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ABSTRACT

This study utilized citric acid as a floating agent in biological denitrification process and assessed its role under different
carbon supplying conditions. Several microcosm tests including citric acid active (CAA), precipitating tablet release active
(PTRA) and floating tablet release active (FTRA) were conducted to evaluate nitrate denitrification efficacy. In CAA
reactors, nitrate removal was accompanied by the formation of denitrification by-products such as nitrite and nitrous oxide,
with the extent of nitrate removal being proportional to citric acid concentration. These results suggest that citric acid
induced heterotrophic biological denitrification. PTRA reactor that incorporated CAA and the same electron donor showed
a similar denitrification efficiency to CAA reactor. FTRA reactor, which contained the same amount of fumarate as PTRA,
enhanced denitrification by 7% as compared to the PTRA reactor. The overall results of this work indicate that surplus
citric acid can be efficiently utilized in heterotrophic denitrification.
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Table 1. Initial nitrate, fumarate and citric acid mass in each reactors

Reactor Nitrate" Fumarate" Citric acid"
ID (mmol/bottle) (mmol/bottle) (mmol/bottle)
ND? )
+ N )
PTRC 4.81 + 0.11 (11.3 mmol/bottle?) N.D.
N.D. N.D.
+
FIRC 470 = 0.11 (11.1 mmol/bottle®) (2.8 mmol/bottle”)
CAC 4.54 + 0.02 N.D. 2.66 + 0.06
N.D.
PTRA 475 + 007 (113 mmolbotte?) N.D.
N.D. N.D.
FTRA 4.52 = 0.08 (11.1 mmol/bottle?) (2.8 mmol/bottle)
CAALl 431 £ 0.46 N.D. 1.60 + 0.02
CAA2 459 £+ 0.11 N.D. 2.51 £ 0.05
CAA3 4.58 + 0.15 N.D. 9.67 + 0.22

DAverage value + 95% confidence interval
INot detected

ITheoretical fumarate mass by PT
“Theoretical fumarate mass by FT
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Fig. 1. Citrate mass in Citric Acid Control (CAC), Citric Acid
Active (CAA1, CAA2, CAA3) reactor.
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Fig. 2. Nitrate mass (A_1, B 1, C 1), cumulative degraded nitrate mass (A_1, B_1, C_1), biological denitrification byproducts mass
(A_2,B 2,C 2)in CAAI (A_1,2), CAA2 (B_1, 2), CAA3 (C_1, 2) reactor.

J. Soil Groundwater Environ. Vol. 27(3), p. 41~49, 2022



3 HhgZoM 9] Yehd A%k Thae kR Ul EA)
sk HAE gt AE3HA bl 2

CAAI~3 REEZOA ZiMddA: 55, 73 Aid4
A e, o E A B ois A sE WEE Fig.
20 JERNRITE. CAAL ¥RS-Zo|A ok 4.3 mmom/bottle
ArdAAT) oF 4 Tl BlEAL, 1290] A3t A
Aol 7] FYJ 5YI Aafe] FigAAE 13 AF
J3E Ay}, 10080] Aol Bslar FdEke) of
68%%F Hal=lo] 2 7.7 mmol/bottled] F-3=ATHFig.
2(A_1)]. T3 Fig. 2(A 2)00x9} o] AxAgAL B3
o} tjEo] Aibddae] AESHY g FARERQ] oAt
’dAA0) oSt AT AZE ], oPELL, ddleks, Hgt
& T 7] g FYhel gk AragdA BESHE F
L9 247 AR FuY 23S B ohRibera-
Guardia et al., 2014). 53] CAA1¥} CAA29] 7% Han
et al.(2020)%] A7eF FARHAl FUgE 7] ebd &
3 & ollsldAT} FAEE As B, AxEoA R
2 FFoZ 3 AdilFez gl £t =8 ofils)
Ao Favleze] 39 vkgo] AHlEe Hez
ERT) wEbA dr1st dabddas Belle it R
B o Qlsl) AESHE o]sRkE-(dissimilative)ol] 2Jgh
2 wkgel] 71RIgH As ERIsIT

TS pdate] 7ol €3] Hal Hdeels sk
3 AEH o7 AE= AESH g ik, il
A Are] AHZAR] 2ES 9g e/ A <]
A SEARE, AiH o AwAt ©AagoR ek T A

