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Abstract: Technetium-99(**Tc) is a long-lived fission product in the nuclear fuel cycle. Predominantly

existing as the highly soluble and mobile pertechnetate anion(TcO} , Tc(VI)), it poses significant challenges
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for immobilization in natural environments and is considered a key radionuclide in the long-term safety

assessment of high-level radioactive waste repositories. Microbial processes can reduce Tc(VIT) to insoluble

Tc(IV) precipitates, altering its environmental mobility. In this study, two indigenous microbial

strains—Klebsiella variicola X-21(Gram-negative) and Bacillus cereus X-68(Gram-positive)—were

systematically investigated for their capacity to reduce and immobilize Tc(Vl) in three representative

natural media: soil, Tamusu clay, and Beishan granite. Batch experiments revealed that abiotic media

exhibited negligible sorption capacity, while microbial activity significantly enhanced Tc(VI) reduction,

with efficiency positively correlated with inoculum concentration. However, NO; strongly inhibited Tc

reduction in the soil system. Dynamic column tests show that microbial processes effectively delay Tc

breakthrough and effluent release, with pre-reduced Tc products exhibiting high retention(up to 98%) over

450 h of continuous leaching. Under oxic conditions, partial reoxidation and remobilization are observed,

nevertheless, Tc(IV) products generate by Klebsiella variicola X-21 displayed greater redox stability than

those formed by Bacillus cereus X-68. Overall, the findings highlight that Tc immobilization in complex

natural matrices is governed by microbially mediated reduction processes, strongly influenced by the

composition of the matrix and prevailing redox conditions. This study provides new experimental insights

into the biogeochemical mechanisms controlling Tc behavior in natural environments and offers a scientific

basis for in situ bioremediation strategies, engineered barrier design, and safety assessment of geological

repositories in China.
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Fig. 1 Schematic illustration of dynamic column experiment
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Fig. 3 Tc(VI) reduction of B. cereus X-68 under different environmental medium systems(a) and varying inoculum levels(b, c, d)
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Table 2 Elements in soil/mineral(XRF) %
e o w(Na) w(Mg) w(Al) w(Si) w(P) w(S) w(Cl) w(K) w(Ca) w(Ti)
+- 4 1.01 1.26 8.65 29.97 0.31 0.15 0.02 2.82 2.79 0.49
BAZER+ 1.86 5.64 6.86 20.14 0.038 125 0.06 3.69 12.48 0.60
B AlTpia=Ees 3.12 1.48 8.76 27.63 0.31 0.34 0.03 3.67 3.64 0.45
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Table 3 Key component contents of soil/minerals

FEdh w(Fe) / (mgeg™?)  wCAHLE)/ (mgeg™?)  w(TOC)/(mgeg™)  w(DOC)/(pgeg™)  w(NO;-N)/(ugeg™)  w(NO-N)/(pgeg™)
+ 4 32.64 88.44 51.30 190.11 27.01 0.35
BARZR L 28.77 65.68 38.10 88.68 5.83 0.00
B[ AlIyiAsps 45.96 8.26 4.79 45.79 0.00 0.07
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Fig. 8 Tc elution(a-c) and retention patterns(d-f) of K. variicola X-21 pre-reduction column

BB J5E Te 1 i B AR B
it

AW IEHE T TR A A BRI 43 19 4R 45 1) P bk
R B Bk K.variicola X-21 Fl B. cereus X-68, 24t

3 &

FE T HAE RSB R R £ KA L AE B A A
TYIRIE A o (9 Te (VD ib B - 8 2 47, Ik — 20
PEAL TR SR TR AR T BB E T, A5 R L
TE5iE.

(1) KIRA A B LA H A8 X Te 4 1% Bif 2l



ol SRR AR WX T e £ 3/ Wy A BT v i T - T 5 AR P 145 ) 675

14000 -£-N, 14000 [ ~£-N, 14000 -A-N,
(a) ol (b) s (c) 2,
12 000 - —o= A 12000 - -o-Z50 12000 - 25,
10 000 F +4+B. cereus X-68 10000}, EARRFLAB. cereus X-68 10000 || ACIIFER #i+B. cereus X-68
& 8000 & 80004\ & 8000
= = | X
& 60005 & 6000 \ & 6000
400 4000 )| 4000 |
200 F A 2000 &A 2000} A
0 b EERBAROCD RettaiBiontshy 0 b BRI 0 bR e
0 100 200 300 400 500 0 100 300 400 500 0 100 200 300 400 500
i /h i fil/h ] /h
ok (d) +3E+B. cereus X-68 (e)  EAEKZF ++B. cereus X-68 (f) JEIL B 5+B. cereus X-68
10f 10f 10F] 61% 53% 100
9t 9f ol | 68% 60% 0
8t 8t 77% 81| 70% 59% -
7t 7} 71% 7] 58% 58% °,
£ £ £
S 6 S 6f 72% S 6| 48% 53% o8 iif
st st 63% Host] 50% 47% 5 3
=, = 4t 73% = 4| 2% 40% 2
3t 3t 7% 66% 3E| 44% 47% 36
2t 20| 3% 61% 2t | 32% 41% I
sk L 1] 68% 47% 1t 37% 20
R A4 KA 4,

