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Limitation of denitrification in karst subterranean river: A carbonate-conduit
experimental study

CHEN Yudao* ,CHENG Yaping,JIANG Yaping,LIN Peng, JIANG Lingzhi
College of Environmental Science and Engineering, Guilin University of Technology, Guilin 541004
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Abstract: Denitrification is generally recognized as a path to remove nitrate in water, but compared with porous media, the effectiveness of denitrification
in karst subterranean river is uncertain. In order to better understand the question, the denitrification in a geometric carbonate-conduit model was traced
under the controlled flow condition and was compared with the experiment in porous media. The results indicate that there was no obvious denitrification
when carbon source was lacking. Once ethanol was added as an available carbon source, the concentrations and qualities of both dissolved oxygen ( DO)
and nitrate were significantly attenuated. Moreover, nitrite as an intermediate occurred and the water alkalinity increased. However, in the case of carbon
sources , the intensity of denitrification in the carbonate-conduit flow was significantly lower than that in porous media, even though carbon source was fully
recharged. The two removal rates of nitrate were 39.4% and >99% , and the biodegradation rates were 0.113 and 10.8 mg-L™"-h™", respectively. It was
deduced that the ratio of solid surface area to water volume within the conduit was lower, so that the microbial solid-attached condition was decreased,
which exerted impact on the microbial growth and development as well as the removal rate of nitrate. Additionally, rich DO in the conduit flow might delay
the onset of denitrification. Nitrate concentrations attenuated significantly when DO dropped to about 3.0 mg-L™". In contrast, other environmental factors
including pH and temperature had no significant change. This study highlights that bio-removal of nitrate by denitrification is of potential but with limitation
in karst subterranean river even if available carbon source is adequate, which may increase the safety risk of drinking water.
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1 5|5 (Introduction)

FEMAIFRIRER A R B M X, 5 3 i R T R 4002
P L R K B A A S TR R T 2 AR
T AR AR B Y B AT R an 3 [ 7Y R A A X
(RIESEAF,2007 ) SR, 25115 V8 T 08 52 i R
AR 75 G i PRI ) R0 ] P e L X 2836 2%
Ve T T T o AR B TR K IE Y SE PR U (32 3
JEAE,2007) , Ko it 2 /KA Y 15 Yt v B TR I (R
A 2009) . 5055 % (2002) (A LW, ) PE 5%
32 S5 LRV b T A R R vk B ] i o AT
I [F A B R BRI ST (Liu et al., 2006; Jiang et al. ,
2009; Li et al., 2010) KB, 3 [ V4 R A 9 0T I
PRER TS 35 AR A 77 rpoasd e AR IR B R i 0 5
IR At E A EVIRR.

AR FH B 80N O J2 18 52 R K R 41
15 YL A R R AR TE T A T BRI AE 25 A T B AR
fe BB S8R N, 245 (2008 ) F B AR A Z fr
BRAE BRI, 2 A TR 28 25 B 3835 3 100% 5 K I AL
85(2013) JH OB i, & LAH IR 38 25 B H a5 2
99% ; [ 41735 PR AS B I A P e Wi £k A i |
LW R B R £h 25 BR R TE 95% L) | (Her
et al., 1995; Gomez et al., 2000; Salminen et al.,
2014; Carrey et al., 2014) SR, KZERIE RAEL
FLA BT 5T A X e R 28 5 T ) % T I
KRGS, S R R G, A &) FH i A A
ZBRAEFRER AT AR /D UL, b 125 0 ) L e

HE AR R A A R T

TR BRI 45 H RIS I SRR, 5 2 AL B LG, O
R S B AR R AN 5 . A T S T T 3T
MRER TG e, A B Mt b 2 AT 5% 30 19 TR R (A
I R E T M T S A AR R ROR, X K
GEURORAP 5 ] AT R 5

M T BRIk B AR B RV AT
il BE S N TR 3R S 2, BF AN T e 15 e A
A 0 70 PRDUE. AR U 5 7 R MR I T T
HFAMRAR B R A L (PRAYIE S, 2013) , R R AR UL
PRI BRI ER VR LA A I A Y 78 SC 36 2 0T J N
WA T RIRHER #h A= W) K BRI W5, B AEIAIR
FEVFEH T A I R SRS AR AR FHAICR, 2 B
FERE RN R,

2 57 E (Materials and methods)