2ot e S AlER BEcke AL AN,

AR 271 9 Aa2 oF 49 vl $kds] F3ljEd
3, o]%F caA2= 239 FFAEA[Fig. 2B 1)L,
CAA3 WR3EE 639 AiMdAA[Fig. 2(C_DIE F7F
FHATE. ZF REExoA w7 AidEA AATE
CAA2Z} CAA3 ¥HS-ZolA ZF2; 11.7 mmol/bottle, 32.3
mmol/bottle® UERY A FQleda} A A 23
ol vlgleA F7lske AoE vehth 53] Ak
TFUE Bl AN AESNE AT CAC REEE]
735 AL 37 o) FolRA] e Ao = UERE
ok 715 ARl A WA o]Folx|A] ek A
WAL B, It FHE S mE AikdEA &
2 Z71el RE CAA WXl BEE AEsHH &
4 i A, 7ol AESH F59Y €4 bl
o

-—

23 A 71 PT A8 FT AT 02t ¢
Tt = YUY ZYE Fig 39 eI 1
A3} Yeum et al(2020)2] iyt din] oF saj w2
82£52 Ho|n, PTRC, PTRA ¥Fe2E 4 Al &
A ez FUS FrlEAr A7 Hgo] Aoz e
FcHFig. 3(A_1)]. ©]= Nickerson et al.(2018), Patel
et al(2020) o] Bt npe} o] xwE FA
HPMCe] 3ll&EE 3718 B8 eiiele] we 855 9
3 A&EHoz B wHke A3k Axjo|t),

B wkgo] nlEAslE PTRC ¥RSZolE 29
A o= ¥k U] Ak diko] 102%=2 & W
3t gl Ao yehdt) ¥hd, PTRA HHS-FolA=
10¥ A7 $ AR FrlEske] w8li=7] At 26
grbel] 2k HalEe AeE vedth PT elle 7+
Zbo] FHrEe] JA] g871ell, PTRC, PTRA ®R&-ZelA
Tk EAEEITHFig. 3(A_2)].

FTRC, FTRA Whg-ZFoll X B3l 3,59 79t & A4 §
EZ st FulEst A Higo] oz WEElh
[Fig. 3(B_1)]. &34 wkgo] vIgdskE FTRC Hhg=
o|XI= PTRC ¥F&-x9} AL 48 77 & a4t
WEEo] oF 94%= 2 WP} gle ¥, FTRA RESX
oM 20 A T AR FriEsle] HaE7] AR
sl 38UFEE FrfEst WEEo] 1% PIVe R ASE
At FToll ¥-fAZ g9 Foak =3t Foj=qky) f
ARt WEAERS Holw oF 359 Ay & %k 7
b Aie] oF 90%7F WEH] WEH Al Y= 3t
Q] RESol| AMES= AS ERISIITE 3 FratEst
o] Azte} 2] FTRC FTRA ¥hS-Zol|A B5F oAk
o] 7+43}31al, FTRC ¥hS-Zolxe 48Y A7 & 3
A W8] 60%S] WHA, FTRA HRS-ZoXe E4=
ATHFig. 3(B_2)]. FTRC] RES-ZFolM= Asl29]
do=z 3 AETH WHgo] JAEHISS sk,
Heinrich et al.(2022) &°] High Ad} o] FAlke
edale] slebAQl Rkl o3l S7tHoE Any
ZOF Hol, A7Ist FAite] e FRAE Ak
o] WkE-S Fl5l TS ehkdsae] sk wkgol 7|9l
4 Aot Wb FTRCY] A4 AA7) 318t

ulo)S 7 EPHE, FTRA §HEZoA = BAo] %

it}

—

=1 O
ks

o 1S o

l

=
Q1 4

gul

0]

J. Soil Groundwater Environ. Vol. 27(3), p. 41~49, 2022



46 347l -

o
L <2
=]

Fumrate released (%)
(=)
[—]

40
20
0 El
0 10 20 30
Elapsed time (d)
120

o
L <2
(=]

'S
=

Fumarate released (%)
(=)
[—J

[
(=]

[—]
>3

10 20 30 40 50
Elapsed time (d)

7 Q- A

120
;\?100 _LA_Z) _____________________________________________
3 80
£
< 60 | -%-PTRC
5 - PTRA
g
s

[
S
=]

Citrate released (%)
[=2)
[—J

0 10 20 30 40 50
Elapsed time (d)

Fig. 3. Fumarate released mass ratio (A_1, B 1), citrate released mass ratio (A_2, B 2) in PTRC, PTRA (A _1, 2), FTRC, FTRA (B 1, 2)

reactor.

