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The utilization of photo-induced electrons from natural rutile by Fe bacteria

LU Ming, LU An-huai, HAO Rui-xia, LI Yan, YANG Ruo-chen and WANG Chang-giu
(School of Earth and Space Sciences, Peking University, Beijing 100871, China)

Abstract: As natural rutile and Thiobacillus ferrooxidans (T.{f) are distributed widely in nature, they may con-
tact with each other in some cases and cause energy exchange. The authors explored the probability of the uti-
lization of photo-induced electrons from natural rutile by T.f and the mechanism of this process. In the experi-
ment, natural rutile could reduce Fe* to Fe’" under sunlight, the reduction rate reached 101.8 mg/L: 24 h™ !,

and T.f obtained energy by oxidizing Fe?*

to Fe** . Based on this experiment, the authors designed a device
that could capture photo-induced electrons and pass them to bacteria via Fe? " /Fe’ " mediator. In this way, T.{
could utilize energy derived from photo-electron transition. In 96 hours, the strain under photocatalysis reached
a density that was 100 times higher than that of the sample without experiencing photocatalysis. These results
show that photocatalysis can give energy to bacteria and accelerate its growth.
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Fig. 2 UV-Vis DRS of the rutile sample
9K NH, ,SO,
3g K,HPO, 0.5 ¢ MgSO, 0.5 ¢ KCI 0.1 ¢
T CaS0O, 0.01 g FeSO; 7 H,O20 g H,O 1 L pH=
' 1.5 pH
2.0~2.5 Nakasono 1997
pH=1.5
pH
1.5
30C 160 r min
5 mL
200 mL. 9K
10 mL 2
9 30C 160 r min
1 Quanta 200FEG
0.6~1.7 pm 0.3~0.5
1.1 pm
1.1.1 pH 1.0~2.5 25’”350(:
200 70 ~ 80 pm 30C
2003 V,0s 3 3
1.22% FeO 0.39% ZnO 0.35% CuO 0.22% 48 h 72 h
68 x10° mL Fe*t
2003 - 48 ~ 72 h
2004 2015.2mg L: 24 h! 72h  Fe'
2 96 h
1.1.2 1.2
pH 2.2 TiO,



3 215
70 o o 0.8p~—u__
_ 60}
S I
.E sol :] 0.6
S 40 2 0.4}
8 5
'§Q 30 = 02}
F 20
0 0.0l \n
1ok .
0 2I0 4I0 6I0 SIO l(I)O 0 ll2 2I4 3I6 4IS 6IO 7‘2 8I4 9I6
B[] /h B3 7E) /h
3 Fe?*
Fig. 3 The growth curve and Fe?" oxidation curve under the condition T.{ grow alone
FS* Fe?*
4
Ve - - i a ] Fe''/Fe™
Ve e s
4
Fig. 4 Sketch diagram of the experiment device
©®) 5 emX7 am
7 emX 8 cm X 15 cm 12h
9 cm 3 cm Pt Ruosull 213 Pt
nafion 117
12.5 g L 2.5¢g L 300 W Philips
KCl PVC 11 ecm
12 . 5 g L F62 SO4 3 I,Hzo 1
9K 9K 1.3
9 mm? Fe?*
@) 0.54 ¢ H] T 345-
0.06 g 2007 Agilent
30 min @ 3 PIFE HP8453




27

216
1
Table 1 Irradiation intensity of halogen lamp
- pyW.cm 2 mW.cm 2
¢ 320~400 nm 400 nm
336 8 222
11 124 285
16 66 202
21 43 143
26 28 99.7
Q YXKC33 230 V G5
R7s 500 W 9900 300 W 5600 300
nm 760 nm UV-A
Nikon
LV100POL
1.4
1.4.1 Fe* ™
T.f 3
Fe?*
1
12.5g L 2.5 ¢ LKl
2.5 ¢ L
Fe, SO; ; 9 mny Pt
30C
2
PTFE 6:1 300 W
3
PTFE 9:1:1
1.4.2 Fe?*
T.f 3
Fe?*
Fe?*
1
24 h
24 h
9K
3d 0.5mL 9 mm?