2.1 EHARLE
2.1.1 EHREFE EEMORTRE R O A e Rk

X, SRR A i N R G — 1 A
A AERPERRMITRE Y, 322 B b 2 R Ve A 40 M A
WLC TR IRER . B3l , 70 12 3 DX M) 7 -8 i R M
T (HRIEE 2 2.8 km) , FIFHZOGRAVE R i
FITIE T — YR KA T A a6, A 1 1l T ) 453
LB HONUK SR (BRARIE S, 2013) . it — 22t
FEHL N R AR AR FRCR AR T 4G & B A
P T S 3 AR T — i R A o A I LA R ([
1) SEFERIRBRIR L VR N AR, — % SR HL S
P, IR B BAT ZEm IR (pH {H) FITERE.
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Fig.1 ~Sketch of the carbonate-conduit model according to the understanding of Guilin Zhaidi Subterranean River, China
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(12.219%) . MgO (0.672%) . Al, O, (1.535%) #i
Fe,0, (0.357%) FARHGF44E 8 AR NAR(1~5
em) AUBRERER 48 |1 D ERIRBRIERE: 745 I (42 10
em) Fll 3 NG AT AR K 367.5 om,
TN EERTH A 5602 cm®, R FH 8672 cm’. /K 1T P1
RV K G B A K 1T P8 i 3 — A i
GGUN-FL % &4 A% ( Goldscheider et al., 2008 ).
FE K A K 2 (BB T 6 NS T N FREUREFL
(P2~P7) ,JFOa] b, 5K 0T P12 (0] A9 #E 2 45 5]
g 28 89,180,218 263 320 cm.

2.1.2 #EER  LEWIFWRATAENA ARG
AR T AT PR 0 0 3t T K A3 T VA R PR T A A
VM KA I AR A RS TR AN RN 2 e R AN
T B 0T, A A AN 2R 1 i e B e
FARAE R R YRR iR ERVE MR I5 Y
( AR EZ) 100 mg- L") AE S0 7 B2 77 98 6 2R A
(VREEZ) 50 pg-L71) Bl FH o ) HR L& 48 v 9 o ) ok
JEARA. Ry I BRIl T T ARUCRAAE, BTV TR T A A
T T Y M A M T R L. S IR E ST
TA] AT Y- S8 v B LD BT VMR A U A A T
R () 3R I N 50 mL-h™" | 7RSI8 P ) S- 247 BE
AR 2 173 h( Bl 7.2 d).

F1 KU RAMNMTKYIRLFEHE
Table 1  Physical-chemical characteristics of groundwater used in

the experiments

i EX T (CFH{E)

R ER (NO3J) mg- L 2.1~3.9(3.3)

W (DO) mg-L~! 7.7~9.0(8.3)

R ER (S0%) mg- ! 1.9~3.0(2.6)

EHRIRMR (HCO3) mg-L~! 116~128(122)

FEEF(Ca™) mg-L~! 40~44(42)

R (CH,C007) mg- L~ FA

WAHAR R (NO3) mg-L~! KA

SA PR (TOC) mg-L! 2.12~2.56(2.43)

3R (EC) pS-em™! 165~ 184

pH 7.8~8.3(8.0)

(T C 16.5~25.0(22.0)
2,13 BIE A SO AAE RO T AT R T

BEARIAELE 75 W25 1 o) B Al A VE A 30 ( Rivett
et al., 2008) .24 1 HEER FT A AR IEAS 1 X6T b Tl Jiz
S ALAE FH 52 ) | A YR BIF 9 7 S5 56 T B — B B A 5
FRELUR N LT, AR A — ] ) B U AR B A B9
(Chen et al., 2008; 2013 ; REH%,2013) , LB
TE PRI ik R, J& — P R 6% 5 7K IR I AR,

255 Bl i, X AN PRI E I B0 37 (i FH 2B ) i o
NN O BERARE I i T — A A, H RV B R
300 mg-L™".

2.2 HBhER

AP FEIB R T —A LT A 04 52 56 25
K5 FARSZIG X L S A AR AR ke 0 —
A B A ML A RV 3, AR 5 em, KE &
120 em , 29 & K )2 P FEIE. X AT 998 0 B 3k
WY, 4 wb 1 4 K. Si0, (77.73%) | AL O,
(11.046% ) Fe,0,(3.769%) .Ca0 ( 1.723% ) Fl MgO
(0.051%) , J Wi T ¥ 2 FL B & /K 2 B DR 21 .
SRR ER S TE M BT — A, DR & I Sk 1y AT )
FHHLFAEA 0038 SRS BRI AL 32E 7K Fh ) I8 1% 8 e b
oKk & N TR R R, H R R Eh vk B2 200
mg L', Z W FE 100 mg - L', #E K i il 45
mL-h™"  AEPFE R B R R 2 25 h(EAS R E N,
5 RS oA il B SRR SRR Mk R RTE Y
248 B BRIV BRI 1Y 1/3, 5 N A
BRI [R] R 2 & Wi /Y 1/7.