35 °C, VLB 0.2 mL/hy PR A Ny U, O Bt 20 B0 << 0.5x10°% A& 251

9 B. cereus X-68 Wik JFAE Te it tH (a—c) & Te 7E4E PN A B (d—1)

Fig. 9 Tec elution(a-c) and retention patterns(d-f) of B. cereus X-68 pre-reduction column

B ARBE Sy, A U 2 e RE Te (VD) VA Y G 5
UKEh o eSS b, PR T 2 T e gt
Te(VID) i Jit, HLide it 3 Fifl B Ak 45 Rl ik 59 Jon g 42
e, fH R R P NO; 5 i v T B Ao Y
R O8E

(2) TESBHLE P, MUEYARRIEZE T
Te (9 FE W5 U, 1 B AE It 3 4% 1F T A= W 1 AR
IR RE B8 & #5 W3E 0 BELE 00 5 HE v A AR R X
Tc Wi BE 1 fe o, LU 85 R 3K 3 4, T AE R
HIE R

(3) #F— 20 1 WL I AE S 56 R W, BAE W)
T Te [ & P Y 7E Z AR T BA B m e
P, A ] i A B R ATD R R TR B K AR
T TEA E AT, 500 38 J5 7 W) kA P AR T
Bk #e, 22 WA AL R BT S 52 W) Te 18] & 7 W) K A
JH RN R . (HRE B MR, K variicola X-21
A R I8 R ) BB AR YE DL T B cereus X-68, i
7 A [ PR R AE 25 ) Te 3 J5E- [ 5 1) B2 Mk D T A
TE2E 5 o

AT fa s 1 SRR W A 2 2k W)
TR & Xt Te iR AT hy 09 A ) b 3K Ak 7 T 45 4
) WY PR B A T 4 R AR AR I D AR R R i AR
YO HE 2 MR o WIF 5T 45 RN AN TR A B Te 72K
SRR T A I B 5 A SR T SR AR L

RS P Te 35 G 3 i 14 TR A W 48 52 SR i
PRAE T MR T [RE, X R P A
LMV S ek U R B S BN E, ol N
Aib P TR S5 A R BT R I E B 4 it
B 308 o ROR BT SE AT AE M L AL b — 2P RR
PP R . BT AR K2 A R
XF Te 3% 181 58 #1382 0, A i S 1 2 4 3t Jo Ak
B IREAE E TRR RY TH 2 A 4 Bt B o8 o
R S A

5% 3k

[1] Kenna B T, Kuroda P K. Technetium in nature[J]. J Inorg
Nucl Chem, 1964, 26(4): 493-499.

[2] Tribalat S, Beydon J. Isolement du technetium[J]. Anal
Chim Acta, 1953, 8: 22-28.

[3] Chatterjee S, Holfeltz V E, Hall G B, et al. Identification
and quantification of technetium species in Hanford waste
tank AN-102[J]. Anal Chem, 2020, 92(20): 13961-13970.

[4] shiK, Hou X, Roos P, et al. Determination of technetium-
99 in environmental samples: a review[J]. Anal Chim Acta,
2012, 709: 1-20.

[5] Lukens W W J, Bucher J I, Edelstein N M, et al. Products
of pertechnetate radiolysis in highly alkaline solution:
structure of TcO,* xH,O[J]. Environ Sci Technol, 2002,
36(5): 1124-1129.

[6] Burke I T, Boothman C, Lloyd J R, et al. Reoxidation


https://doi.org/10.1016/0022-1902(64)80280-3
https://doi.org/10.1016/0022-1902(64)80280-3
https://doi.org/10.1016/S0003-2670(00)87609-6
https://doi.org/10.1016/S0003-2670(00)87609-6
https://doi.org/10.1021/acs.analchem.0c02864
https://doi.org/10.1016/j.aca.2011.10.020
https://doi.org/10.1021/es015653+

676

Btk Sty HaTE

7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

behavior of technetium, iron, and sulfur in estuarine
sediments[J]. Environ Sci Technol, 2006, 40(11): 3529-
3535.

Michalsen M M, Goodman B A, Kelly S D, et al. Uranium
and technetium bio-immobilization in intermediate-scale
physical models of an in sifu bio-barrier[J]. Environ Sci
Technol, 2006, 40(22): 7048-7053.

Zhang H, Li B, Qian T, et al. Enhanced bio-immobilization
of perrhenate by driving microbial extracellular electron
spectroscopy and DFT
calculations[J]. Chem Eng J, 2025, 505: 159086.

