 is the modified coefficient,

which was concluded by comparing the content of CaSO4 between gypsum and BFGD.
Based on the initial properties of sodic soils tested the BFGD application rates of sodic soil I
and sodic soil II were 6.29 t·hm-2 and 20.25 t·hm-2 respectively.

2.4 Experimental treatments
To evaluate the effects of different application modes of BFGD on soil quality and sunflower
production, two application modes, applying BFGD in batches and applying BFGD only once,
were studied in our study. Four treatments and one control were designed for each sodic soil. The
application rates of BFGD were showed in table 3. For the mode of applying BFGD in batches,
the 80% of total amount of BFGD was applied in the first year, and 20% was applied in the second
year. Field plot experiment was completely randomized designed for each sodic soil using
sunflower KANGDI 115. The soil body of 0 to 100 cm was spaced out by plastic in every plot.
The by-product was applied to the experimental plot before seeding on September 9, 2002 and
September 21, 2003, and sunflower was planted in the next year. The by-product was uniformly
applied and was incorporated into the top 20 cm of sodic soils by hoeing, and the control plot was
also hoed. Each plot (4m×4m) was seeded with 300 seeds of sunflower on May 18, 2003 and May
27, 2004 respectively. Sunflower was harvested on September 8, 2003 and September 12, 2004
respectively. The germination rate, dry matter weight and sunflower production were measured to
evaluate the plant growth of different application mode and application rate of BFGD. It was
assumed that the effects of the treatments on parameters will not be altered by the applied water,
since all the plots received the same amount and quality of water.
Table 3 Experimental treatments
Sodic soil I

Sodic soil II
-2

Treatment

BFGD rate (t hm )
2002.9

2003.9

0

0

T1

6

1.5

T2

7.5

0

T3

10

2.5

T4

12.5

0

CK

Treatment

BFGD rate (t hm-2)
2002.9

2003.9

0

0

T1

15

3.75

T2

18.75

0

T3

21

5.25

T4

26.25

0

CK

2.5 Methods of measurement
Three bulk soil samples were collected from each plot at the depths of 0-40 cm, air-dried
after removal of the plant roots, and passed through a 1-mm sieve. Analytical chemistry methods
were used to measure pH, EC, cation exchange capacity, exchangeable sodium, soluble cations
-4-

中国科技论文在线

http://www.paper.edu.cn

(Na+, Ca2+, Mg2+ and K+) and soluble anions (HCO3-, CO32-, SO42- and Cl-).The pH, EC, soluble
cations and soluble anions were measured by using 1:5 water extracts. The amounts of soluble
cations were measured with an atomic absorption spectrophotometer; Soluble anions were
determined with anion chromatography; Exchangeable cations were determined in 1 M
ammonium acetate (pH=7) extract, and cation exchange capacity was determined by removal of
ammonium ions by distillation (Rhodes, 1982) following this extraction and washing with 96%
alcohol. Ca and Mg were determined in the extract with an atomic absorption spectrophotometer
(PyeUnicm SP9) and Na and K were determined with flame emission spectroscopy
(VarianAA-1275). Soil pH and EC were measured with the glass electrode method.
Measurements of physical and chemical items were duplicated, and there were three
replicates for chemical analysis. Standard errors of the means of the three samples from each
treatment were calculated. The variation among the treatments was analyzed with STATISTIC 8.2
and was considered to be significantly different at P<0.05.

3

Results And Discussion

3.1 Sodic soils properties
Soil pH is an important factor to manage dispersive soils under field conditions (Miyamaoto
etal, 1975). Dispersion of clay in sodic soils can be reduced three-fold by reducing pH from 9 to 7
(Chorom et al, 1994). ESP is a critical parameter used to evaluate sodic soils and an ESP value of
15 is the critical point for deterioration in soil structure (US Salinity Laboratory, 1954). The pH
and ESP of the
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(b)
Fig 3 soil pH of different treatments in 0-40cm soil（a. Sodic soil I; b. Sodic soil II）

