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Visible-light Assisted Sterilization by Porphyrin-type
Organic Photocatalysts

Masahide YASUDA

Abstract

A silica gel-supported dihydroxo(tetraphenylporphyrinato)antimony(V) (Sbtpp/SiO,) could
induce remarkable photocatalytic activity for bactericidal reaction of E. coli cells under fluorescent
light irradiation. Also the Sbtpp/SiO, photocatalyst showed much superior bactericidal activity to the
commercially available TiO, under irradiation by sunlight. Moreover, visible-light irradiation of the
Sbtpp/SiO, catalyst was effective for sterilization of Legionella species in the living environment.
Under the operation of a cylindrical photocatalytic bactericidal apparatus in a cooling tower for 10
days, the concentrations of Legionella species were reduced to less than the detection limit. Also, a
photocatalytic sterilization was conducted with a fountain. The concentrations of Legionella
species were reduced to less than the detection limit 12 days after the Sbtpp/SiO, catalyst was
installed in the fountain receiving sunlight irradiation. The concentrations of Legionella species were
kept at less than an  environmental quality standard for three  months.
Dimethoxo(tetraphenylporphyrinato)phosphorus immobilized on silica gel (Ptpp/SiO,) was
examined for the sterilization of E. coli. It was found that the bactericidal reaction obeyed zero-order
kinetics by analysis according to Michaelis-Menten’s equation. Adsorption of bacteria on the catalyst
is thought to be a key pathway. The Ptpp/SiO, which was treated with tetraecthoxysilane was
applied to the sterilization of Legionella species occurring in fountain.

Thus the sterilization was able to be performed under the visible light irradiation. Silica gel is
most suitable for visible light-driven catalyst support because silica gel is transmitted visible light
effectively and immobilize porphyrin chromophores. Sbtpp and Ptpp had high affinity with
microorganisms owing to their cationic complexes. The bactericidal effect was mainly attributed to
singlet oxygen ('O,) which was generated by energy transfer from the excited triplet state of the
porphyrins to O,.
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Scheme 1. Porphyrin and metalloporphyrin
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Figure 1. Absorption spectra of dihydroxo(tetraphenyl-
porphyrinato)antimony bromide (Sbtpp; dotted line) and
dimethoxo(tetraphenylporphyrinato)phosphorus chloride
complexes (Ptpp; solid line) at Soret and Q bands.
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Table 1. Characterization of photocatalysts

catalyst” Average particle | Contents of Mtpp
size (mm) (wt%)
Sbtpp/p-SiO, 0.04 0.87
Sbtpp/b-SiO, 3.0 0.05
Ptpp/p-SiO, 0.04 0.42
Ptpp/b-SiO, 3.0 0.042
Ptpp/m-SiO,” 3.0 0.085

* Silica gel powder (p-SiO,): 0.04 mm¢, 429 m’g”, BW300,

Fuji Silysia.

Silica gel beads (b-SiO,): 1.7-4.0 mm¢, 306

m’g”, CARIACT Q-10, Fuji Silysia. * Modified silica gel
(m-Si0,) was prepared by the pore-filling treatment of
b-SiO, by (EtO),Si.
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Figure 2. Microscopic absorption spectrophotometry using
confocal laser scanning microscope (CLSM).
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Figure 3. Determination of the amounts of Legionella
species occurring in the living environmental fields.
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Figure 4. A phosophate buffer solution (10 cm’) containing
Sbtpp/p-Si0, (10 mg) and E. coli (6.4x10° cells cm™) was
introduced in L-type tube (A) which was set on a shaker and
irradiated by florescent lamp (B).

Table 2. Bactericidal effect of Sbtpp/p-SiO, under

irradiation of sunlight

Survival ratio (%)”

Time
(min)  Shpp/p-SiO, Ti0,”  Blank ¥
0 100 100 100
10 0 103 99
30 0 83 90
60 0 63 79

a) An L-type tube containing 6.4x10° cells cm™ of E coli and
5 mg of catalyst in phosphate buffer was set on a shaker and
exposed to sunlight. Light intensity of sunlight varied from
200 to 1100 W-m > during 60 min and average intensity was
about 530 W-m . Average temperature of reaction mixtures
was about 30 °C.

b) Survival ratio = 100B/B, where B and B, denote the
amounts of bacteria at given time and initial amounts of
bacteria.

c) HQASI1, Shinto V-cerax Ltd., Japan

d) In the absence of photocatalyst.
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Figure 5. Bactericidal effect of Sbtpp/p-SiO, on E. coli.
O: Dark reaction in the absence of the photocatalyst
@: Under irradiation in the absence of the photocatalyst
A: Dark reaction in the presence of Sbtpp/p-SiO,
A : Under irradiation in the presence of Sbtpp/p-SiO,
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Figure 6. An oval-type of photo-bactericidal apparatus are
consisted of Sbtpp/b-SiO, photocatalyst (A), oval mirror (B),
and a fluorescent lamp (C). Cell suspension was fed from
sample holder (D) to A by pump (E) and the reacted cell
suspension was returned to the holder.