30C

2
9K 3d 0.5 mL
9 mm? 30C
3
2
2
2.1 Fe’*
5 Fed*
@) Fet
72 h
Fe?* 17.96 mg L 214.66
mg L 12
72h  Fe' ©) Fe?*
12.62 mg L 115.29 mg 1. @
12.59 mg 1. 114.21 mg L
@ O
250
| ./.
200 _
g 150} ’/
o pd
f i » /n/ﬂ
* = /ﬂ
S .
sof 5 ~— A2t
S eyt L
ilgcuf - BEIR AR
0710 20 30 40 350 60 70 80
B Te)/h
5 Fet
Fig. 5 F&’" reduction by photocatalysis of rutile
24 h
101.8 mg L
Fe?™*
Fe’t

Fe?t



3 217
36 h 415.8
2.2 mg L F&*
Fed* Fe?™*
Fe** Fe3* 3~50 Yunker and Radovich
1986 Nakasono ez al. 1997 Matsumoto et al.
1999 3
Matsumoto et al. 1999
Fel* 101.8
mg L: 24 h! Fe?*
2015.2mg L 24 h!
2.3 Fe?*
7 Fe?*
3 96 h  Fe** 57
9K mg L 2.6%
Fe?* 38.6 mg L Fe?"
2
6 Fe?* Fe?*
58.5
9% h 1 160<10° mL  mg Lz 24h! Fe?* 96 h
2 1.5X% Fe?* 234 mg L 10.8%
10° mL 1%
8%
1
2 1 Fe?*
< Fe? ™ 96 h
é 1720 mg L 80.5% 60 h Fe?*
®
=
)==§
- 2200
024 48 72 96 1800
Bt f]/h - [
7 1400
6 %‘3 [
Fig. 6 The growth curve of T.{ in the device :.: 1000
(S5
96 h 2 600p
1.25X10° mL  2.5%10° mL 200 : . . . .
0 12 24 36 48 60 72 84 96
1 i T/
60 h 60 h -
7 Fe
96 h 20 Fig. 7 Change of Fe** under different conditions
Fedt 6
F62+
24 h Fe?*



218 27

Fez * -1
F€2+ E'z Fn -
F€3+ Fe2+ _ F62+ . _ Fe2+
Fez " F€3 ' - 62 * n—1 n
2.5
Fel*
Fe* - - Fe*" Fet
2.4 Fe?*
Fet
Fe** 9
8
FeS+ \\Fe”
Fe?* \\\\\\\\\
F]'I Fn F?I = A Fez ’ n \\\\\\\\\\\\\\
n F€2+ n F62+ n—1 n Fe
12h n=124h n=2 F,
n—1 n 9
Fe?* . .. .
€ Fig. 9 Principle of the experiment
Fe?*
—o— Y5 &a T HEER 9
2ol —o— MR
& Ve
g 15k \D/D FGSJr FGZJr F€2+
% Fel*
? 10F
& st
v
0 12 24 36 qu‘]'g-]/héo 72 84 96 Fe2+ F€3+
Quatrini 2006
8
Fe?* 10
Fig. 8 The utilization of F&* by unit cell with or
without photocatalysis
Fe?* Fe?t
02 F€2 *
A Fet o,
A FET =A F' — 2003
A Feer n = Fez+ n - F62+ Fe3+ Mn2+ Mn4+
Fez+ n—1 - Fez+ n -
F€2+ n—1 Ez = F€2+ n

- Fe n—1 - Fe' o, - Tanaka 1983 Doong and Schink 2002 Park and



219

\ ile &
\\\\\\\\\\\2 Rutile e}

R

\

N
N 2 Ruile &

10
Fig. 10 A new electron transportation chain model

Zeikus 2003 Fuyuki et al.
2006

2005 Sabina et al.

3 Fe?* Fel®
— — —
References
Andrés Y Gaél B and Violaine B. 2002. Cytochromes C of

Acidithiobacillus ferrooxidans ] . FEMS Microbiology Letters
209 2 189~195.

Appia-Ayme C Bengrine A Cavazza C et al. 1998. Characterization
and expression of the co-transcribed cycl and cyc2 genes encoding
the cytochrome c4 ¢552 and a high-molecular-mass cytochrome c
from Thiobacillus ferrooxidans ATCC 33020 ] . FEMS Microbiol-
ogy Letters 167 2 71~177.

Bengrine A Guiliani N Appia-Ayme C et al. 1998. Sequence and ex-
pression of the rusticyanin structural gene from Thiobacillus fer-
rooxidans ATCC33020 strain J . Biochimica et Biophysica Acta

BBA - Gene Structure and Expression 1443 1~2 99~112.

