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Fly Ash Application Effects on CHs and CO, Emission in an Incubation
Experiment with a Paddy Soil
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Republic of Korea

To estimate potential use of fly ash in reducing CHs and CO; emission from soil, CH4 and CO; fluxes from a
paddy soil mixed with fly ash at different rate (w/w; 0, 5, and 10%) in the presence and absence of fertilizer N
((NH4)2S0y) addition were investigated in a laboratory incubation for 60 days under changing water regime
from wetting to drying via transition. The mean CH; flux during the entire incubation period ranged from 0.59
to 1.68 mg CH4 m’” day'1 with a lower rate in the soil treated with N fertilizer due to suppression of CHy4
production by SO4” that acts as an electron acceptor, leading to decreases in electron availability for
methanogen. Fly ash application reduced CHy flux by 37.5 and 33.0% in soils without and with N addition,
respectively, probably due to retardation of CH, diffusion through soil pores by addition of fine-textured fly
ash. In addition, as fly ash has a potential for CO, removal via carbonation (formation of carbonate
precipitates) that decreases CO, availability that is a substrate for CO; reduction reaction (one of CHj
generation pathways) is likely to be another mechanisms of CHy4 flux reduction by fly ash. Meanwhile, the
mean CO; flux during the entire incubation period was between 0.64 and 0.90 g CO, m’” day'l, and that of N
treated soil was lower than that without N addition. Because N addition is likely to increase soil respiration, it
is not straightforward to explain the results. However, it may be possible that our experiment did not account
for the substantial amount of CO, produced by heterotrophs that were activated by N addition in eadier period
than the measurement was initiated. Fly ash application also lowered CO; flux by up to 20%in the soil mixed
with fly ash at 10% through CO; removal by the carbonation. At the whole picture, fly ash application at 10%
decreased global warming potential of emitted CH4 and CO, by about 20%. Therefore, our results suggest that
fly ash application can be a soil management practice to reduce green house gas emission from paddy soils.
Further studies under field conditions with rice cultivation are necessary to verify our findings.

Key words: CH4 emission, CO; emission, Chemical fertilizer, Fly ash, Carbonation.
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Meijide et al,, 2010) AL & HEZ BEoF UTE &S E
& 7713} £ 2o 9f8f CO, ujES AAlste] 1t
HqAo7 Z7kAZ 4= Qlt} (Halvorson et al,, 2002).
SRk, o]eb 22 Al EoFE|et AujHaie] <
gt e e® S 2HAZE Q7] wlell BlabY HRe] 2
2ot 22 vy o] & B4 FYste] fr1Ete] A%
Fofl mlEol et 28l A ST Al1E Fart 2l
a1 ﬂ QFs v} Rt} (Jastrow et al., 2007). A&t S}k
HeQl v = Mgt flzo] whet S/do] AolshA|ut
FE FAER Si0%} AlOs ©]€]o]l CaO, MgO & theFet
2ol FEAEES B 24 OpH 1) B
o|t} (Jala and Goyal, 2006). H|Z v]AFA o] a5 =4
Has (53] Tl ol 578 A] = Al&o] AlgtE o] 3iA]
Feejubetel 2 ARGl A o] Akl A 2]
ofgt B¢F M= A= A S aubrk i Bk Q7|
ool BIARAR A 2ol ofgt T He] A ST E A
shlof o3t BEokeka A SHi7E 71Tt (Lee et al,,
2006), TESF, Maroto—Valer el al, (2008)2} Montez—Hernandez
et al,, (2009)% HIAH7} 7k FEjO] COE S&FE 4= 3l
o9 e Ea )
A= E}Ohf} u]gg zﬂo}oq Ekifl o7 FREIAAE A
23t 2ol v O] YT Ca e Mg2] 48k
(CaO} Mg0), F+4FHs (Ca(OH)»¥t Mg(OH)2) 2 o]
(Ca”' 3} Mg™")o] EFFU o] BHtol e (CO," )T AYhe
EFAFA S} (carbonation)ofl &J3l CaCOsy MgCOs2] e =
COE AHEIo] 00, S oAlE 4 ek s &
% ApE yEsit
CH4—— 0029,]. ‘6]—7“ EHE 4?_] /kl 7]_/\§H Zi 637]14
Z7lol| A WAEt, 53] AEA8S77E tiREoe] 57]4<l
208 fAE= ks gy 94 717 58 B
OF AR 7F HHEE= =0l viE S CHeS A AlA| &
AR A N v EE e A7) 10~15%0] st
(Chen et al,, 2011; IPCC, 2007; Nyberg et al,, 2002). &
opo 2ME CH, WALS SRAA, SRPIE, §7129 sfa
A O, K0k URS (pH), A% 587 (Fe”, Mn", SO,
NOs )&=ol Y W= A= dejA Qlrt (Bédard and
Knowles, 1989; Hitsch, 1998; Lim et al,, 2012a; Mer and
Roger, 2001), 71 < ESF pH:= H|gk AYA4 (methanogenes)
o] A A o7 Feke =g, Wk AYAHE pH 5.0~
800“/;] O]—X—]FH}_ZE 6‘]—13:] __6‘] Z/HJ,}— Ok°]—7¥ﬂ%—]0ﬂ/ﬂ
gsAo] 7 2 Ao g dHA Ut} (Dalal et al,, 2008;
Mer and Roger, 2001), whghA], H|ARRQ} 22 73azie]| A
NFA7E A Bofoll FUES wf = pH 7ol oJsh
CH, ¥Ho] 2713} 7154 0] QX9 (Dunfield et al., 1993;
Mer and Roger, 2001) o]of thgt A2 ZA= FH3}A]
ot webd, B AL 5 A4 A 0O,