top 40 cm soil significantly decreased by applying the BFGD (Fig. 3 and Fig. 4), and thus
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improved the physical properties of sodic soils. The decrease of ESP in the soil profile was mainly
due to the replacement of Ca2+ to some exchangeable Na+ from the exchange site (Sloan etal,
1999). The decreasing extent of pH and ESP by applying BFGD in batches was less than that by
applying BFGD only once in 2003 (the first cultivation), but the result was contrary in 2004 (the
second cultivation) under the total amount of BFGD used was equal in the two years. The pH and
ESP by applying BFGD in batches were lower than those by applying it only once after two years.
So the effectiveness by applying BFGD in batches was better than that by applying BFGD only
once. The effectiveness of reclamation was the best when BFGD was applied at 6 t·hm-2 in 2002
and at 1.5 t·hm-2 in 2003 for sodic soil I, and the treatment of applying BFGD at 21 t·hm-2 in 2002
and at 5.25 t·hm-2 in 2003 was the best for sodic soil II. After two years in the plots applied BFGD
in batches the pH of 0-40 cm soil were 8.0 and 8.4 in sodic soil I and sodic soil II, respectively and
the values of ESP in the same treatments were 13.5 and 14.9 respectively. In contrast to the plots
of applying BFGD only once, the soil pH decreased by 4.76% and 2.33% in sodic soil I and sodic
soil II respectively and ESP decreased by 8.78% and 24.75% in the same treatments respectively.
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(b)
Fig 4 Soil ESP of different treatments in 0-40cm soil（a. Sodic soil I; b. Sodic soil II）

The soil EC in the top 40 cm soil appreciably increased in initial stage after applying BFGD
(Fig.5). However, it was lower than that in initial stage after two years and soil EC was less than,
or close to the initial value. The increasing extent of soil EC by applying BFGD in batches was
less than that by applying BFGD only once in initial stage, and the values of soil EC by applying
BFGD in batches was lower than those by applying BFGD once only after two years. These
evidences suggested that some leaching of soluble salts occurred in the BFGD-amended plots and
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the application of BFGD didn’t form the salts accumulation in the top soil layer. This was due to
that the water permeability increased by applying the by-product and cropping sunflower
(Miyamaoto etal, 1990) and the convenient drainage. The application of BFGD made possible
good initial plant stands and enhanced plant growth, presumably, which would increase leaching
through the root channels and soluble salts to deeper depths (Carter and Pearen, 1989).
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(b)
Fig 5 Soil EC of different treatments in 0-40cm soil（a. Sodic soil I; b. Sodic soil II）

Because of the bad physical properties of sodic soils and the low solubility of CaSO4, it was a
long process to reclaim sodic soils by applying BFGD. At the same time, BFGD would increase
the amount of total dissolved salts and have a negative effect on reclamation because BFGD is a
kind of salt itself. If BFGD was applied at theoretical amount only once, it not only could not
completely show the reclamation effectiveness, but also would increase the salt content of sodic
soils and suppress germination and growth of sunflower. The mode of applying BFGD in batches
could decrease the accumulation of soil salts and promote the dissolution of CaSO4. So the mode
of applying BFGD in batches was better than that of applying BFGD only once. Largely
impermeable subsoil horizons in sodic soils means reclamation cannot be accomplished unless the
drainage is in good condition. The ability of the soil to conduct water is necessary in order for
reclamation to occur. The drainage condition is convenient in this experimental district. The
dissolved salts from exchange reaction were continually removed from the soil body by irrigation
and precipitation with the physical properties improved gradually, and the salts were not
accumulated in the surface soil by applying BFGD. So if the drainage was in good condition, the
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salts were not accumulated on the surface soil when the BFGD was applied at right rate.