23 REFEHMN

TR R P T S 4 SR 4 ik TR & 7 1 0F 1
W KA SRAERRE 00k 21 mLL, #3275 B 06 5L 56 1
[E]7Y P2 ~P7 RAEAE HEKFE X AT L85, B /Nt
RARTPAEHE KR R KA i RAEAR 23904 10 mL.

1 FHACRH €838 1Y ( Agilent6890N) 43 Hr 2 T,
BT A3 ( DIONEX 1CS-1000 IC ) 43 A fif§ i £5 A1IY.
EmR LR, A E =B WTW 4% (Multi 3420) 43 #1
iR pH IR FHAE R 7O Ak T4 72 B9 Calcium-test
A1 Alkalinity-test £ 0 0 38 245 750 A0 18 25 fse 1R AR Ve
¥, GGUN-FL % ek A [ 2l Wil 2 ' 22 R
BRI BEL AW MR IR BR 4y 0 . & BE
0.1 mg-L7", AR5 0.1 mg - L7, WV il§ iR &b 0. 01
mg- L™ BRI 1 mg-L™" 286 K44 0.001 mg-L".
AT ORI B~ €335 (S0 ) A D00 7 2 AL SRR ( B4
JE4E,2014).

FARSIGIAME], AE K 1 P8 SRAEKEE 1 L, A
KA W AR W B 2Ot 2 i PCR Y ( CFX
Manager2.1Bio-rad, Hercules, 3% [ il & FAA7 7K {A
U 16S rRNA H1 nirK JE R 5 DLEL, 4390 4F Sk i 4
W ( Yaoa et al., 2006) Fl S il AL 41 & ( Henry et al. ,
2004) B8R FIE.

3 R 5132 (Results and discussion)

FRSI I HRSE 2184 h(91 d) , &it 4S5 4%



3632 |

% 36 %

HHEWARR 101.62 L, 5 /KA 100.45 L F14E
VR BREARTR 1,17 L 22 R4 4% 1 v o v 4 i
A HBRER AN & Bk AR AR AN 1 2 . e R

Ve SR B AR AL BT AR P43k 8.3 mg - L7 iR ER
A C Ml B N R gl S E 235058 99.1 Al
285.9 mg- L™ H | L BRI ] 2 156 ~ 1488 h.

10 - 140~ —8-DO —6— NO; —a— W 7 800
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Fig.2 Concentrations of DO, nitrate and ethanol in the influent

U TRV BE B e B2 - T AR A 1 oG, T A SR A
MR Fh e FEAE AR I I ) 1 A A T e 2B AR AL (1813,
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Fit 2: Y=0.001X+49.2
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Fig.3 Concentration changes of the injected solutes in the effluent
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BT e BE A R 4 5 R 8.1 ~ 1.2 mg - L7 A
102.6~40.3 mg- L™ A Z T /E AR N 7R B2 57
PENCE N E AR/ VI 45.5~51.6 pg-L7".
TEGINBRIERT (0~ 155 h) |, 17 fife SERRS 2 £5 0 1 7k
W 55 1KV B AR, A8 Ak /DN B 2 ik R 1 R 2 IR
T, K 2 T R A 1 O A X AR T A
ARV PR 6 T R DU AR 40k 22 R e e i PR R Mk
1T FEH #4355 0.114 mg-L™“h™' (/& 3 Fit 1) , iR
ERTESE 732~ 1548 h AMEIE IR 49.2 mg- L7
VAR AR TE 55 456 ~ 1488 h W] B9 F % E 1.6
mg-L7".

FEWR Vs A SRRV 2 8 A ot s B T AR
(3 2) AHNBRIERT (0~ 155 h) , PEAKFIH K A
PR R 1S il S0 1 0T 2 A8 AR AR /N, A X 152 22 43 51 R
1.53%F1 0.83% ; R 2L AN Itk U5 HA B (156 ~ 1488 h) ,
K PR PR AR 0 e b 1K T D8 39.4% , S R
J D 70.2% , 1 BT IR 34.1%.