Ho
-

~

0 O 1o & B T ol
*E
u

ox
2
o
Mo
o)
>,

% CH, W) AS 913 EPNRARAY vlahe] 2
R4S BAE] % o] AT T WHOE B
EORS OO R SEMERANA A Hel SEo] nt
& ot O HEUE 2

ERTET

A= F& =04 BE
(0-20 em)E AFI31 0, o] B 1] F4d Soil taxonomy
of 9J&1H coarse loamy, mixed, nonacid, mesic family of
Fluvaquetic Endoaquepts (A5 2 ERFEH EAL A9k

Eoith, A B FAT F 2 mm A T AR
£ o2 EOME (pH), A7AEE (EC), &4, T3
4, ool wsgaF (CEC), BEAS A3 (Table 1),
pH= EOE} == 4 H|E 1:5 (w/v)2 Z315}o] 150 rpm
oA 308 RIESE & pH meter (Ecomet P25, Istek, Inc,
Korea)& 1%‘5'F°1 SAsI3lom, EC= pH 574 5 #42 o
A2 oJT}5E EQFEo8S EC meter (Orion 3 star, Thermo,
ol gste] Z4ekit, ol mIHEHF (CEO)

HEste] 3

AP ESS Addstw

Singapore) &
2 E9 10 goll NH,OAc—Ethanol—-NaCl ¥1<

Table 1. Selected properties of soil and fly ash used.

Variable Soil Fly ash
pH (1:5) 58 (0.0) 117 (0.0)
EC (dS m") 0.07 (0.00) 1.55 (0.02)
T-C (g C kg') 15.1 (0.3) 242 (0.1)
T-N (g N kg') 1.50 (0.01) 0.60 (0.01)
C/N 10.1 (0.3) 403 (0.1)
CEC (cmol kg™ 154 (0.7) 1.8 (0.0)
Specific area (m2 gh ND 1.8 (0.3)
CaO (%) NA 7.0 (0.0)
MgO (%) NA 2.5 (0.0)
Soluble Ca_lconcentration NA 172 (11.3)
(mg Ca kg")
Soluble Mg concentration
N NA 0.4 (0.01)
(mg Mg kg')
Water extf?ctable B NA 285 Q.1)
(mg B kg")
Al tractable B
NHiOAe extractable NA 951 (4.1)
(mg B kg")
Soil texture Clay loam NA
, Sand 27.6 (0.1) 227 (0.2)
Particle size
Silt 364 (0.2) 754 (0.6
distribution (%) ' ©02) ©6)
Clay 36.0 (0.2) 1.9 (0.8)

