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HIGHLIGHTS

GRAPHICAL ABSTRACT

* Gypsum can effectively decrease disso-
Ived P loss via runoff and leachate from the
areas with high soil P levels by increasing P
uptake by ryegrass.

« Both surface application and mixing of
gypsum into the topsoil reduced dissolved P
losses.

* The effect of gypsum application method
on dissolved P losses varied by soil texture.
* Flue gas desulfurization gypsum did not
affect ryegrass biomass and also didn’t
increase the accumulation of trace elem-
ents in soil and ryegrass.
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ABSTRACT

Controlling dissolved phosphorus (DP) loss from high P soil to avoid water eutrophication is a
worldwide high priority. A greenhouse study was conducted in which flue gas desulfurization
gypsum (FGDG) was applied by using different application methods and rates to two agricultural
soils. Phosphorus fertilizer was incorporated into the soils at 2.95 g kg~" to simulate soil with high P
levels. The FGDG was then applied at amounts of 0, 1.5, and 15 g kg~' soil on either the soil
surface or mixed throughout the soil samples to simulate no-tilage and tillage, respectively.
Ryegrass was planted after treatment application. The study showed that FGDG reduced runoff DP
loss by 33% and leachate DP loss 38% in silt loam soil, and runoff DP loss 46% and leachate DP
loss 14% in clay loam soil, at the treatment of 15 g kg~! FGDG. Mixing applied method (tillage)
provided strong interaction with higher FGDG. To overall effect, the mixing-applied method
performed better in controlling DP loss from silt loam soil, while surface-applied (no tillage) showed
its advantage in controlling DP loss from clay loam soil. In practice it is necessary to optimize FGDG
concentrations, application methods, and DP sources (runoff or leachate) to get maximized benefits
of FGDG application. The FGDG application had no negative effects on the soil and ryegrass.
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1 Introduction

Phosphorus (P) applied to soil as fertilizer or manure in
excess of crop requirements can lead to a buildup of
available P (AP) in the soil. High levels of AP can lead to
dissolved P (DP) loss from soil. Dissolved P is a primary
cause of eutrophication in receiving water bodies (Sharpley
and Wang, 2014). In 2011, a cyanobacteria bloom in Lake
Erie, USA was mainly attributable to DP coming from
agricultural lands (Michalak et al., 2013).

Reduction of P loss as DP from agricultural lands via
runoff and leaching (Smith et al., 2015; Wang et al., 2018) is
needed. Gypsum is an excellent source of Ca and agricul-
tural grade gypsum can be mined from natural deposits in
the earth. Flue gas desulfurization gypsum (FGDG) is crea-
ted during a process that removes sulfur dioxide (SO,) from
the flue gases of coal-burning power plants and typically
consists of 95.0%-99.6% CaSO,2H,0 (Dick and Chen,
2011; Watts and Dick, 2014). FGDG has many potential app-
lications in agriculture (Wang and Yang, 2018; Koralegedara
et al.,, 2019) and has been used to remediate saline-alkali
soils and to reclaim surface coal mine lands (Chen et al.,
2015; Mao et al., 2016). Flue gas desulfurization gypsum is
also used as a source of essential plant nutrients such as
Ca and S needed for optimum crop growth (Chen et al.,
2011; Lietal.,, 2017), and to reduce DP loss from agricul-
tural soil by precipitating Ca-P complex (Torbert and Watts,
2014; He and Li, 2019).

Questions remain, however, as to the best strategy for
applying gypsum to reduce DP losses from soil. If no-tillage
crop production is practiced, it is impossible to mix the
gypsum with the soil. Also, questions remain about the
amount of gypsum needed to affect DP losses from the soil
and whether there is an interaction with tillage (or lack
thereof), soil texture, and application rate. The objectives of
this study were to evaluate the effect of the application
concentration and application method of FGDG on reducing
DP losses via runoff and leachate from two contrasting

producers and consultants about the most -effective
management strategies for applying gypsum to soil to
reduce DP losses and improve soil and water quality.

2 Materials and methods

2.1 Experimental setup

Soil samples (0-20 cm depth) from two locations in Ohio,
USA, Wooster and Hoytville, were collected using a flat
bottom spade and brought to the greenhouse. The Wooster
soil collected was a silt loam, Oxyaquic Fragiudalfs, and the
Hoytville soil was a clay loam, Mollic Epiaqualfs (Campbell,
2014). Soil samples were air-dried for one week, crushed,
and passed through a 2-mm sieve to remove root material.
Selected properties of the two Ohio soil samples (Table 1)
and the properties of FGDG used in this study (Table 2) are

provided.
A greenhouse experiment was conducted by mixing
2.95g kg™ chemical-grade triple superphosphate

(Ca(H,P0O,),'H,0) (P,05 46%) (2.95 g kg™ is approximately
equivalent to 660 kg ha~') into each treatment to greatly
increase available P (Table 1). The experimental design was
a factorial randomized block design with three replications.
Treatments included (1) two application concentrations of
FGDG, G and GG (1.5 and 15 g kg™' that were approxi-
mately equivalent to 336 and 3360 kg ha~', respectively)
and (2) either surface-applying (S) or mixing (M) the gypsum
into the entire soil volume to simulate no-tillage and tillage,
respectively; a fifth treatment (0) was a control treatment
without FGDG.

