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TR L I8 IR B (SRB) A& (K, 2 AR ESEE TEF AU TRz —. #EEEIFH SRB
LB EoK i ge sy, FE#EK pH R 3.0, JKIR N 26~27 °C . #E7K Fe? ' 5t it FE AIK T 450 mg-L™',
Meon/Mg g 7>2-0 B AT, SO V-3 K BRRAE 80% LA I, H X /K ¥ & A HLis 4 ¥ (UL COD
I AR EGRSCR, WEERFHERRE 9% U b, #HHiZGESI 58T SRB 2 B K b P
WRRMEEK T, 25REH, EEMEN 10%, BB S dRMET, PG ER M % K b so; i
Fe?' ) 2 BR324 R 74.71% F11 99.18% . SRB HARTE AL 1Y% YL oK J5 1 B A — & L #, {H SRB 7 %
AR, HZZANARE T, RAMmEHSCR 2. i SRB Fl@ AR 2 H S EHET -
BRAgZs |y, R — e i, BAABE KR . Rl T B . aTEEZ A . By (E
FBT 4 @ B il 68 AR PR, 2 SO AR R R AR Bk [ SRB Y SE 3G R B, SRB FUkL
REME K P pH=4 (TR W, FFAEOL . h1A WD BB 98 PR FREC AT A2 M, X Mn® 19 IR B 25 & 7% &
Freundlich 257 W Fff 77 F2 (R*=0.988 68, 1/n=0.489 6), Wi} 5h 1124454 Elovich 3 J12#4 R (R*=0.996 4).
A HL-TCHLA A BE —F A T A VLR A WA TCHLR &Y 2 80— Fos B9k 2 G MR, HSf
HWFMEA, B, CAMREIEHTRAEE AR B groy T — 3 T & rE A HL-0
LA AR, FF H O T AR BEK PRI E R Cu®', OIS Em SR E T, SR, %2Rt
Cu™ BT — MM M e £k, HLZE R 451 N IR B RCR 8048, 7K 50 mg L™ AR 19 K,Cr,0, i
() Cr(VI) JLF- 52 434 B 51 IR B

XL R K TS Y R A%, B — 2 AR R TG VA (I UK Cr(VT). SOk B i 2 ok, B —
SRB LAl FARER, HAT, B/0AG 05l 7 2 B iZ b X 2 fhis e sl o 60 k4 ok . BRLL, R
IR BA— b BT Y R BR M, % K Zefb A R S SRB 454, SEIAHIS WA S E . SRR
SNV ) P S P - e T 2 o a8 A B VA I L T AR O R A Ak D T e 4 A 5 2 Ak A R
WHH P, AWEREERE ZrOCl, 5N BERE AR 2 LRG3 BIG0K ZrO,- T I Tk e 4+ Ak A AL, F]
FHAZ A M AL v B8 TN 445 BB i 3k — 8] 49 B4 SRB AT [ /e AL AL B8, JE 40 K ZrO,-SRB ik . % i
X 7K H 5 G 4 ELAG T SR B OSUEE AR, AT DA TR R 2 R % AT 9R
1 MB5RF*®
11 BERATEEMNEE SE5%TE

SEU BT R B E BT T R S X A . DA SR RR IR . 5% PR R A B AR UEAT B 4R
iR, HRHEIENFRIEIAEE, B KRR B0, RS NI 28R kT alifb /e, |
2RFEER R, KHAE RS R AW TEE; WM B T R S Rt ZE g
o 76 1600 £l B FEERIES s W bR T 2 I S5m0 vR B IR FR L b 85 5% . 1 (r AT R KR
Dl A IR, 1 TR TR R % R T 0 A I S DR A SR P AT R E R R . 3 d e o AT
FERW P, I FH 3 53 H BEAE K 30 000 5 25 10 F 2EA T e i 2% .

1.2 K ZrO,- B A G B B 2 L A1 R I &%

FWRT, FRHC2 g EAALES, T 200 mL G40 50R 95% (1 Z BT, ZrOCl, 7E 2 BRI
HET K AN E R N, AN (1) A=K () s .