ND, Not determined; NA, Not applicable.
"Values in parentheses are standard errors (n=3).
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FAE AFRIZ SRl 24519t (Sumner and
Miller, 1996). YU7AE3E (clay:silt:sand)= pipettet O 2 B
Astglon], BG4S netA E715S T3k (Gee and
Bauder, 1986), AX EoF & dXE 7.8 B (0,42 mm)
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oz FASHTE (Table 1). HAPY O] 23352 X—ray
diffraction (XRD; D5005, Bruker, Germany)® {ATFAlS
X-ray fluorescence (XRF; S4 Pionner, Bruker AXS,
Germany) =2 28Ity =84 2, nidls B 54 9
o upblel SRS 152 A% T ojTe ool
ICP-AES (Optima—7000DV, PerkinElmer, Boston, USA)=
EAE o™, NHOA-HEH 54 s dol2uehg
FollA NHiOAcZ &3 oS o]-&sto] ICP-AESE
Aekelet, Blabl ] pHE 11,72 732 dS vehilom,
CaO%} MgO7} 212} 7.0%, 2.5%= et

AT X2 I S2HSAR AEAEE FAE
(control) &} 92t (NH.)2S0,) #1215 (AS, 110 kg N ha™ 7]
& A)E FHoH, 7+ A AFoA vlik) FAE F
A (FA0), FA7IE 5% A (FA5), 10% A 2] (FA10)5}+5]
or, 3RS At (Table 2). A H L2 Septa vHH
7} 1= 50 mL F-2Holl EQF 25 g& F-7 shal RS
25% (v/v) 2 2438 3 25C of|A] 547 APHuleF Shof ujAy
= 2L BN ERe] EGAEET o FYUSHA H
ALt BlRE AeEg & pHeF ECE SHsIelon, &
, AL, Sl FAA RS olFHYE Vo R A
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TIA flux EX U 2M 3ke njjofF 2, 4, 15, 30, 35,
40, 50, 60 Aol 2]yl upyjE ©a1 0, 10, 208 74
o7 g2H AekE 27t (headspace) ol 4] 1-mL syringe®
7MAE RSt 7tAaZntE d8u (7890A GC system
with methanizer, Agilent Technologies, USA)= CH43} CO,
BEE 2459} 7hAn2ekE T19hu)e] 2Ee Porapak
QE A3l e, 2= column 50C, Front inlet 250°C,
FID 300°C, methanizer 375C ©|9)1, Flow rate'= column
o] N; 15 mL min ', FID7} Hy 45 mL min ', Air 400 mL min
No 0.3 mL min ', methanizer”} Hy 45 mL min %t} 7}A
FzotE oA BE4E CHI COo, sk WStz ot
=9 A& o]gsto] fluxE AAFSIITH (Denmead, 1995),

Flux (mg CHy m ” day = mg CO» m ~ day ) =
pXV/AXAC/) At X273/ T

Ataj A p= CHLTE 0020 W (0C 71<%; CH, 0.716
g L, CO; 1,963 g L7)o]aL, Vel A= k7 Sajse] Abct
B3] A )z vhehd A (m), 40/ At ©) Al
2K CHi EE €09 F=HS (mg L' hr), T £
Yol Hitew (273+C)olt,

AL 2 EARN CO2t CHyO] A|F-2d3}R|4=
(GWP)Z 112l HA| GWPES e-4age (g Cm ” day )

Table 2. Treatments laid out and properties of the soil without (control) or with ammonium sulfate (AS) after mixing with fly ash

(FA) at 0% (FAO0), 5% (FAS), and 10% (FA10).