FEEE L CHBR L-ae=—%3#4%& L7,

ARYEIRE EBRORE R (Figure 5), YERRAT T Cfili
RS 2R EARED A L, 40 01212 £ coli 13
EIEWBE LT, FEIRS T3 X OMIBE A AE L WS
WIHHHEEKERIZEALEBD L holeZ v D
Sbtpp/p-SiO, D E. coli 1253 2 Al LR R 20 R A el &
iz, £z, & - fAbE - IR ELS 2
FERAATV, BE RIS X O &k 7 LT
WHZ EEHALMNI LT,



S5, EROT-DIZ 3 O Tio, bl (7%
— R, TR FOEMIEEEY) ds KON Sio, BRICHE
&= Tio, GVt T v 7 2 HQAS1) #H
WTC, RFEOREERZIToI-2E25, VT TIO,
2BV TH 120 53 OEOGAT B T 90%F2 I3 A7 L
THY, Sbtpp/p-SiO, 1% TiO, |2 b~ T A BOEFR B RE /1 A8
BWZ ERENREZ

WA, KB IRE T2 TR HE EBRZ 1T > 72, Table
2 IR TEHIE, ZOERIZEBWTS Sbipp/p-Sio,
TiO, £V bEWHEEIER 2R Lz, £/, FEHlk%E
Hig L TR R (Figure 6) % HV 7ol #
RS & T o7, FMABRAEEEIL, HHAOZo0fR
OB E AT & ROSE ZBLE T 5 2 & T, 8T
HIE LTI I 7 — ORI L CRIGEICENT S
HEIZ Ao T D 2, HEERIREBIK & RV &2 — 0 b R
BICHER L TITo @Rl EBRICE W TS
Sbtpp/b-Si0, D VR E IR R Sz ), £ 2T,
ARG BREEY CORBBE EFERBR BT 2 & & LT,

3.2 £EFRIBBICHEET D Legionella BHAIZHT B
Sbtpp/b-Si0, = kK BRI AIHE

L4 x5 (Legionella pneumophila) 1%, krizirgsk
BOBNEITT, BHDLWEAL AT 4V LDH LY,
FricAR L, MREZRBIESE2WEEMETH 5,
1976 BT AV DT 4 FTF VT 4 THOKRT VT
BAfE S N 7-7E4BE A2 (American Legion) ~D& &
DIRRERAHOBEIEMK ZRIE L, KEFEFEEE 4
— T IS KL D EYE (TERE AN ThD &
Lz &b, ZORRICESTND Y,

L. pneumophila (X¥ECZEFHH 7 — U v 72 U —
HK, MERFEOERAK, WRAIMEESEOHE A
TEHT %, Box OWEKH O L. pneumophila B &EE D FH
HHER (Figure7) IR T X HICRIBDO EH & L HICH
RELS ML, RIR 15°C CRMICBIT 2 /803 H 5,
Z T, AERELICB VKRS ER R <, P
KBOZEFH I —V 72T —BXOERAE K EHE
Brig & U CG®E L, Sbtpp/b-SiO, (2 K 5 Legionella J&
W9 2 R ERE BRI DOV TRET L7,

FAEEBRICERT T, LTERHRABREZ2H W
Sbtpp/p-SiO, fil iz & % Legionella J& & O Al 1R 674 5 =
B DEATo 7, BEERICIE, BIROWEK TOEIEERT
R - H55 S B C Legionella BE 1 AL L HIE S = H D
Z M\ /-, Legionella J&E 10* cells em™ 35 L O

%) o
2 400 |
]
o
(7))
cs/-\
< E300 | o
CU
o O (o3
I
od (&)
_15200
S °
§ 100 | ‘5{
c
< :igii'% $
0 ! ‘
10 15 20

5 25 30
Atmospheric temperature (°C)

Figure 7. Dependence of amounts of Legionella species
naturally occurring in the fountain on the highest
atmospheric temperature.
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Figure 8. Bactericidal effect of Sbtpp/p-SiO, on L.
pneumophila.