A amount of 17 kg soil with/without FGDG treatment was
packed inside plastic boxes of size 38 cm (long) by 25.5 cm
(wide) by 23.5 cm (high) (Fig.1). Three holes (1.5 cm
diameter) were drilled evenly across the bases of the boxes
and an aluminum foil plate was placed below the boxes to
collect leachate water. A modified syringe (1.5 cm diameter)

agricultural soils. Results will be useful in informing at the downslope (3%) end of the runoff boxes diverted all
Table 1 Initial properties of two soil samples from Ohio.

Soil Silt loam soil Clay loam soil
pH 6.59 6.14
Available P (g kg~1)@ 0.038 0.057

Total P (g kg™") 0.41 0.70
Exchangeable Ca 1.12 3.00

Total N (%) 0.104 0.256

Total C (%) 0.88 2.25

Clay P 15 40

CEC *(cmol kg™") 7.30 21.8

Bulk density (g cm™3) 1.40 1.35

o Available phosphorus as determined by the Bray-1 solution. P Data from Campbell et al. (2014). ¥ Cation exchange capacity.
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Table 2 Concentrations of selected elements in FGDG, soils and the Standard in comparison.

Elements FGDG Clay loam soil Silt loam soil StandardsY
Major elements

Ca(gkg™19) 198 - - -
Mg (g kg™ 9) 2.19 - - -

S (gkg™9) 159 - - -

P (g kg™19) 0.100 - - -

Na (g kg~ ) 0.144 - - -

K (g kg™19) 0.421 - - -

Fe (g kg1 ) 2.39 - - -
Trace elements -

Zn (mg kg™1) 93.7 93.7 69.3 2800
Cr (mg kg™") 5.06 35.8 25.2

Pb (mg kg") 1.43 13.2 17.6 300
Cd (mg kg™") 0.73 1.90 1.47 39
As (mg kg™1) 4.50 4.82 8.89 41

Ni (mg kg™") 4.21 28.1 19.9 420
Cu (mg kg™") <0.43 P 23.8 7.16 1500
Hg (mg kg™") <5.58 <5.58 <5.58 17

o Dry weight basis. P Below detectable limit (the number is the detectable limit). Y Standards for the use or disposal of sewage biosolids (US

EPA, 1993).

Leaching
hole

Slope 3%

[

Fig. 1

runoff water to a plastic collection vessel.

FGDG and phosphorus fertilizer were applied to the soils
according to the experimental design, followed by 3000 mL
deionized water to moisten the soil, which was then
incubated for 24 hours. Two hundred ryegrass (Lolium
perenne) seeds were planted in each box, covered with a
1.0 cm dry soil, and wetted with deionized water. Three
weeks after planting, seven rainfall events were applied at
two-week intervals to each box, a simple rainfall simulator
with 1500 mL water placed 10 cm above soil surface of each
box provided a 30-min rainfall event at 30 mm h~!. Between
simulated rainfall events, the watering frequency was based
on the water requirement of plant growth and evaporation;

Schematic of soil boxes used to collect runoff and leachate waters.

the amount required was enough to keep ryegrass growing
well, and all boxes received the same amount of water. The
experiment lasted 15 weeks from sowing to the last rainfall
event. The greenhouse was maintained at 28°C for daytime
and 20°C for nighttime. Light was provided for 14 h, relative
humidity was kept at 60%.

2.2 Sampling and analysis

The runoff and leachate water were collected after every
rainfall event, and the flow volumes and DP concentrations
in the runoff and leachate water were measured. Dissolved
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P in water samples was determined colorimetrically by the
molybdenum-blue method after filtering through a 0.45 pm
membrane filter (Murphy and Riley, 1962). Dissolved P
accumulation was calculated by multiplying DP concen-
trations by flow volumes per time, and then adding them up.
Average DP concentration was calculated by DP accumul-
ation divided by volume accumulation. Total DP accumul-
ation in combined runoff plus leachate was calculated by
summing runoff DP accumulation and leachate DP accu-
mulation.

Soil samples and ryegrass were collected at the end of the
experiment. Five soil cores (3 cm diameter) per box were
collected and combined to create one sample. Soil samples
were air-dried, crushed, passed through a 2-mm sieve and
the concentrations of available P and total P were analyzed.
All the ryegrass/box containing above-ground biomass and
roots were collected, dried in an oven for 48 h at 60°C, and
then yield was calculated on a dry-weight basis.

Available P (AP) concentrations were determined using a
Bray-1 extracting solution and the molybdenum-blue method
(Kuo, 1996). Total P (TP) concentrations were measured
after perchloric/nitric acid digestion using inductively coupled
plasma emission spectrometry (ICP-ES) (Hossner, 1996).
Total C and N were determined after dry combustion using
Carbon-Nitrogen analyzer. Also, selected element (Pb, Al,
Cu, As, Cd, Cr, Ni) concentrations in the soil and ryegrass
were determined after digestion with HCIO,/HNO, using
inductively coupled plasma emission spectrometry (ICP-ES)
(Hossner, 1996). In addition, Hg was measured after micr-
owave digestion using cold vapor atomic fluorescence spe-
ctroscopy (CVAFS). Soil pH was determined by a glass
electrode of a 1:5 ratio of soil to the water mixture. Soil bulk
density was determined by the ring-knife method. Cation
exchange capacity and exchangeable Ca were measured
using ICP-AES after ammonium acetate extraction (Ross
and Ketterings, 2010).