Dry weight Properties of the mixtures
Treatments
Soil AS FA Total pH ECis T-C T-N C/N
g Dry, g cm’” 1:5 dS m" g kg'] g kg']

Control-FAQ 25 0.000  0.00 25.0 1.09 5.87 0.07 15.0 1.50 10.0
Control-FA5 25 0.000 1.25 26.3 1.14 7.24 0.16 15.4 1.46 10.6
Control-FA10 25 0.000  2.50 27.5 1.20 7.95 0.22 15.8 1.42 11.2
AS-FAQ 25 0.013 0.00 25.0 1.09 5.64 0.28 15.0 1.61 9.3
AS-FAS5 25 0.013 1.25 26.3 1.14 7.09 0.30 15.4 1.56 9.9
AS-FA10 25 0.013  2.50 27.5 1.20 7.85 0.35 15.8 1.52 10.4
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2 AT (IPCC, 2001), A4 A ]} vlab] A =52
o] @2 CH, ¥ CO, flux 2ol SPSS 17.0 (SPSS Inc,
Chicago, 11)2] UM R F S o]-§3F ANOVA #4102
7¥etglom, Heantrt /1% %9 Duncan®] tHEH| &
Foll Al 7k ZpolE Blaskgitt (a=0.05).
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Fig. 1. Temporal changes in CHy flux of the incubated soils
amended with different rates of fly ash: (a) without
ammonium sulfate and (b) with ammonium sulfate. Vertical
bars are standard enors of the means of tripicated (n=3).
Treatments code are described in Table 2.

Tk A~ =z

AAT o] A&Hom ghaslo] HF 4
3%%IC} (Lim et al,, 2012a), THEhA], Bkt
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A7I7t &<t ALt A
2T9] CH, flux= ZHZF 0~8.1 CHy day_lﬂ' 0~3.0
mg CH, m ™ day ' W$I2 (Fig. 1) GO R g4 = 24
oA E1% CHy flux (0~1,980 mg CHy m ~ day )ET} &
Al (Mer and Roger, 2001; Yun et al., 2012), ©]+&= ZIX|
CH; HiEF9] 90% o)do] wlo] §7|x2ls F3et gHite s
HPAERRE 2 Aol A= B7E gl AW e i
7oA 3= 7] tZ o2 AT (Mer and Roger,
2001; Yun et al., 2012), & 7|17t & A Faje|to]A
= '@ A F 594 A fluxh WEE vhd, A A
2] oA 1594 Hof fluxb UERE=T] (Fig, 1), o=
AEE 59k (0.38 g SO kg soi) 9] SO, 0] HARG=8A|
2 #gsie] CH, Aol oAlEY] tRom wE
(Bédard and Knowles, 1989), A9t $~5 Ho|7|7lo 3l
Tt 3vUA o= Aas X7 of fof Adaglo] B CHy v
Sl S7Fekel=dl (Fig. 1), ol Sw7It 5 B &
o] Qld CHyol 2 0] S Hol7|ztel] F/4d¢
7174 352 Fo iEE ] dieee wehEn: (Dalal
et al,, 2008; Lim et al,, 2012a).

F2ujeF HA| 717re] Het CHy fluxs A FA 57t
1.05~1.68 mg CHy m~ day '& A& X272 0.59~1.03
mg CH; m ” day '¥.C} E9F=1] (Table 3), o] gFofjA] o
F3t vhel o] A A2 A] 7 A8H S0,7 9] HAL 4
LA 750l 9%t Aog FHECE (Bédard and Knowles,
1989). & AHollA AS-FASE Al&fstaL ZF A A2
oA wlAkA] Hzlof| 23l CH, flux7} SAIH 22 Fol5H
(7X0.001) FF==stglom, 53] thxto] Hls| B4 10%
Aol ofsff Ha FA oA 87.5%, Ha A g]TRol|A
33.0% #F2=813iet (Table 3), |4 vlaby A 2ol vt
Ao g B pHYt skl & Aol = B9 pH7k
587004 o 7.95% AFsokgich. dRtde® CHy A7
W+ B pHZF A0l ofd el el T Es =Tt
=8 Aoy HAE Q7] wj&o] (Dalal et al,, 2008;
Inobushi et al,, 2005; Mer and Roger, 2001; Wang et al_,
1993), & A+ A= oo thA|E ), E3F, HI= H]AR o]l
e Tt 2 54 24 9 & A=l o8 B
A= Bs Al 7Fs/dol Al71E vF AA|NE (Nable et al.,
1997), & Aol A ARG HAR|eF FURE BAHIE o8
st nAE SES 2ARE Aol ofshd AA| uE
& Aol WEREA] Rt (Lim et al,, 2012b), @A,
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Table 3. Mean values of CH, flux measured during wetting, transition, drying, and whole periods of incubation.