#2 HAME HERBAZEES HKRNRESHG

Table 2 Mass estimations of DO, nitrate and ethanol in the influent

and effluent

1 FLRHF i A Y C L ‘ )ﬁ% ot
Bt/h H/mg i#/mg R
WA 0~155 60.5 61.0 -0.83%
156~ 1488 531.9 158.5 70.2% +
ik 0~155 743.3 731.9 1.53%
156~ 1488 6706.4 4062.9 39.4% +
L 0~155 0 0
156~1488  19251.0 12696.5 34.1% +

AT P2~ PT ALK RPN i 5 % B T B K B s + o)
A TRIRESAN.

Xof HE 7S B2 790 B e JEE AR Ak, HE I P fie 281 i TR
R BL TR S e i A X R IR R
I VTR AR i T LA X S8 o 2 e 2R T
Pz SO, BRI AE LB B AL Mg AL i i 2. &
WEAE BRI, 2 i G0 S ORI R R A O F
TR, EY AT IR RE IR S S AR T DU
LIPEXEIE

C,H;0H + 30,— 2C0,+ 3H,0 (1)
5C,H;OH+ 12NO;— 6N,+ 9H,0 + 10HCO;+ 20H"

(2)
NO;— NO,— NO — N,0 — N, (3)

ST X 5 IS 7 49y A A Y i PR R TRl R AR
F14 M 0t RE TR )38 S 17 B AT AN TR 4 B 7R TR
TBSRIE G | 07 A= 1 1 — A A 5 35 L 7K e R £

W PRI, Bk 186 mg- L7 WA AR ER N S
TEAEAE IR ] =), S R E IR 3] 5.24 mg- L7,

200 - 110
160 |- 1s
e —+— HCO 1o 5
2120 3 6 o
P -
= = NO; 1 E
o} Ry
O 80 14 S
T | =z
40 - 2
- u‘-’::- 1
0 . . ) Ml Sl = === =S )
0 240 480 720 960 1200 1440 1680 1920 2160

HR] /b

B4 [REBREMBERBROREZN

Fig.4 Concentration changes of nitrite and bicarbonate ion

Br T HbERAE 2205 B4, S8 T T (2955 960 h)
AETE KA 10 Tl A W G I A5 4, R A0 B R (168
rRNA JERFE ) K 2.96x107 copies- L™, Sl AL B
FIE (nirk FEH=EFE) 4 6.23%x10° copies- L™, H b
{8 (nirK/16S rRNA) 4 21.05% , 3¢ W45 3 /K A AE
KA , 46 RS AG TR A SRS AR B o B2 1A
B LU R 25%.

3.2 ROE R oA IR

AR S, EARLK B T — A ARG Z LA R
SEGH A R AR R ELG l 7 T A R DR T 2
AU T iHRER AR50 LR NE 3 /TLLA H
TR ER MR FE AL 1548 h J5 1A Hrse I, M & TP 4R
T B Rk gh 8 T LML G i 2 Dk SR vT LA
— ALK PE R (I 3 Fit 2) , &%k 0.001,
IR 49.2. G (36 2) R, TERREE I8 ik
T3 18] (156 ~ 1488 h) i FR #h ot = I /b AL Ky
39.4%.

FELAHT A% B 52 30 v VA S R Eh 500 1Y H b
HWeRE (200 mg-L7") L FEAARTCEE (100 mg-L7') &, 4
P BE (100 mg- L") bb FEAR S5 (300 mg- L") 11K,
(AR IRER LBR R | S BREURE K T FIRT L. 2L
JE RS TR R U B S RS KT BR R KT 99%
SAEAk sl 1244 %k 10.8 mg-L7-h™ (& 5) X Heax
SRR, RO AR AR 7T R AR T IR IR A
T RO AR P AZ 2 TR S 2B
33 BHMEAMAEANEER

FH T 1 PG e A R S AR T 38 R R RS 5
i) S A A A AR B PR 28 6 T ml R b R (i
UR) FEL T3 AR MR B A1 8 IR B 25, Wil pH
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PRSI i IR kv FE 1) Sk R AP ) 9 i 40k R
250 —— 7 =120 - B
F e NO; ,’(]jfl 3.0 mg-L ™.
200 PP Fit 3
. deg =~ norg —o— %5 540 /BT
150 0% 7, 100 551536 /B
P Fit 3: Y=—10.8X+662.1 & o 90F
£ = E gof
< 100 - [ & 2ok
Z —40 N Z. [
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B8] /h g
§240_
S WA M TR Z B0k T (1 H PG
fﬁ‘?{(fﬁ(mgL"),X%\%i\‘ﬂq‘[‘ﬂ(h)) 200 1 1 1 1 1 1 1 1 1 1 L 1 1 |
Fig.5 Concentrations of nitrate and ethanol in the assistant 0 43 96 144 192 240 288 336
. 101 TURE R B B /em
experiment i Pl
T8 —o— 45 540 /NBF
Z‘n 6 I —+— 45 1536 /it
E EFEVA 25 B /NS (Rivett et al., 2008). £ i
N Nl i A Rl Y7, Q L
X T AR £ 15 de AE 2 |, AR SR AS B Bl W 1 % A, p7
Ve RS, K AU 3 i S RIS 9 2 1 I i s