Zr—Cl+H,0 — Zr—OH + HCl (1)
Zr—OH +HO—Zr—O0 — Zr+ H,0 )

EREILOEIMAA AMH VRIS . 121200 mL A TIIA 0.6 ¢ PUR AL ELH L 0.05 ¢ 11
WL L R BB A B R0, R RIS S BEPE A9 50, 4825 CF L HEATHR A I 30 min,
FEIGIK 200, R DT RETIRI TEHL-A B LB R
1.3 B EhIE R A B E

IR IGO0 KON 2.5% HO M SR BN T 300 mL 250K b, FE KIS, LA 200 mL 44K ZrO,-%
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VN 0 Tk I 2 A A RHIR 20 0 i, B BT TR R R AR 8~12 h, B IA1 IR A I RO A R £ o Bk
2.5% I il FL 7 3R & ZFELL B 100 mL 28 9415 5 I A X B0 A K 0 BV CF AT 5045 21 B 806
BN RS N 3x10° A~ mL ™), FIMREA . WP AJE, RO 528 A 2] pH=6 1) 2%CaCl, {f1 Fl
R v W b, BARUR R 5P #8 LA 100 rmin™ 98 PEHORIEAT 6. 4 h RO R, H 0.9% A3 4R
KIEAT RV, W TR K, EE 3. E/ANERMEAAT, FBA S R IR 5 s 12 h,

1) AILBE SR B . 5 Ak 40 B ORI TS 100 mL (9 3 B 03 Sk g vy, 1o 30 3 S A i — 2 1Y
JE 1, WSS ITUR BB 00 5 IR, P T A 0 A TR ORL , AR A A i R A R BOR 1) A2
90 R 1 A AU A5 B, DB (%) B DA R v o LR AT R B A ) A UR AR, Ak L B A
P2z, MPOREA —E R MR AR, AR E SR h AR MR R — S 1R L
bR Ar, DR LR B ARG R Y BRI R K HL B RER, DA R AR B AR o

2) 1% P RE IR o K [ 52 Ak A 4N BRURE I A B — 5 AT A AR K I ZE IR, 2 h B, )
SR IGURLE (0, 1 AJIURE TR B, 5 AR A B K i B e AR R EA T X b, e HLAE R RE (2 R AR
SRNT . YUK RS SR B AR, DO HAR TR R IR B Uk L0 29 172 bR
MH B AR, A HALRE AR PR AR R Ei s, A AL TR T R4
Uk P AR R B AR, R B R AE S AR .

3) BCERPEBEM IR o R 5 11 a2 ki 7 PR HR H0 U B TR 0 A R 0, AR B T R 1 6 o v A
WO R ERPERE . RERPERE RN . MMET o ER . B E R, AR ERTE AR 22 YN Ek
FTEARA TN | F6 2 B, A LBk RE P 45 M UERIRRBEI | Fr Bh i at, A ek
PEBE R AT MREIRRBN . TERGERS, AN R ERPERE R 1 .

4) ARSI . B —E R AR, BT LA E AR SRR, SRR RS
T HEE S 500 mg-L' f9SOZ, B — Bt a5, WA SR AL B B (AR AR A B0, I RE SO I Ik JIE AR
b, MR 2 A 7 A G XS B A AR 50 R S T [ Al TR R . AR BRSPS RN T - S W
I B AL . SO KBRF<20% ., F=EM /D BRAGEARARET, A R 2 MIE WA
. SO7 ZBRFN 40%~60% . 77 A ik LG AR ARSI HIEME A AR IR iR
. SO7 LR 60%~80% . j= A5 2 RAGHAWAMRES, A HEM R YinwmA N RE A,
SOT EBRR 80%~95% . 7= A K1 () B XS RSB, A =G AL .
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Wt 6 HEAR A S0mm. HH 50 em. SR 0.98 L BYh A4, JIEHE 0~3 cm A /K i 5
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SO . pH=4.6; 2%F N JZ RS HEAM % /) SRB, MEATHEARANTE, HAE 2F P in A S 1941
o] 5 (9 A OB 370 4PRE K K ) B4 43 Ol 1,468, 4.403 m(m’-d)t,  STRE dE K B 43 ok
Cr(VD) #2450 mg L™, 6" K 0 s FHR m 8 10 mg L' &4 P AR EF 44K ZrO,-SRB ki £
i DL RO K S5 34 5 VREAE R 2 200 5 7K 4575 Y W vk B & pH B3 TR .
1.5 BEXR