Treatment - — CHs evolved -
Wetting Transition Drying Whole
mg CH, m” day'l

Control-FAQ 2.59 (1.02)c C' 0.59 (0.16)a A 0.83 (0.29)c A 1.68 (0.54)c B
Control-FA5 0.85 (0.18)ab A 249 (0.11)d D 1.77 (0.30)e C 1.40 (0.17)c B
Control-FA10 0.50 (0.10)a A 2.22 (0.15)¢c D 1.40 (0.38)d C 1.05 (0.19)b B
AS-FAO 0.58 (0.11)a A 0.82 (0.21)a AB 1.29 (0.36)d C 0.88 (0.16)ab B
AS-FAS 1.09 (0.25)b B 3.03 (0.31)e C 0.26 (0.14)b A 1.03 (0.22)b B
AS-FA10 0.72 (0.07)a B 1.88 (0.01)b C 0.00 (0.00)a A 0.59 (0.13)a B
Effects Probability > F
Fertilizer (AS) <0.001 0.06 <0.001 <0.001
Fly ash (FA) <0.001 <0.001 <0.001 <0.001
AS x FA <0.001 <0.01 <0.001 <0.001

Treatments codes are provided in Table 2.

Values in parentheses are standard errors (n=3).

Datafollowed by different lowercase letters indicate significant fly ash effect and by different uppercase letters indicate

significant water regime effect at a=0.05.

QAT HIARY Aol )2 CH flux Pt nAE B4
ol otk A21a] dapci vAdAR) s 052

A= vARAY

&3l o8] HLAHUE (FAO, 1.09 g cm *;

FA5, 1,14 g cm™*; FAIO, 1,20 g cm *)2] Z7}9} o]of w2

S7180E &1, "=) 35801

E=7F AE 7] HE

CH, + COp)2} oJAts}eta &)

asto] O, uPgeo] e
et al,, 2012b).

CO; flux  COp fluxe= 2

1977),

Fra=lo] CHy S &
O 7 HEC} (Chang et al,,
T3 Bl CH, AL ofH|EAL BHa (CHsCOOH —
4 (CO; + Hy — CHy)of| 2J3]
23/d ==t (Mer and Roger, 2001), AEo]A g%t v}
o] A= 89 F CO.E Bl FElZ HHA7|=
E/d0] 7] wiFol o]ilatekA gkl g Co;
S 7= EAET (Lim

=7t

COy evolved (g COy m2 day™!)

A A2 tet XﬂE‘HLOM zt

7}
7} 0.4~1.8 g CO, m * day '} 0,4~1.2 g CO, m * day '©.

2 Fastglon FAHo R st
712¢ 2719 CO» flux7} ZhA S Hel &

A7NHoR 48
ANHOE 7

skt Aol7|21o] BhAl ek AeE Wit (Fig, 2),
NPH O T 577 Bl Ak Tl o) 712 B

7} 2R 5 0] Co, TAo] Zr1E= A
(Lee et al,, 2011), & AjoAs AL

CO; flux7} A2 vlaf =9t} (Fig. 2). o=
Ao watE=d|, & dtelM=
Hhy olg HEejo] &
A (97) 83} ofR) o] o3t EoF u|YE g4 ukeo

37@ A];Hy_]. g
Z flux 24 AJHo] A & 229l

R

o] Er,} g W= 4=t} oS 59, Lim et al, (2012b)°]

Aoz ekelA v
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Fig. 2. Temporal changes in CO; flux of the incubated soils
amended with different rates of fly ash: (a) without
ammonium sulfate and (b) with ammonium sulfate. Vertical

bars are standard errors of the means of tripicated (n=3).