Bioassay was conducted based on plant biomass and P
uptake. Ecological risk assessment was focused on heavy
metal accumulation in soil and plant.

2.3 Statistical analyses

Means and standard errors were given for measured data
(n=3). Data were subjected to analysis of variance (ANOVA)
using the SPSS 17.0 statistics program to determine
significance among treatment, and all test statistics were
evaluated at P=0.05. When the analysis generated a
significant F value (P<0.05) for treatments, means were
compared by the Tukey honestly significant difference test.

3 Results

3.1 Soil and FGD gypsum characterization

The Wooster silt loam soil had lower clay and total C (i.e.,

organic C) than the Hoytville clay loam soil (Table 1). The
clay loam soil, as a result, also had 70.7% and 50.0% TP
and AP greater than silt loam soil, respectively. The CEC in
clay loam soil was also about three times greater than that
in silt loam soil.

Analysis of the FGDG (CaSO,-2H,0) material used in this
study indicated the concentrations of S and Ca were 198
and 159 g kg™, respectively. Flue gas desulfurization gyp-
sum contained lower concentrations of trace elements than
were observed for the soil background values and were also
below the standard limits of Standards for the use or disp-
osal of sewage biosolids (US EPA, 1993) (Table 2).

3.2 DP in runoff and leachate

3.2.1 The effects on volumes

Based on our designed rainfall events for the Control
treatment, silt loam soil produced 77.90% runoff and 22.10%
leachate, clay loam soil 86.53% runoff and 13.47% leachate
in volume. For runoff, there were no significant differences
(P<0.05) in runoff volumes between the two contrasting soils
and application methods. However, runoff volumes were
reduced by FGDG, up to 11% at FGDG 15 g kg~ in both
soils.

For leachate, volumes were increased with FGDG, up to
28.82%—-54.33% at FGDG 15 g kg™, leachate from silt loam
soil being 1.6-1.8 times greater than clay loam soil (P<
0.05). Mix (tillage) treatments seemed to enhance the per-
colation process especially in clay loam soil. There were no
significant differences in leachate volumes between appli-
cation methods of FGDG.

Total volumes of runoff and leachate between treatments
were almost the same, while total volume of silt loam soil
was a little higher than that of clay loam soil without sign-
ificant difference statistically (Table 3).

3.2.2 The effects on DP

Concentration distributions of DP in runoff and leachate
were very different in the two soils. At the control treatment,
silt loam soil lost 10.98% DP from runoff and 89.02% DP
from leachate, while clay loam soil lost 47.89% DP from
runoff and 52.11% DP from leachate.

For runoff, the concentrations of DP from clay loam soil
were an order of magnitude more than DP from silt loam soil
in all treatments. DP was reduced up to 33% in silt loam soil
and 43% in clay loam soil at treatment concentration of
FGDG 15 g kg™

For leachate, the concentrations of DP from both soils
were on the same order of magnitude comparing to runoff.
Stronger interaction between FGDG and mix treatment was
observed in treatment of GGM (FGDG 15 g kg~! and Mix-
applied), DP reducing up to 51% in silt loam soil and 43% in
clay loam soil (Table 3).
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Table 3 Cumulative flow volumes, concentrations of dissolved P (mg L='), and cumulative dissolved P loss amounts (mg) @ from combined
runoff and leachate after rainfall from two Ohio soils treated with FGDG at different application concentrations and by different application

methods B.

Soil Sample type Volume (L)

0 GS GM GGS GGM
Silt loam soil Runoff 8.07+0.36a 7.81£0.36a 7.83+£0.27a 7.27+0.2b 7.33+£0.29b
Clay loam soil 8.16+0.07a 8.08+0.23a 8.12+0.10a 7.71£0.24b 7.27+0.22b
Silt loam soil Leachate 2.29+0.01b A Y 2.23+0.25b 2.36+0.02b 2.95+0.14a 2.91+0.08a
Clay loam soil 1.27+0.10b B 1.22+0.14b 1.41+0.11b 1.82+0.22a 1.96+0.23a
Silt loam soil Total 10.4+0.32 A 10.0+0.19 10.210.28 10.2+0.25 10.2+0.33
Clay loam soil 9.43+x0.30 A 9.30+0.24 9.53+0.42 9.54+0.34 9.23+0.38
Soil Sample type Average dissolved P concentrations  (mg L™")

0 GS GM GGS GGM
Silt loam soil Runoff 0.60+0.02a B 0.56+0.06a 0.49+0.06ab 0.47+0.01b 0.44+0.02b
Clay loam soil 2.24+0.22a A 1.90+0.12a 2.13+0.23a 1.2710.16b 1.56+0.07b
Silt loam soil Leachate 17.0£0.44a 14.6+0.55b 11.6+1.61c 10.4+0.42c 8.27+0.30d
Clay loam soil 15.6+1.14a 12.4+1.15b 11.0£1.08b 9.35+0.80c 8.91+0.64c
Soil Sample type Cumulative dissolved P amounts (mg)