Zhang H, Li B, Liu X, et al. Pyrite-stimulated bio-reductive

transfer:  evidence from

immobilization of perrhenate: insights from integrated
biotic and abiotic perspectives[J]. Water Res, 2024, 262:
122089.

Williamson A J, Lloyd J R, Boothman C, et al
Biogeochemical cycling of *Tc in alkaline sediments[J].
Environ Sci Technol, 2021, 55(23): 15862-15872.

Thorpe C L, Law G T W, Lloyd J R, et al. Quantifying
technetium and strontium bioremediation potential in
flowing sediment columns[J]. Environ Sci Technol, 2017,
S1(21): 12104-12113.

Meena A H, Arai Y. Environmental geochemistry of
technetium[J]. Environ Chem Lett, 2017, 15(2): 241-263.
Tan Y, Zhou G, Zhang H, et al. Effect of drying cracks on
swelling and self-healing of bentonite-sand blocks used as
engineered barriers for radioactive waste disposal[J]. J
Rock Mech Geotech Eng, 2024, 16(5): 1776-1787.

Zhang H, Dong Y, He H, et al. Sorption of cesium on
Tamusu clay in synthetic groundwater with high ionic
strength[J]. Radiochim Acta, 2020, 108(4): 287-296.
Thorpe C L, Lloyd J R, Law G T W, et al. Retention of

9mT¢ at ultra-trace levels in flowing column experiments-

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

insights into bioreduction and biomineralization for
remediation at nuclear facilities[J]. Geomicrobiol J, 2016,
33(3-4): 199-205.

BRACA R A, A AT AR MRk L 725 00 A A 1 P gk
AR SR T (] AR T, 2021,49(1):69-71.

XA I 5 K A ASFREE b A R S =R O 2 A A
ST KR I & 5% 80,2025,11(6):32-8.

Wildung R E, Gorby Y A, Krupka K M, et al. Effect of
electron donor and solution chemistry on products of
dissimilatory reduction of technetium by Shewanella
putrefaciens[J]. Appl Environ Microbiol, 2000, 66(6):
2451-2460.

Lloyd J R, Thomas G H, Finlay J A, et al. Microbial
reduction of technetium by Escherichia coli and
Desulfovibrio desulfuricans: enhancement via the use of
high-activity strains and effect of process parameters[J].
Biotechnol Bioeng, 1999, 66(2): 122-130.

Cherkouk A, Law Gareth T W, Rizoulis A, et al. Influence
of riboflavin on the reduction of radionuclides by
Shewanella oneidenis MR-1[J]. Dalton Trans, 2016,
45(12): 5030-5037.

Gu B, Dong W, Liang L, et al. Dissolution of
technetium(IV) oxide by natural and synthetic organic
ligands under both reducing and oxidizing conditions[J].
Environ Sci Technol, 2011, 45(11): 4771-4777.

Gong J, Li S, Chen S, et al. New insights into the behavior
and biochemical mechanism of microbial Tc(VIl) reduction
via the investigation of electron transfer[J]. Chem Eng J,
2024, 497: 154326.

Law G T W, Geissler A, Boothman C, et al. Role of nitrate
in  conditioning sediments for technetium
bioreduction[J]. Environ Sci Technol, 2010, 44(1): 150-
155.

aquifer


https://doi.org/10.1021/es052184t
https://doi.org/10.1021/es060420+
https://doi.org/10.1021/es060420+
https://doi.org/10.1016/j.cej.2024.159086
https://doi.org/10.1016/j.watres.2024.122089
https://doi.org/10.1021/acs.est.1c04416
https://doi.org/10.1021/acs.est.7b02652
https://doi.org/10.1007/s10311-017-0605-7
https://doi.org/10.1016/j.jrmge.2023.07.025
https://doi.org/10.1016/j.jrmge.2023.07.025
https://doi.org/10.1515/ract-2019-3161
https://doi.org/10.1080/01490451.2015.1067656
https://doi.org/10.1128/AEM.66.6.2451-2460.2000
https://doi.org/10.1002/(SICI)1097-0290(1999)66:2<122::AID-BIT5>3.0.CO;2-Y
https://doi.org/10.1039/C4DT02929A

	1 实验部分
	1.1 试剂与仪器
	1.2 实验方法
	1.2.1 土壤/矿物的前处理
	1.2.2 工作液的准备
	1.2.3 土壤/矿物对Tc（Ⅶ）还原影响的静态实验
	1.2.4 微生物对土壤/矿物固滞Tc（Ⅶ）的动态柱实验
	1.2.5 Tc（Ⅶ）还原率的测试和计算


	2 结果与讨论
	2.1 微生物-土壤/矿物体系对Tc的静态还原-固定
	2.2 动态柱中Tc的还原与固定
	2.2.1 还原柱中Tc的流出与滞留
	2.2.2 预还原柱中Tc的流出与滞留


	3 结　论
	参考文献