FIH 0.1 mol'L™ HCL. 0.2 mol-L™" B 51 it 73 R 2.5% B lIRAE A e v, W BfHTS G 25 7 s
4K ZrO,-SRB Wk il A 50 mL P ik, JF-7€ 35 °C F 180 rrmin™' N &7 AL B 60 min, F LA & 4
B e oE 12 he BB SE RS, FRURIEATOR B, anuobme - A 3 vk, IR AR AR R
BixF Cr(VI), Cr(I), SO . FRYEBRR,
1.6 MEFE

pH R B 58 s AR R DU 5 5 Cr(VID) SR 2B B — k43 606 BE 10 5 Cre(TI) R H v i TR 490 4
b - IR R W43 606 BE I 5 5 SOT SR B TR /3 Y M BE I 52 5 F 2R FH B8 - a5 8% r A I 2
2 HBREQH
21 BRBRBTERENEETERS SR

1 600 1% i 5% T 45 46 SRB [ 2% [ YL |
SRR YN ZE YA . SRB B G HL B LK
30 000 £% (A K 25 S an & 2 B ol ] 2(a) BT
Fill, ¥ 25, SRBHYL L E, )

B HIWOR R IIPE: i 200) TR, 4% — e L
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A IS 4 4 1 T 5 35 1 1 Bk 25 DNA Fig. 2 Characteristics analysis of SRB

N (=] =1 S
?E,WW%%ﬁ@,ﬁ%ﬁ%ﬁi%%@% 51 ESIRER
v R . ST L & BLAST & I8 /% L Table 1 Sequence homology analysis
XFL RSN ENEME TR 1 s, ATE L, X » —
I ) 73 HRABLE /%

e R A W 5 Citrobacter amalonaticus TB10 H)

*H {u ‘ri E‘% %} , ;‘:H {u E ﬁ 99.93%, U‘é Hﬂ -LZ %T *;k Citrobacter amalonaticus TB10 99.93
5 Citrobacter amalonaticus TB10 J& T [5] — I i

Citrobacter amalonaticus HAMBI 1296  99.86
MY PR, AR FE A R AT I . JF A MEGA
6.0 ZF;K#F 1% @J %{mu %Hﬂ? ﬁ'J 5 ,ﬁ\:’ﬂﬁ%ﬁﬁ: Eg jjﬁ 2% Citrobacter amalonaticus LMG 7873 99.78
9&/ R3 X:HI‘ @J B‘Ji&ﬂﬁ*ﬁ%%ﬁn lzl 3 Fﬁ‘i_\‘ o Uncultured Citrobacter sp. clone F2AUG.11 99.71
22 K ZrO,-RA G R UL MRV S 3R »
, Citrobacter farmeri CIP 104553 99.64
fES #f
4?1‘ ﬂ?IJ 1%" E/‘J 2}"1 ﬂé ZI‘OQ-% W ‘}f’% @5’6 H’Q %1—3 ’ﬂj 7H ﬂq Citrobacter farmeri 17.7 KSS 99.57
O k ) YA Y o T
E 60°C /*H:F};iq:’ *JEH SEM Eﬁi j({nﬁjﬂ 5000 Uncultured bacterium clone KSR-CFL3 99.49
F5 N ME R MEE A, IF 4T EDS RETE Fl FT-
IR 4T &I‘ %ﬁaﬁ% *ﬁ‘ gﬁ % ZZ[] 4 }3)]"5_\‘ N Al LU E Citrobacter amalonaticus OFF7 99.42
YK ZeO,- 28 TN W Tk e 2% £k B4 ek 35 T L B Citrobacter sp CF3-C 99.35
IR, B ¥ys), ruovk s FESE
Citrobacter sp. enrichment culture clone TB39-15 99.28