0 GS GM GGS GGM
Silt loam soil Runoff 4.81+0.18a B 4.39+0.58a 3.84x0.41ab 3.43+0.09b 3.22+0.12b
Clay loam soil 18.2£1.39a A 15.3+0.75a 17.3+2.34a 9.80+1.89b 11.4£2.75b
Silt loam soil Leachate 39.0+2.58a A 32.4+2.09b 27.2+3.56b 30.7+0.25b 24.1+2.71c
Clay loam soil 19.7£0.48a B 15.3+2.95b 15.4+1.08b 16.9+0.67b 17.4£1.33b
Silt loam soil Total 43.8+2.67a 36.7+2.30b 31.1£3.75bc 34.2+0.23b 27.3+2.80c
Clay loam soil 38.0+1.47a 30.6+2.68b 32.7+3.35b 26.8+1.25¢ 28.8+1.90bc

@ Values after the treatment means are means and standard errors within a row followed by the same letter or no letters are not significantly
different (P <0.05) by Tukey’s honest least significant difference test. P Treatments are 0 (no FGDG applied to soil), GS and GM (FGDG
applied to the soil surface or mixed into the soil at the 1.5 g kg™ soil rate, respectively) and GGS and GGM (FGDG applied to the soil
surface or mixed into the soil at the 15 g kg~" soil rate, respectively). Y Values after the soil means are means and standard errors within a
column followed by the same or no capital letter in a column for each sample type are not significantly different (P <0.05) by Tukey’s honest
least significant difference test. ® Average dissolved P concentration (mg L™") is calculated by the total amount of dissolved P accumulated

divided by the total amount of water accumulated in runoff and leachate.

3.3 P in soil and ryegrass

Table 4 shows the changes in the soil pH, soil TP conce-
ntrations, and P uptake and biomass yield of ryegrass on
the two agricultural soils between treatments. Soil pHs
decreased at higher FGDG amounts comparing to other
treatments, lower by 0.14 from pH 6.57 down to 6.43 in silt
loam soil and by 0.20 from pH 6.26 down to 6.04 in clay
loam soil at FGDG 15 g kg~'. Application methods did not
make any significant contribution to soil pH changes.

Soil TP contents in both soils were doubled after the P
amendment at the beginning of the experiment (Tables 1
and 4). Compared with the Control (FGDG 0 g kg~1), soil TP
loss via runoff and leachate in clay loam was occurred at the
treatment of FGDG 15 g kg~!, while soil TP loss in silt loam
soil did not clearly show at a level of g kg™, but about
30%—-38% of DP loss from runoff and leachate at a level of
mg kg~ (Table 3).

Plant bioassay showed that biomass yield was not

affected by FGDG, but biomass P was (Table 4). Biomass P
of ryegrass was increased in all treatments-except in both
soils. In this study surface application (no-tillage) did not bri-
ng significant benefits to biomass yield and P uptake, while
mixing-applied (tillage) treatments improved the growing
environment, especially at higher FGDG concentration.

4 Discussion

4.1 Controlling DP loss via runoff and leachate

4.1.1 DP loss via runoff and leachate

Runoff and leachate volumes in both soils was found by
addition of FGDG. Runoff volume was reduced up to 11%
and leachate volume increased up to 26%-35% at FGDG
15 g kg~'. In addition, FGDG decreased runoff at lower DP
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Table 4 The pH and total P (TP) in soil and biomass yield and biomass P in ryegrass as affected by different application rates and

application methods of FGDG ©.

Soil type Sample type FGDG Treatment p

0 GS GM GGS GGM
Silt loam soil Soil pH 6.57+0.10 A 6.58+0.10 6.54+0.12 6.43+0.13 6.440.10
Clay loam soil 6.26+0.06 B 6.23+0.06 6.20+0.04 6.02+0.20 6.050.19
Silt loam soil Soil TP(g kg™") 0.95+0.01 AY 0.97+0.02 0.960.02 0.96+0.02 0.96+0.03
Clay loam soil 1.36+0.07 B 1.37+0.05 1.36+0.05 1.34+0.06 1.34+0.04
Silt loam soil Biomass Yield (g m2) d 410+12.1 A 416+18.0 41718.30 402+20.0 432+10.0
Clay loam soil 456+11.0 B 463+1.10 473+21.0 453+15.0 478+12.1
Silt loam soil Biomass P (g kg™') € 5.02+0.13c A 5.41+0.03b 5.530.08b 5.40+0.06b 5.78+0.13a
Clay loam soil 6.05+0.11b B 6.63+0.07a 6.68+0.07a 6.45+0.14a 6.71+0.11a

o Treatments are 0 (no FGDG applied to soil), GS and GM (FGDG applied to the soil surface or mixed into the soil at the 1.5 g kg™" soil rate,
respectively) and GGS and GGM (FGDG applied to the soil surface or mixed into the soil at the 15 g kg™ soil rate, respectively). P Values
after the treatment means are standard errors and means within a row followed by the same letter or no letters are not significantly different
(P <0.05) by Tukey’s honest least significant difference test. Y Values after the soil means are standard errors and means within a column
followed by the same or no capital letter in a column for each sample type are not significantly different (P <0.05) by Tukey’s honest least
significant difference test. ® Ryegrass dry matter yield. ¢ ‘Biomass P’ is P concentration of ryegrass uptake.

concentration, increased leachate with lower DP concen-
tration (Table 3). The results suggest that, in practice, it is
beneficial to employ a balanced strategy of FGDG
application. For instance, in clay loam soil DP concentration
in runoff was much higher than that from silt loam soil, so in
practice, control runoff from clay loam soil should be
considered.