Treatments code are described in Table 2.
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flux7} WSE| Q) o9} 22 o] f-= AA| = ujF 71Xt
o] Hat CO; flux A Ad FA 2 (0.71~0,90 g CO;
m ” day )7} A2 22T (0.64~0.80 g CO, m ~ day )E.ch
=2 Ao =2 e} (Table 4),

CH.Z} f-AFHAl CO; fluxT HIAEA] A Elof o) 2]k
Al (#X0.001) FHAsEGow, B]ARA Fafe]-to] vlsf v]ilk
A 10% A E]tollA oF 20% 45T (Table 4), H]ARY
Aele] w2 B o5 H3lo] tisiA] ohefet At Aat
H1%3 QIt}t (Pandey and Singh, 2010; Klubek, et al.,
1992). oAl& 59, HAHAO] xF=o] Q= YR nEgds
(A, g7, e ogda (], Ze, 2+, vkl

ot FEsw AVE EY THo|] EAst € 4 ANt
(Pandey and Singh, 2010), H] P A
, 29 wEEe Sht EYEEES 4AND S E 9
S (McCarty et al., 1994), o|& F82 2 1A= Q219
A5kl ofe) Eop SEuol Walh LR 98 i
At} (Wong and Wong, 1986). 53], 54> =/t w#1€
T7t oheFstAl RdgE o] gh=tll, Blibfel el 3l
B ol =l 10~618 mg B kg 08 HIE I QAT H]
AO) QI7ke] B njAlRe] SAS e ¥Ao) SRE
7F Zraste] SA4o0] =4 42 4 = Utk (Jala and Goyal,
2006; Nable et al., 1997; Pandey and Singh 2010), ESF

27
=
1o
A

Table 4. Mean values of CO; flux measured during wetting, transition, drying, and whole periods of incubation.

CO; evolved

T reatment -
Wetting

Transition Drying Whole

1.25 (0.14)e D'
1.10 (0.06)d C
0.80 (0.05)b C

Control-FAQ
Control-FA5
Control-FA10

0.77 (0.01)bc B
0.55 (0.00)a A
0.99 (0.07)c D

g CO, m” day‘1
0.49 (0.03)a A
0.52 (0.09)a A
0.49 (0.01)a A

0.90 (0.10)c C
0.81 (0.07)bc B
0.71 (0.04)a B

AS-FAO 0.96 (0.07)c C 0.80 (0.06)bc BC 0.58 (0.01)b A 0.80 (0.05)bc BC
AS-FAS 1.02 (0.08)c D 0.66 (0.03)ab B 0.52 (0.02)a A 0.79 (0.06)b C
AS-FA10 0.72 (0.04)a C 0.75 (0.15)ab D 0.49 (0.03)a A 0.64 (0.04)a B
Effects Probability > F

Fertilizer (AS) <0.001 0.06 <0.05

Fly ash (FA) <0.001 0.06 <0.001

AS x FA <0.05 <0.05 0.72

Treatments codes are provided in Table 2.
Values in parentheses are standard errors (n=3).

"Data followed by different lowercase letters indicate significant fly ash effect and by different uppercase letters indicate

significant water regime effect at a=0.05.

Table 5. Global warming potential (GWP) of CO,, CH,, and total in CO; equivalent from the soils during the whole incubation

periods.
T reatment CH; GWP CO, GWP Total GWP
g C m” day'1 g C m’ day'1 g C m” day'1
Control-FAO 0.029 (0.009)d+ 0.246 (0.027)d 0.275 (0.018)d
Control-FA5 0.024 (0.003)c 0.222 (0.019)c 0.246 (0.003)c
Control-FA10 0.018 (0.003)d 0.194 (0.012)b 0.212 (0.002)b
AS-FAO 0.015 (0.003)ab 0.218 (0.014)c 0.233 (0.002)c
AS-FAS 0.018 (0.004)b 0.215 (0.017)c 0.233 (0.004)c
AS-FA10 0.010 (0.002)a 0.174 (0.010)a 0.185 (0.001)a
Effects Probability > F
Fertilizer (AS) <0.001 <0.001 <0.001
Fly ash (FA) <0.001 <0.01 <0.001
AS x FA 0.06 0.27 0.07

Treatments codes are provided in Table 2.
Values in parentheses are standard errors (n=3).

"Data followed by different lowercase letters indicate significant fly ash effect at 4=0.05.
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