N—H. C—H, C=0, C—N., Zr—O—Zr ¥
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ZRAL AR I AR R 25 14T, 402K ZrO,-SRB kL 2 2 X Cr(VI), Cr(Mlh). SO; . F i KBRBUERE
P SRB, XA T Cr(V), Cr(Il), SO A %2 B it b) B4 T H: I AY SRB [ 2, X it
Wl 4l K ZrO,-SRB kL Al LA 2% Ak B4 8L b i G BEAE R UR . 40K ZrO,-SRB ki X ¥ & rh Cr(VD).
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Fig. 11 Outlet water of 6" dynamic column
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SRB ki X Cr(V). Cr(Ill). SO7 . Fiydm K LR, X Cr(V). Cr(ll). SO; . F & K LR
B 99.7% . 98.7%. T1.2%. 93.7%, AHFifi 5 o 7K 17 fay A 38 K, 4k 38 15 G W o5 K 2 B 26 09 ) ) 3¢
5, pH s REEF AT GERF AT R AT B4 40 . R KK 15 R 2.935 m’-(m*-d) . WA T 1~14d
BF, FAY 22 BRRn] DL RR7E e KOKSF, 7~23 d 1 [R1XF Cr(VI) F1SOZ 11 25 B3 28 AT L4k 15 78 f5e KK
M 247K T3 4 Ky 4.403 m*(m*-d) ' I, XF F 09 L BRFANAE 4 d A/ Al 4eHpdcok, XF Cr(VI) F1SO; 19 £ B
FRAUAE 4.5~8.5 d BHREFF K, A FEH, FEWIER N5 Yy A 3 LR mE I B 455 T, X 2N
AR N JZ s BE AR R, SR R, X RN E AR RS K, S BU5 Y S RNV )E
fik I 1) 4 2, 5 e DR R AR B S B 2 A S S i s A A, (E K WA EOR N, RN
7K 2 A A2 i P R) R (] A Ak 2R A ) A A Y K g )N i DA R A KK g B e 1 2,935
m’(m’-d)™" B .

XPEE 17, 5%, 6" 3 BB WKL, FTRAE N, 24 Cr(V) Bk EEIE %] 50 mg L' B, 44
K ZrO,-SRB ki %t Cr(VI) (135 K 2 BR AR P AERFTE 99.7%, (BAEWI4G 1~3 d B, H T SRB G 1%
AR, S*Eh AR KT Cr(VD) B9 22 8 R0 H 62.3%, ML T "8 84 EB R 91.8%, W WA K
B o X ULBIYAK ZrO, X v BE Cr(VI) 1 B M B AIK, R 5E SRB XS Cr(VI) 1934 JEL/E 4T3 8 vl
fiff K MR FE AR R AR B AR ACE, B2 Co(VD) WREERS K5, AL 2 942K Zeo, X F A1 Cr(l) iy W Bt
R, (AXFSO; B EBRAURSH —E M. MLl WL, 492K ZrO, X F A Cr(I) () W B35 6 4 T
Cr(VD) L FS02; Y FHEMANE] 10 mg- L' I, XFH 19F0 6" S B AE N B9 KB, ATLAR H, 6'3h
BHEHAERN 1~3 diF, X F . Cr(VI), SOy By RBRFBE Vsh BP0y LBRFA T Ek, X FE
BRFH 93.7% TR 96.7%, XF Cr(VI) B9 £ BRFEH R 1Y 91.8% T &N 87.8%, XSO, HYF3 B % i It
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Table 2 Adsorption isotherm fitting equation and correlation coefficients

I Langmuir Freundlich
R UETTHE R AT R
F % =4.953C. +3.947 0.883 9 InQe =0.363C, —2.257 0.997 3
Cr(Vl) % =1.958C +4.590 0.790 0 InQe =0.478C. — 1.838 0.991 6
Cr(1h % =2.034C. +1.371 0.723 2 InQ. =0.301C. — 1.035 0.998 1
Soi‘ % =0.155C; +46.467 0.639 6 InQ. =7.657C. —43.713 09911
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HH IR B AN A AR X 20 B B2 W R, B 3 A 2 22 R I B O A
3 Z5ip