DP loss in leachate is another interesting issue for
discussion. DP loss was more prominent from silt loam soil
than from clay loam soil, because the clay loam soil had a
larger P retention capacity (Chardon and Schoumans,
2017). The contrasting textures between the two soils
affected the specific pathways by which DP was lost.
Leachate was more dominant pathway for DP loss from silt
loam soil than from clay loam soil.

Although FGDG increased leachate volume, FGDG
application decreased DP loss via runoff and leachate. DP
moves and diffuses slowly in soil, there was sufficient time
for Ca2* and DP to react. FGDG continuously provided
dissolved Ca?* to react with DP in the soil solution with a pH
range of 5.5 to 7.0 to form calcium phosphate dihydrate
(CaHPO,-H,0) or dicalcium phosphate (CaHPO,), which
are absorbed by the plant in the percolation process to
reduce DP loss (Ryden and Syers, 1975; Recillasa et al.,
2012).This was confirmed by our study. Biomass P of
ryegrass was increased in all FGDG treatments in both soils
(Table 4). Some studies have also shown that FGDG also
can reduce phosphorus loss from an alkaline soil. In alkaline
soils (pH > 7.0), P and Ca2?* form insoluble calcium-
phosphorus complex (Lopez and Garcia, 1997; Murphy
etal,, 2010; Watts and Torbert, 2016; He, 2016). This
results in reduced amounts of DP in runoff and leachate

from agricultural soils to surrounding water bodies (Li et al.,
2018).

The higher concentration of FGDG application (i.e.,
15 g kg™1) was more effective at decreasing leachate DP
concentration and total DP loss than the 1.5 g kg
application concentration. Most water leaving fields in
northwest Ohio occurs via tile drainage (i.e., leachate)
(Smith, 2015). FGDG was shown to be an effective
treatment for controlling DP loss (King et al., 2016).

The FGDG treatment may be especially beneficial for
controlling DP loss from soils managed by no-tillage farming
practices (when the FGDG is surface-applied). That is
because surface-applied P fertilizer and P in plant residues
in no-tillage system are largely retained at the soil surface
and in the upper soil layer. Mixing the FGDG into the soil will
also decrease DP losses from tilled soils. Increasing P
absorption by ryegrass can reduce the export of DP via
runoff and leachate from a field and protect receiving bodies
of water from the harmful effects of the DP.

4.1.2 DP loss via application methods

FGDG mixing into silt loam soil (tillage) was more effective
in reducing DP loss in silt loam soil because DP loss in this
soil was mainly via leachate. Mixing FGDG into the soil
provides more interaction with soil DP and is intercepted
and absorbed by the plant’s roots before it leaches off the
soil. Surface-applied FGDG to soil (no tillage) could
postpone or limit clay dispersion and surface seal formation,
maintained porosity, and thus increased infiltration (Yu et al.,
2003). But in our study, surface-applied (no tillage) only
showed its advantage in controlling runoff DP (Fig. 2 B).
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Control A
50 ...
40

Silt loam soil Clay loam soil

GGM ¢~ GGM ¢

GGS GM GGS
—a— Runoff —e— Leachate

Control B

—a— Runoff —e— Leachate

Runoff + Leachate Control C

GM GGS GM
—u— Silt loam soil —e— Clay loam soil

Fig. 2 The evaluation results of single treatment applied on two agricultural soils by cumulative DP. Treatments are 0 (no
FGDG applied to soil), GS and GM (FGDG applied to the soil surface or mixed into the soil at the 1.5 g kg™ soil rate,
respectively) and GGS and GGM (FGDG applied to the soil surface or mixed into the soil at the 15 g kg™ soil rate, respectively).

4.1.3 The evaluation results by cumulative DP

Table 3 gives cumulative DPs from runoffs and leachates of
two soils in all treatments, and the evaluation results of
single treatment applied on two agricultural soils by
cumulative DP are expressed through a radar graph in
Figure 2. For silt loam soil, DP loss from leachate was much
higher than that from runoff. Mixing higher concentration of
FGDG (in our experiment FGDG 15 g kg™') into soil was
able to control DP loss effectively (Fig. 2A). Leachate DP
reduction efficiency was raised to 20% at FGDG 1.5 g kg™',
and 27% at FGDG 15 g kg~' by mixing-applied (tillage). For
clay loam soil, no treatment had obvious advantage in
controlling DP loss from soils, although higher FGDG
concentrations had some effects on DP loss from runoff
(Fig. 2B).

As mentioned in section 4.1.1, FGDG decreased runoff
and increased leachate at same time. Overall, mixed-
applied performed better in controlling DP loss from silt loam
soil, while surface-applied showed its advantage in contr-
olling DP loss from clay loam soil (Fig. 2C).