AT,
3.3.1 AR (R FHHER) — AR R N =

AL A4 SR 2 AN RE R AT 19 33X A1 2 B 1l
FEACAE R A 2R ARSI AT DL A
ficils , RAE AL AE FH S PR PR AR BRI B, — B
SIINT G5V, R Bl 2B BRI BH 3.

332 AfEEHEE ERNARKETNETZ
7,0, 54 LB F32 K (41 NOS ) TR iy 435 1
THUARIRE 110,516 K H,O AR R B E, (5
J7+0.805 V, MM fR#h 5% 164 N, il NO, 1Y E, 43 5
M+0.712 V #1+0.404 V( Wiedemeier e al., 1999).
FEH PR B R L, 55 SO A 5, FER R A
AL

H T2V b R AT 3R B 1 O P K SR K %
VIR JIBR ZR AR o (%) 35 i 48 7 38 AR 5, TE
A PR 8 IS M AT HS T A A iR SRR 8.0 ~ 8.3
mg - L™ ARG, V5 A S8 o 08 1) s B0 B ] LA
FRER L BH R A B ] 23 51 A 27 192 ~212 h FiES
384~396 h( & 3) , &l 6 R BIFE/K R EEAR L1 4
WeRE AR FE A IR AR 4R H, B SBAE LU P2 HORE A
LTV i SR N SRR BT B BEAIG, SRS 7E T Ui P4 B
FE B A H B R ER v FE R B AIK.

T AR RO B ARAE FH A8 2 e 44 36 R AR
Bt b AT DABRCARL G SR A YRS 96 S i A ke A PR
5L AT R D Il 5 B T AR I T AR T S A AR S e S
ST BRI, 2455 AR X & A, ¥ i S Bl R
i T RER— e R RAEALVE I A 3h . 7

IR 5 B S /em

6 BREHBHEMZERELKREENEL
Fig.6  Concentration changes of DO, nitrate and ethanol along the

flow path

333 FEEE R pH FMEFRYR M . FK
SEEG R HUKIRE N 16.5~25.0 °C, ¥E/K pH 5Py
4 8.08, 17K pH (E-F-21{E K 7.89. 31X $L 18 5 3K [E R
J7 5 T N I KA R A (B S AR — 35, AN S R i s
PR E K T E 7Y, REA SR E RN
O3 PR, AEDGT 3% fifk S0 R 5 R 2 31X A TR 22, L
SIEAV H T AT B 8 PR 2R 6 A Ak A 52 e AT LA

23 W A2 T B R K AR B LU A 4 52 )« 2 75
E R ORI, K A RN TS £
FLA A 3 25 0 A B A K A 1R, S AR Y
PR AL LE 22 FL A o Uk 26 i AR/, B3 UG, [ 1A
FE I BURK AR AR L A /N AR ELF SCHk, Harvey 55
(1984) WA ANE BAETT Y KB iR BIERTT YL S
K2, KHB 43 40 B S B B AE T A R 2% T Y
Lehman 55 (2001 ) 483 Sy B 25 7 BURE 25 181 14 A= ) it
IR E] 99%. ph BLAFEDN , 595 T 45018 DY AE i 9
B Z LA IR, DTS2 0 145 38 PN 1 S 4k
VEFH , (A48 R Rk 25 bR 1K,

4 £5i8(Conclusions)

1) WL A8 3 P A A SRS A A 9 T fiE
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i S A A B A A T L2 B K A H 0 i TR . Ak D
e SR R E BRI N R, B nl TR 5 %
PR S AR HIMELL H 2.

2) BRIR Eh 8 1H 5 22 FLA At AN (] - B Bk
WFE RS OL T, SR AR R JEE 2 52 B R A
T RER 2 BRAT SR 2 A BR Y. FL i PR 2 2 5 4 T s R
I A T BR 5 R R BR BE AR/ A8 T8 AT A T B I
fifp 8 AT O, T T AR GE TP B BRI 2K (I pH
AL ) B2 AN Jo.
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