%, FT IH ? Ar B ek e A 057
mmolAF} 030 mmol ©]3l, FTRC2} FTRA WHg-Zol
Z¥zy 539] FTE FY3I0S g 334*3}‘?4_, F gz
FJ3F oAt 2 ehakdgrS 7k 2.8 mmol/bottled} 1.5
mmol/bottle®]TF. 7] 21 2 ﬂz—ﬂ%@oﬂ U2} 1 mmole]

Tate] R 98l ekl 1.5 mmol#t BRSERS 11
Hald, 7 ¥heE Ul F-HE S8l F8gh o]&39 7
2ke] ke 1.0 mmol/bottle(36%)°]aL, FHo] FAXRS 1.8
mmol/bottle(64%)°‘° & 4 ok =, FTRC, FTRA HFb

S RUHY 475 FalA IRIg P vhEol ARE
TA o A= wEEel sl wEellE Ak BIQd
40% : 60%> o123 EHI 36% : 64%}F AR B9
g 4 AT} wEpA] B ARS Bl Al 249 T
Ak oF 60% oo AE3HA Hhgol o8l ARSE A
< RIS

33. &y A% Z& 9ot
PT A3 FT A3we] ZiVida sk, 74 it
A FelE, oPdAIdR B oRisa RS By

J. Soil Groundwater Environ. Vol. 27(3), p. 41~49, 2022

QRAE oF 15209 whol R3] Eall=EIlar, ol F
o] wE B &85 Ho] PTRA HHS-EE 73]
A~ [Fig. 4A_1DIZ, FTRA ¥h$-% % 83]e] kX

Z[Fig. 4B_DIZ 37} 1010}%14 Rkl A 100
AT T F& AAGALS AAZS PTRAY FTRA BHE-

Zo A 242} 34.5 mmol/bottle, 37.0 mmol/bottle® LFEF:

Wzl BE AAALe] AR

9% 9 08 G AL oL R

4
1A

A

N

od, (i
)

-~

¢

e

O

o AT A AR Hel Ao el
o webd 718 Aagdas) 37k #9929, 2]
3 AESH 599G 24 ke FLRER ofdig A
4 g oolikslAAe] HEL TS A A i) I
H F eAUR] FulEil) HaA|E U k] o
3 PEBFA 2Lojok g ¥l o ZHE 7)013ke Fo)
sk

Foel MRS B e B A TS
WeZEe] T A A BalEe A4Sk 23S Fig
SApl FREALTE, T o FARE FUT CAAL
CAA2, CAA3 HhEZAXM= 242t 7.7 mmol/bottle, 11.7
mmol/bottle, 32.3 mmol/bottle®] ZAHIZA7} B =
Ao Z YERAT E3F Mielcarek et al.(2017)2 A3=3}



AaA A AA W citric acide] AAESH @843l 93 47

,310 ig3i | EFNitrate mass | S0 2
k= (A_'_l)  ——Cumulative degraded b=
S 8 r R : 140 £
= P ¥
é 6 P 0 g
;=2 34 7z =
w =
7 4 20 2§
g s E
S 2 10 =
z z

0 0 ©

0 20 40 60 80 100
Elapsed time (d)

310 <@+ Nitrate mass S0 2
= (B_1) ‘ZCumulativedegraded ]
3 8 r : R : 140 E
£ o Po
g6 ' ARy 30 ;"E
E Z =
2 4 20 9 E
< o
£ s E
S 2 10 =
z £

0 0 ©

Elapsed time (d)

- Lo -+ Nitrite mass 1,000 _
= (A_Z) -8 Nitrous oxide mass =
08 | {80 I
£ £
g£06 1600 £
g £
504 & 1400 2
= &’ﬁ‘ =
o««02 - ‘4, o 1200 o
r4 : ] V4
Elapsed time (d)
< 1.0 -©-Nitrite mass 1,000 _
= (B_2) -®-Nitrous oxide mass =
08 t 180 I
= S
206 600 £
g )
2 0.4 400 2
£ g
5102 200 o
z z
0.0 3 0

0 20 40 60 80 100
Elapsed time (d)

Fig. 4. Nitrate mass (A_1, B_1), cumulative degraded nitrate mass (A_1, B 1), biological denitrification byproducts mass (A 2, B 2) in

PTRC, PTRA (A_1, 2), FTRC, FTRA (B_1, 2) reactor.
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