4.2 Other impacts

4.2.1 Biomass yield and biomass P

In our study, biomass yield and biomass P of ryegrass were
increased in all treatments except GGS treatments in both
soils (Table 4). The Ca and S in FGDG can act as a plant
nutrient and soil conditioner for agricultural production. A
higher concentration of FGDG releases more Ca?* into the
soil solution to react with more DP to form a calcium-phos-
phorus complex, which is more easily absorbed by ryegrass.
But no effects of surface-applied FGDG at 15 g kg™
(treatment GGS) were detected for plant yields and P
uptake. Surface-applied (no tillage) did not show advantage
to plants during the experimental period; as has been the
case for other short-term studies which have yielded neg-
ative results (Watts and Dick, 2014). This is a common phe-
nomenon and the benefits will not always be obtained in the
first, or even second, year after FGDG application.

Although our experiment obtained good results in terms of
plant growth, time is required for the benefits of FGDG
application to be realized (EPRI, 2011-2014).

4.2.2 Trace elements in soil and ryegrass

The content of heavy metals in both FGDG self and exper-
imental soil is the most concern for ecological safety. Table 2
shows the comparison of some trace elements among
FGDG, soils and US EPA standard, which indicated that the
concentrations of selected trace metals in FGDG was lower
than those in soils and EPA Standard. Table 5 gives sel-
ected trace elements in soil and ryegrass before and after
FGDG treatments. As shown in the table, FGDG application
at the highest level of 15 g kg~! caused a little fluctuation of
heavy metal contents which were below soil backgrounds
and EPA’s level of concern, and did not cause any accu-
mulations in the soils.

In our experiment plant enrichment of heavy metals did
not occur in ryegrass growth (Table 5). Some studies have
also showed that FGDG did not cause an accumulation of
trace elements in the edible parts of various crop products
(Wang et al., 2015, 2018). FGDG did not pose any adverse
threat to soil, plant, or environment.

5 Conclusion

Flue gas desulfurization gypsum (FGDG) can effectively
control DP loss via runoff and leachate, as observed in the
two contrasting soils, silt loam soil (Wooster) and clay loam
soil (Hoytville), in Ohio, USA.

Our greenhouse study showed that FGDG decreased
runoff volume and increased leachate volume in both soils.
FGDG reduced runoff DP loss by 33% and leachate DP loss
by 50% in silt loam soil, and runoff DP loss by 37% and
leachate DP loss by 43% in clay loam soil, at the treatment
of 15 g kg~! FGDG rate and mixed-applied (tillage).

Overall, mixing-applied method (tillage) provided strong
interaction with higher FGDG, enhancing DP loss reduction
in both soils, especially in leachate from silt loam soil.
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Table 5 Trace elements concentrations in soil and ryegrass.

Soil Treatment @ Soil (mg kg™")
Pb Al Cu As Cd Cr Ni
Silt loam soil 0 16.9+0.59 17.2+0.11 7.09+0.31 8.08+0.25 1.90+0.25 25.240.95 19.1+0.09
FGDG 17.4+0.70 17.6+0.32 7.29+0.49 8.51+0.63 1.80+0.07 25.6+0.73 19.6+0.37
Clay loam soil 0 14.4+0.55 30.5+£1.23 25.841.19 3.53+0.57 2.72+0.15 40.7+1.70 30.31£0.62
FGDG 14.1+0.73 30.2+0.68 25.6+0.60 3.57+0.49 2.63+0.09 40.3+0.96 30.3+0.71
Soil Treatment @ Ryegrass (mg kg=")#
Pb Al Cu As Cd Cr Ni
Silt loam soil 0 <0.863Y 0.34£0.13 4.93+0.27 <1.931 0.10£0.01 0.98+0.26 1.17+0.08
FGDG <0.863 0.51+0.31 4.95+0.46 <1.931 0.1340.03 1.17+0.10 1.38+0.25
Clay loam soil 0 <0.863 2.36+0.49 8.31+0.49 <1.931 0.36+0.04 2.89+0.29 3.91+0.35
FGDG <0.863 2.06+0.49 7.13+0.60 <1.931 0.3940.09 2.64+0.18 3.6240.12

% Treatments are 0 (no FGDG applied to soil) and with FGDG applied to the soil. FGDG means were calculated by averaging the means of
the 15 g kg~! FGDG application rates. P Values after the treatment means are standard errors and means within a row followed by the same
letter or no letters are not significantly different (P <0.05) by Tukey’s honest least significant difference test. ¥ Means preceded by a less than
sign (<) represent concentrations below the detection limit, which is given by the number in the table.

Surface-applied (no-tillage) showed its advantage in contr-
olling DP loss from clay loam soil, but did not bring signi-
ficant benefits to plants during the experimental period.

FGDG did not pose any adverse threat to soil pH and TP,
plant biomass and P uptake, and ecological safety relating
to heavy metals.

Applying FGDG to soil has great potential in reducing DP
losses to the environment via runoff and leachate from
areas receiving excessive P fertilizer or manure as a nutrient
source. In practice, it is necessary to consider FGDG con-
centrations, methods of application, DP sources (runoff or
leachate), and their optimization combination to get maxi-
mized benefits of FGDG application. Ecological risk asses-
sment is also needed for the effects of some trace elements
which may accumulate in soils and plants, even at low
concentrations of FGDG.

Acknowledgements

This research was supported by the China Scholarship Council
(201306140128), the Young Scientist Fund of the National
Natural Science Foundation of China (31901207), and by state
and federal funds appropriated to The Ohio State University and
The Ohio Agricultural Research and Development Center,
Wooster, OH, USA. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation
of the manuscript.