1) &= NS E R R . 99K ZrO,-SRB WKL A S i 2= . i K /K J) £ fef 2.935 m?(m?*-d) ™" I
SHI5 ey i 2 BRSO 4 H ZrO,-SRB ks %t i W e B PE A T Cr() . Cr(VI) FISOZ

2) GERRAEZE R . 442K ZrO,-SRB JU Ab HH Y5 e W) Ji5 8 B0 K R R 4, LR 26 A
MS, Cr. FLX.,

3) 44>k ZrO,-SRB ik b F 5 YL M AU LRy . SRB Xt Cr(VI), SO FEAEIR AR, 2okt %
Cr(VI). Cr(Ily. FAFFEM BT 5 W B 45 R 26 45 & Freundlich BEAY, 33 108 B W B o 72 2 22 S22 W Y

4) 0.1 mol-L™" HCl, 0.2 mol-L™" Z M. Jii /380 R 2.5% i IR A 8% 77 58 19 16 £k 36 [ 4 FH X F 90 K
ZrO,-SRB HUk: (1) P A= HA RAF AR

2 F XM

(1) AR oyl sCn X JE L R K S 53 Bus R8T 7E[D]. K 1P R, 2017.

(2] FeW, AT, BRteds, 45, L XA Z T K &8 S e yris Bar o (). M5 iz, 2015, 34(11): 2031-2036.

[3] QIAO G, XU Y N, HE F, et al. Influence on water resource and eco-environment system of Tong Guan gold mine area by
mining development projects[J]. Advanced Materials Research, 2012, 18(23): 5059-5062.

(4] ZESEFN, R, 20, A5, SEOME AL IR ™ S ALm BT 1~ A th 28 I Co(VD BIWFE (D], Hh EEREER, 2018, 38(7): 2505-
2511.

[5] WANG Q, HUANG L P, PAN Y Z, et al. Impact of Fe(Ill) as an effective electron-shuttle mediator for enhanced Cr(VI)
reduction in microbial fuel cells: Reduction of diffusional resistances and cathode overpotentials[J]. Journal of Hazardous

Materials, 2017, 321: 896-906.


http://dx.doi.org/10.3969/j.issn.1671-2552.2015.11.006
http://dx.doi.org/10.3969/j.issn.1000-6923.2018.07.015
http://dx.doi.org/10.1016/j.jhazmat.2016.10.011
http://dx.doi.org/10.1016/j.jhazmat.2016.10.011
http://dx.doi.org/10.3969/j.issn.1671-2552.2015.11.006
http://dx.doi.org/10.3969/j.issn.1000-6923.2018.07.015
http://dx.doi.org/10.1016/j.jhazmat.2016.10.011
http://dx.doi.org/10.1016/j.jhazmat.2016.10.011

2558 ok L B ¥ M 145

(6] BHZLBA, BUEAK, IMLZE. SRR B iR AL B M AR EBRCr(VD IS ZE[T]. thEREERIE, 2018, 38(4): 1318-1323.

(7] FRAlinik. BRIA et D A7 W B 925 1 B Bl 025 (D). B AR BLTR %, 2016.

(8] Mt Z=ok)Il, D7, A5, SeEdh A Bl & S ERUIERERTFE[)). RERRERE 1R, 2014, 33(7): 1649-1654.

(91 AR, Sl Pls otk il £ 5 90700 1 1 25 e BRI PE RE ST (D], UAR: AUARER TR 2%, 2012,

[10] F+—T5 .~ X My T 7K T 43 15 Y i iR IR [CL/rh U PR R 22 25 v [ IR B2 e P RAE I SCER R 1L, 2013:
5086-5090.

(1] #EEE, skan ey, SR%E, 45, FTBIRELIE SR L BRI K s S s Wr e (1], KA B AR, 2012, 38(5): 31-35.