Blake R C and Shute E A. 1994. Respiratory enzymes of Thiobacillus
ferrooxidans. kinetic properties of an acid stable iron rusticyanin
oxidoreductase J . Biochemistry 33 9220~9 228.

Blake R C Shute E A Waskosky ]

nents in acidophilic bacteria that respire on iron J . J. Geomicrobi-

et al. 1992. Respiratory compo-

Rusticyanin®

Rusticyanin

R s B B | PR I

i 2- N\ 2-
Cyt cOxidase !§\\\\\\\\\02

Cyt cOxidase iN‘I/ZO2
| |

R

\\\\\\\\\\}\%Cyclz'\ I

oyt

ol. 10 173~179.

Bruschi M Cavazza C and Giudici-Orticoni M T. 1996. Biooxidation de
minéraux sulfurés et dissolution de métaux par la bactérie acidophile
Thiobacillus ferrooxidans J . Déchets 4 27~30.

Cavazza C  Guigliarelli B Bertrand P ez al. 1995. Biochemical and
EPR characterization of high potential iron-sulfur protein in
Thiobacillus ferrooxidans J . FEMS Microbiol. Lett. 130 193
~200.

Colmer A R and Temple K L. 1951. The autotrophic oxidation of iron
by a new bacterium  Thiobacillus ferrooxidans ] . ]. Bacteriol
62 605~0611.

Doong R A and Schink B. 2002. Cysteine-mediated reductive dissolution
of poorly crystalline iron III oxides by Geobacter sulfurreducens

J . Environ. Sci. Technol. 36 2939~2945.

Fujishima A and Honda K. 1972. Elect rochemical photolysis of water at
a semiconductor elect rode J . Nature 238 37~38.

Fukumori Y Yano T Sato A et al. 1988. Fell oxidizing enzyme pu-
rified from Thiobacillus ferrooxidans ] . FEMS Microbiol Lett.
20 169~172.

Fuyuki Sato  Makoto Togo Mohammed Kamrul Islam et a/. 2005.
Enzyme-based glucose fuel cell using Vitamin K3-immobilized poly-
mer as an electron mediator ] . Electrochemistry Communications
7 643~647.

Harrenga A and Michel H. 1999. The cytochrome ¢ oxidase from Para-
coccus denit rificans does not change the metal center ligation upon
reduction J . Journal of Biological Chemistry 274 33 296 ~
33299.

He Beiping Wang Zhansheng and Zhang Xihui. 1993. Study actuality
and development of photocatalytic oxidation organic substance with
semiconductor J . Environmental Science 15 3 80~83 in Chi-
nese with English abstract .

Jones R A Koval S F and Nesbitt HW. 2003. Surface alteration of ar-
senopyrite FeAsS by Thiobacillus ferrooxidans ] . Geochimica
et Cosmochimica Acta 67 5 955~965.

KaiM Yano T Fukumori Y et al. 1989. Cytochrome oxidase of an
acidophilic iron-oxidizing bacterium  Thiobacillus ferrooxidans

functions at pH 3.5 ] . Biochemical and Biophysical Research
Communications 2 839~843.

Kai M Yano T Tamegai H et al. 1992. Thiobacillus ferrooxidans
cytochrome ¢ oxidase purification and molecular and enzymatic

features ] . Journal of Biological Chemistry 112 816~821.

Kusano T Takeshima T Sugawara K et a/. 1992. Molecular cloning



220

27

of the gene encoding Thiobacillus ferrooxidans Fe |l  oxidase
J . Journal of Biological Chemistry 267 11242~11247.
Li Ning Lu Anhuai Qinshan et al. 2003. Mineralogical characteris-
tics of natural vanadiferous rutile gestating photocatalystic activity
J . Acta Petrologica et Mineralogica 22 4 332 ~338 in Chi-

nese with English abstract .

Liu Juan Lu Anhuai Guo Yanjun et al. 2003. An experimental study
on the modification of natural vanadiferous rutile by heating
quenching and electron irradiation J . Acta Petrologica Et Miner-

alogica 22 4  339~344 in Chinese with English abstract .

Lu Anhuai. 2003. Mineralogical photocatalysis in natural self-purification
of inorganic minerals J . Acta Petrologica et Mineralogica 22 4
323~331 in Chinese with English abstract .