References

Baligar, V.C., Clark, R.B., Korcak, R.F., Wright, R.J., Sparks, D.L.,
2011. Flue gas desulfurization product use on agricultural land.
Advances in Agronomy 111, 51-86.

Bryant, R.B., Buda, A.R., Peter J.A., 2012. Using flue gas
desulfurization gypsum to remove dissolved phosphorus from

agricultural drainage waters. Journal of Environmental Quality
41, 664-671.

Campbell, B., Chen, L.M., Dygert, C., Dick, W.A., 2014. Tillage and
crop rotation impacts on greenhouse gas fluxes from soil at two
long-term agronomic experimental sites in Ohio. Journal of Soil
and Water Conservation 69, 543-552.

Chardon, W.J., Schoumans, O.F., 2017. Soil texture effects on the
transport of phosphorus from agricultural land in river deltas of
Northern Belgium, the Netherlands and North-West Germany.
Soil Use and Management 23 (Supp1), 16-24.

Chen, L.M., Stehouwer, R., Tong X.G., Kosta, D., Bighamd, J.M.,
Dick, W.A., 2015. Surface coal mine land reclamation using a
dry flue gas desulfurization product: Short-term and long-term
water responses. Chemosphere 134, 459-465.

Chen, L.M., Dick, AW., 2011. Gypsum as an agricultural
amendment: General use guidelines. The Ohio State University,
Columbus, Ohio, pp. 1-5.

De Castro, O.H., Tiecher, T., Cherubin, M.R., Silva, A. G.B., Bayer,
C., 2020. Does gypsum increase crop grain yield on no-tilled
acid soils? A meta-analysis Agronomy Journal 112, 675-692.

De Sutter, T.M., Cihacek, L.J., Rahman, S., 2014. Application of
flue gas desulfurization gypsum and its impact on wheat grain
and soil chemistry. Journal of Environmental Quality 43, 303-11.

Donald, S.R., Quirine, K., 2011. Cation exchange capacity, In Sims,
J.T., Wolf, A., eds.
Procedures. Northeast Regional Bulletin No. 493. 3rd edition.
Newark: Agricultural Experiment Station, University of Delaware.
pp. 75-86.

Electric Power Research Institute, 2006. A review of agricultural and
other land application uses of flue gas desulfurization products.
Palo Alto, CA 1010385.

Favaretto N., Norton L.D., Johnston C.T., Bigham, J., Sperrin, M.,
2012. Nitrogen and phosphorus leaching as affected by gypsum
amendment and exchangeable calcium and magnesium. Soil
Science Society of America Journal 76, 575-585.

Recommended Chemical Soil Test



136

FGDG controls DP loss via runoff and leachate

He, K., Li, X.P., 2019. Inhibiting effects of flue gas desulfurization
gypsum on soil phosphorus loss in Chongming Dongtan,
southeastern China. Environmental Science Pollution 26,
17195-17203.

Hossner, L.R., 1996. Dissolution for total elemental analysis, In
Sparks, D.L. eds. Methods of Soil Analysis, Part 3—Chemical
Methods. Soil Science Society of America Inc., Madison, WI,
USA. pp. 49-64.

King, KW., Wiliams, M.R., Dick, W.A., LaBarge, G.A., 2016.
Decreasing phosphorus loss in tile-drained landscapes using
flue gas desulfurization gypsum. Journal of Environmental
Quality 45, 1722-1730.

Koralegedara, N.H., Pinto, P.X., Dionysiou, D.D., Al-Abed, S.R.,
2019. Recent advances in flue gas desulfurization gypsum
processes and applications-a review. Journal of Environmental
Manage 251, 1-13.

Kordlagharia M.P., Rowellb D.L., 2006. The role of gypsum in the
reactions of phosphate with soils. Geoderma 132, 105-115.

Kost, D., Ladwig, K.J., Chen, L., DeSutter, T.M., Espinoza, L.,
Norton, L.D., Smeal, D., Torbert, H.A., Watts, D.B., Wolkowski,
R.P., Dick, W.A., 2018. Meta-analysis of gypsum effects on crop
yields and chemistry of soils, plant tissues, and vadose water at
various research sites in the USA. Journal of Environmental
Quality 47, 1284-1292.

Kuo, S., 1996. Phosphorus, In Sparks, D.L., eds. Methods of Soil
Analysis. Part 3 Chemical Methods, Soil Science Society of
America Inc., Madison, WI, USA. 869-917.

Li, X.P.,, Mao, Y.M.,, He K., 2018. Application of flue gas
desulfurization gypsum in agriculture and environment, Beijing:
Science Press, China.

Lopez P.A., Garcia N.A., 1997. Phosphate sorption in vertisols of
southwestern Spain. Soil Science 162, 69-77.

Mao, Y.M., Li, X.P., Dick, AW., Chen, L.M., 2016. Remediation of
saline-sodic soil with flue gas desulfurization gypsum in a
reclaimed tidal flat of southeast China. Journal of Environmental
Sciences 45, 224-230.

Michalak, A.M., Anderson, E.J., Beletsky, D., Boland, S., Bosch,
N.S., Bridgeman, T.B., Zagorski, M.A., 2013. Record-setting
algal bloom in lake Erie caused by agricultural and
meteorological trends consistent with expected future conditions.
Proceedings of the national academy of sciences of the United
States of America 110, 6448.