[12] #EHE2E, PKA0T, BETE, 5. BRAR I 1A 43 2 M HAL PR TR PR K T2 i SR [J]. AK B IR 57K TR 244k, 2019,
30(2): 25-30.

[13] DONG Y, ZHANG Y, TU B, et al. Immobilization of ammonia-oxidizing bacteria by calcium alginate[J]. Ecological
Engineering, 2014, 7(3): 809-814.

[14] HBEE, W, EAME, 55 BRIRHR I 5 P L 1L 8 5 A S A Wi v 0BT 0. P18 TR 441, 2019, 13(8): 1995-2003.

[15] 3T, TR, 22501, AR k)8 1 SRR S8 I B R R S 36 43 A 0], FE &I 4™, 2017, 40(2): 12-16.

[16] FENG L F, QI W. Removal of heavy metal ions from wastewaters[J]. Journal of Environmental Management, 2011, 92(3):
407-418.

[17] EAEMR AHLREY/SIOANTEHAAL RIS [D]. SIE: SAE T K, 2006.

(18] ERIR. T 4L RE A DL ICHLAA PR B 4 S R K AL B P A I FH D). J59H: J5JH K27, 2016.

(191 JFRAR, i, $11775, 55, SRS AR M L i I il 4 SR ST D). B SRS, 2001, 29(4): 41-44,

[20] EEEE. RRIER — AR A iS5 RAE[T]. fh2 Tl 5 TRER, 2008, 8(10): 30-37.
(R & 4. W, AR Bede, 3K A &)


http://dx.doi.org/10.3969/j.issn.1000-3770.2012.05.008
http://dx.doi.org/10.12030/j.cjee.201811197
http://dx.doi.org/10.3969/j.issn.1000-8098.2017.02.004
http://dx.doi.org/10.1016/j.jenvman.2010.11.011
http://dx.doi.org/10.3969/j.issn.1000-2871.2001.04.008
http://dx.doi.org/10.3969/j.issn.1000-3770.2012.05.008
http://dx.doi.org/10.12030/j.cjee.201811197
http://dx.doi.org/10.3969/j.issn.1000-8098.2017.02.004
http://dx.doi.org/10.1016/j.jenvman.2010.11.011
http://dx.doi.org/10.3969/j.issn.1000-2871.2001.04.008

%9 TRFSE : AR ZrO,-SRBIURLXT 3% GRS Jedth T /KBS A 3h 255250 2559

Dynamic tests on chrome and fluorine contaminated groundwater remediation
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Abstract In order to solve the damage caused by F~, Cr(VI), Cr(Ill), SO;” pollutants beyond standard in the
groundwater of an mining area, nano-ZrO,-polyacrylamide hybrid was used to immobilize sulfate reducing
bacteria, and the obtained immobilized particle nano-ZrO,-SRB was used to treat those pollutants. The effects of
reaction layer type, influent hydraulic load and influent concentration on the pollutant removal from
groundwater were studied with an indoor dynamic column test. The experimental results showed that the
removal rates of pollutants by the reaction layer of nano-ZrO,-SRB particles were higher than those by SRB
with biofilm. The hybrid materials could provide carbon source for SRB and improve the activity of SRB. And
the feasible hydraulic load of influent was controlled at 2.935 m*:(m*-d)". The increase of Cr(Vl) concentration
and F~ concentration had slight effect on the variations of concentrations of the whole effluent. The adsorption
selectivity of nano-ZrO, toward F~ was better than that for Cr(Ill), Cr(VI) and SO; . The removal mechanisms
included both reduction and adsorption. Using 0.1 mol-L™" HCI, 0.2 mol-L™" ethanol and thiourea with a mass
ratio of 2.5% as eluent, good adsorption capacity of ZrO,-SRB nanoparticles could still be maintained after 3
adsorption-desorption cycles. The results of the test provide a technical reference for solving the underground
water problem of the mining area with those pollutants.

Keywords hybrid material; nano-ZrO,-SRB particles; remediation; dynamic test