Lu Anhuai Guo Yanjun Liu Juan et al. 2004. Photocatalytic effect of
nature and modified V-bearing rutile J . Chinese Science Bulletin
49 21  2284~2287 in Chinese with English abstract .

Matsumoto N Nakasono S Ohmura N ez a/. 1999. Extension of log-
arithmic growth of Thiobacillus ferrooxidans by potential controlled
electrochemical reduction of Fe III ] . Biotechnology and Bio-

716~721.

Matthieu N Patrice B Elisabeth L et a/. 2006. Structural analysis of

engineering 64 6

the HiPIP from the acidophilic bacteria Acidithiobacillus ferrooxi-
dans ] . Extremophiles 10 3 191~198.
Nakasono S Matsumoto N and Saiki S. 1997. Electrochemical cultiva-
tion of Thiobacillus ferrooxidans by potential control | . Bioelec-
61~66.

Natarajan KA. 1992. Effect of applied potentials on the activity and

trochemistry and Bioenergetics 43 1

growth of Thiobacillus ferrooxidans ] . Biotechnol Bioeng 39
907~913.

Park D H and Zeikus ] G. 2003. Improved fuel cell and electrode designs
for producing electricity from microbial degradation J . Biotechnol-
ogy and Bioengineering 81 3 348~355.

Pogliani C and Donati E. 2000. Immobilisation of Thiobacillus ferrooxi-
dans importance of jarosite precipitation ] . Process Biochem-
istry 359 997~1004.

Quatrini R Appia-Ayme C Denis Y et al. 2006. Insights into the
iron and sulfur energetic metabolism of Acidithiobacillus ferrooxi-
dans by microarray transcriptome profiling J . Hydrometallurgy
83 263~272.

Rojas-Chapana ] A and Tributsch H. 2001. Biochemistry of sulfur ex-
traction in bio-corrosion of pyrite by Thiobacillus ferrooxidans J .
Hydrometallurgy 59 2~3  291~300.

Sabina T and Shelley D M. 2006. Development of a membraneless
ethanol oxygen biofuel cell J . Electrochimica Acta 51 11
2168~2172.

Tamegai H Kai M Fukumori Y ez al. 1994. Two membrane-bound
Purification and

147 ~

c-type cytochromes of Thiobacillus ferrooxidans

properties ] . FEMS Microbiology Letters 119 1~2
153.

Tanaka K Vega C A and Tamamushi R. 1983. Thionine and ferric
chelate compounds as coupled mediators in microbial fuel cells J .
Bioelectrochemistry and Bioenergetics 11 4~6  289~297.

Taya M Shiraishi H Katsunishi T ez al. 1991. Enhanced cell density
culture of Thiobacillus ferrooxidans in membrane-type bioreactor
with electrolytic reduction unit for ferric ion J . J. Chem. Eng.
Jpn. 24 291~296.

Wu Xian and Zhang Jian. 2006. Geographical distribution and character-
istics of Titanium resources in China ] Titanium Industry

Progress 23 6 8~12 in Chinese with English abstract .

Yamanaka T Yano T Kai M et al. 1991. The electron transfer sys-
tem in an acidophilic iron-oxidizing bacterium A . Mukohata Y.
New Era of Bioenergetics C . Academic Press 223~246.

Yunker S B and Radovich ] M. 1986. Enhancement of growth and fer-
rous iron oxidation tares of T. ferrooxvidans by clectrochemical re-
duction of ferric iron J . Biotechnol Bioeng 28 1867~1 875.

Zhou Shungui  Zhou Lixiang and Huang Huanzhong. 2002. Removal of
heavy metals from sewage sludge by bioleaching ] . Acta Ecologica
Sinica 22 1 125~133 in Chinese with English abstract .

Zeng Jia Geng Meimei Liu Yuandong et al. 2007. Expression pu-

rification and molecular modelling of the Iro protein from

Acidithiobacillus ferrooxidans Fe-1 ] . Protein Expression and

Purification 52 1 146~152.
. 1993.
J. 153 80~83.
.2003.
J. 22 4 332~338.
. 2003.
J. 22 4 339~344.
. 2003. ]
22 4 323~331.
. 2004.
] 49 21 2284~
2287.
. 2006. J .
236 8~12.
. 2002.
J. 22 1 125~133.