Murphy, P.N.C., Stevens, R.J., 2010. Lime and gypsum as source
measures to decrease phosphorus loss from soils to water.
Water, Air and Soil Pollution 212, 101-111.

Murphy, J., Riley, J.P., 1962. A modified single solution method for
determination of phosphate in natural waters. Analytica Chimica
Acta 42, 31-36.

Norton, L.D., 2008. Gypsum soil amendment as a management
practice in conservation tillage to improve water quality. Journal
of Soil and Water Conservation 63, 46—48.

Olsen, S.R., Watanab, F.S., 1963. Diffusion of Phosphorus as
related to soil texture and plant uptake. Journal of the American
Chemical Society 27, 648-653.

Penn, C.J., Mullins, G.L., and Zelazny, L.W., 2005. Mineralogy in
relation to phosphorus sorption and dissolved phosphorus losses

in runoff. Soil Science Society of America Journal 69,
1532-1540.

Recillasa, S, Rodriguez-Lugoc, V, Monterod, ML, Viquez, S., 2012.
Studies on the precipitation behavior of calcium phosphate
solutions. Journal of Ceramic Processing Research 13, 5-10.

Ross, D., Ketterings Q., 2011. Recommended soil tests for
determining soil cation exchange capacity. In Sims, J.T., Wolf,
A., eds. Recommended Soil Testing Procedures for the
Northeastern United States. Northeastern Regional Publication
No. 493. pp. , 75-86.

Ryden, J.C., Syers, J.K., 1975. Rationalization of ionic strength and
cation effects on phosphate sorption by soils. Journal of Soil
Science 26, 395-406.

Sharpley, A., Wang, X., 2014. Managing agricultural phosphorus for
water quality: Lessons from the USA and China. Journal of
Environmental Science 26, 1770-1782.

Sharpley, A.N., Chapra, S.C., Wedepohl, R., Sims, J.T., Daniel,
T.C., Redd, K.R., 1994. Managing agricultural phosphorus for
protection of surface waters: Issues and options. Environmental
Issues 23, 437-451.

Smith, D.R., King, KW., Johnson, L., Francesconi, W., Richards, P.,
Baker, D., Sharpley, A.N., 2015. Surface runoff and tile drainage
transport of phosphorus in the mid-western United States.
Journal of Environmental Quality 44, 495-502.

Stehouwer, R.C., Sutton, P., Fowler, R.K., Dick, A.W., 1995.
Minespoil amendment with dry flue gas desulfurization by-
products: element solubility and mobility. Journal of
Environmental Quality 24, 165-174.

Torbert, H. A., Watts, D.B., 2014. Impact of flue gas desulfurization
gypsum application on water quality in a coastal plain soil.
Journal of Environmental Quality 43, 273—-280.

U.S. Environmental Protection Agency, 1993. Standards for the use
or disposal of sewage biosolids, 40 CFR part 503.. Federal
Register 58, 9387-9404.

U.S. Environmental Protection Agency, 1998. Method 3051A:
Microwave-assisted Acid Digestion of Sediments, Sludges, Soils,
and Oils, Part of Test Methods for Evaluating Solid Waste,
Physical/Chemical Methods. Washington, DC.

Wang, J.M., Yang, P.L., 2018. Potential flue gas desulfurization
gypsum utilization in agriculture: A comprehensive review.
Rrenewable and Sustainable Energy Reviews 82, 1969-1978.

Wang, Z., Zhanga, T.Q., Tan C.S., 2018. Simulating crop yield,
surface runoff, tile drainage, and phosphorus loss in a clay loam
soil of the Lake Erie region using EPIC. Agricultural Water
Management 204, 212—-221.

Yu, J., Lei, T., Shainberg, |, Mamedov, A.l,, Levy, G.J., 2003.
Infiltration and erosion in soils treated with dry PAM and gypsum.
Soil Science Society of America Journal 67, 630-636.

Zhang, Y.H., Huang, S.M., Guo, D.D., Zhang, S.Q., Song, X., Yue,
K., Zhang K.K., Bao, D.J., 2019. Phosphorus adsorption and
desorption characteristics of different textural fluvo-aquic soils
under long-term fertilization. Journal of Soil and Sediment 19,
1306—1318.

Zoca, S.M., and Penn, C., 2017. An important tool with no
instruction manual: A review of gypsum use in agriculture
Advances in Agronomy. 144, 1-44.



	1 Introduction
	2 Materials and methods
	2.1 Experimental setup
	2.2 Sampling and analysis
	2.3 Statistical analyses

	3 Results
	3.1 Soil and FGD gypsum characterization
	3.2 DP in runoff and leachate
	3.2.1 The effects on volumes
	3.2.2 The effects on DP

	3.3 P in soil and ryegrass

	4 Discussion
	4.1 Controlling DP loss via runoff and leachate
	4.1.1 DP loss via runoff and leachate
	4.1.2 DP loss via application methods
	4.1.3 The evaluation results by cumulative DP

	4.2 Other impacts
	4.2.1 Biomass yield and biomass P
	4.2.2 Trace elements in soil and ryegrass


	5 Conclusion
	Acknowledgements