3.2 Germination rate and sunflower production
The germination rate, dry matter weight and sunflower production significantly increased
after applying BFGD (table 4). The germination rate, dry matter weight and production decreased
after increasing with the increasing amount of the applied BFGD in 2003 (Table 3), the
germination rate, dry matter weight and production were maximal when BFGD was applied at 7.5
t·hm-2 and 21 t·hm-2 for sodic soil I and sodic soil II, respectively. After the first application of
BFGD the germination rate, dry matter weight and sunflower production reached 59%, 0.29 kg
and 695.40 kg·hm-2 respectively in sodic soil I and were 50%, 0.16 kg and 601.75 kg·hm-2 in sodic
soil II. The germination rate, dry matter weight and sunflower production of applying BFGD in
batches were higher than those of applying BFGD once only after the second application of BFGD.
The germination rate, dry matter weight and sunflower production reached 85.3%, 0.54 kg and
1443.86 kg·hm-2 for the best treatment (applying BFGD at 7.5 t·hm-2 on 9 September 2002) by
applying BFGD only once in sodic soil I and 69.2%, 0.47 kg and 1315.65 kg·hm-2 for the best
treatment (applying BFGD at 26.25 t·hm-2 on 9 September 2002) in sodic soil II after two years.
The germination rate, dry matter weight and sunflower production reached 89.5%, 0.60 kg and
1630.80 kg·hm-2 for the best treatment (applying BFGD at 6 t·hm-2 on 9 September 2002 and at 1.5
t·hm-2 on 21 September 2003) by applying BFGD in batches in sodic soil I, and 81.2%, 0.56 kg
and 1546.28 kg·hm-2 for the best treatment (applying BFGD at 21 t·hm-2 on 9 September 2002 and
at 5.25 t·hm-2 on 21 September 2003) in sodic soil II. In contrast to the mode of applying BFGD
only once, the increase of germination rate for sodic soil I and sodic soil II were 4.71% and
17.57%, the increase of dry matter weight were 9.88% and 18.65% in the same treatments and the
increase of sunflower production were 12.95% and 17.52%.
Getting involved along with Ca2+, BFGD can reduce the electric potential produced by the
negative charge mutually rejecting in the soil colloids surface, promote forming of soil granular
structure, increase porosity, lower soil bulk density, raise the function of soil holding water,
improve the growth environment of roots system, increase the germination rate of sunflower and
promote the growth of sunflower. The reclamation effects of BFGD are accelerated by growing
sodium tolerant crops. A sodic soil can be reclaimed by growing crops with vigorous fibrous root
system, provided more water is applied than used by crops (Oster et al, 1980). With time, the
environmental and soil stresses of hot climate and the general nature of the root growth would
cause some roots to die and decompose. The dead roots in a saline-sodic soil would leave pore
spaces for entry of salt-loaded water along the root’s walls.

Treatment

Sodic soil
I

Sodic soil
II

Table 4 Germination rate, dry matter weight and sunflower production on soil tested by BFGD
Germination rate (%)
Dry matter weight (kg)
Sunflower production (kg·hm-2)
2003-06-03

2004-06-11

CK

25.2

32.6

T1

58.3

89.5

T2

59.2

85.3

T3

52.1

87.8

2003-08-13

2004-08-15

2003-09-08

2004-09-12

0.14±0.01

0.20±0.01

56.75± 5.18

131.25±12.15

0.26±0.01

0.60±0.04

654.21±30.15

1630.80±81.54

0.29±0.02

0.54±0.03

595.40±25.14

1443.86±68.55

0.25±0.02

0.58±0.03

601.56±22.35

1578.35±78.92

T4

45.6

65.5

0.25±0.01

0.46±0.03

562.15±42.15

1256.89±81.35

CK

18.4
77.5

0.00±0.00

0.00±0.00

T1

12.31
35.6

0.16±0.01

0.49±0.03

0.00± 0.00
515.26±18.79

0.00± 0.00
1361.25±55.34

T2

40.8

52.2

0.24±0.02

0.44±0.04

445.55±25.63

1231.85±75.21

0.16±0.01

0.56±0.04

601.75±31.25

1546.28±83.56

0.47±0.03

507.15±46.78

1315.65±92.75

T3

50.6

81.2

T4

30.6

69.2

0.22±0.01
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Conclusions

This study suggested that the soil ESP and pH were decreased and the germination rate, dry
matter weight and sunflower production increased when the BFGD were applied in batches or
only once. The mode of applying BFGD in batches could decrease the accumulation of soil salts
and promote the dissolution of CaSO4 and this mode was better than that of applying BFGD only
once. In contrast to the plots of applying BFGD only once, the soil pH decreased by 4.76% and
2.33% in sodic soil I and sodic soil II, ESP decreased by 8.78% and 24.75%, germination rate
increased by 4.71% and 17.57%, dry matter weight increased by 9.88% and 18.65% and sunflower
production increased by 12.95% and 17.52% in the same treatments. Drainage was very helpful in
reclamation of these soils. We can benefit from the scrubbing of SO2 from the flue gas of coal
combustion because acid rain and improve the soil properties.
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