@: Under irradiation by fluorescent lamp in the presence of
Sbtpp/p-SiO..

O: Under the irradiation in the absence of the catalyst.

A : Under dark reaction in the presence of Sbtpp/p-SiO,.

A\: Under dark reaction in the absence of the catalyst.
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Figure 9. A cylindrical type photo-bactericidal apparatus (A)
was set in the cooling-tower (B).
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Figure 10. Time-course plots of the amounts of Legionella
species in the cooling-tower along with the atmospheric
temperature ( ® ). The cylindrical photo-bactericidal
apparatus was operated during October 1 to October 21,
2002 under the following reaction conditions: Sbtpp/b-SiO,
catalyst; 4 kg, contents of water; ca. 800 dm3, flow rate; 28
dm3-min’l, and the average retention time; 26 sec.
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Figure 11. (A) Survey of Legionella species found in the
fountain from November 26, 2002 to May 26, 2003. (B) The
bactericidal experiment of Legionella species was
performed using a leaf-type photo-bactericidal apparatus
containing Sbtpp/p-SiO, (80 g) under sunlight irradiation
from May 26 to August 22, 2003. The highest atmospheric
temperature was denoted by ®.
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Figure 12. A leaf-type photo-bactericidal apparatus (A) was
installed in the fountain (B).

Table 3. Elemental analysis of Sbtpp/b-SiO,*

Elements | Beforeuse | After use in fountain

(ppm) for 3 months (ppm)
Al 29 89
Na 67 208
Ca 12 316
Fe 0.2 0.5
Mg 6 79
Sb 80 13

a) Measured by atomic absorption.
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Figure 13. Bactericidal experiment for E. coli in the
presence of Ptpp’/p-SiO, under irradiation by a fluorescent
lamp (O), in the absence of a catalyst under irradiation (L),
and in the presence of Ptpp’/p-SiO, under dark conditions
(A). Reaction conditions were shown as follows: Initial
concentration of E. coli = ca. 1.0 x 10* cells-em™,
[Ptpp'/p-Si0,] = 1.0 g-dm >, light intensity = 21 W-cm ~.

WD Y ATz ToKEEER Y R 7 4 Y (Ptpp’)
BLOWhA R Y WL T ¢ U2 (Ptpp) & HWT
kT B BRI O TR 21T 72 2,
BONT, Ptpp FHEFEEE (Ptpp /p-Si0,) ZFHE L C,
AR R EER 21T > 7=, Ptpp'/p-Si0, (10 mg) BILWN
E.coli 12 (1.0 x 10* cellsem™) Z&de U EREEEHR (10
cm’, pH=7.0) % LFREBREICAN, 3.1ITRLES
1 & AR O J7 1L T AT U O SR A AT o 72,
Figure 13 [Z" 4 22> b o — LR EBROFE R, Alils
TE T CTONIRK GO B TREDEDFED bz,
WIS, AR 1 2 R RS A R 5 72
SR (a), filiiiE: ([C) 22 k38T, WUFRERH (1)
BORFARE (B]) Z2ME L-FEE, B tix L CHE
AN L. £ OEMROME A a3 KO[CHT s L
TNDZENymotz M, 22T, FEERIE TRt
(C) & E.coli (B) BWEEIKAZTEHT % Michaelis-Menten
RO RHERE  (Scheme 2) A {iGE L Cil BERmAVARMT &
1T-7z, Scheme 2 [ZHEx X, BUGHEEE (v) (XB)XT
FKIND, 2T, k1D k1 BEO k2R TH43IC
REWERETDHE, Kn (= kit kdlki) =0 LAUE
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IZXLTOoRTHY, ERFERERD—BZRLTH
%o ZAUZL, Scheme 2 Ol 3 EARTEEAMNIZ K & <

E. coli



ki hv ka
B + C == [BC] —> [BC*] — [D C]
Tk
Scheme 2. Possible mechanism. B: living cells, C: catalyst,
D: deactivated cells.

v=k,[B][a CJ/(Kw+ [B]) (eq. 3)
v=-d[B]/dt = a k,[C] (eq. 4)
[Bo] - [Bl=ako[C] t (eq.5)

HWTHY, EEPMEIRTE L TNWD Z & ER
LTW5d,

BRNELT T DA L RIS, kgAY o
A7 40y (Ppp’) &AWL AR L7223, 7K
R COLEMICHIEN S > 72, 2T Ptpp OfliKEEIE

D7 v N BREEETH D720, SEERS TP LT
W IR EDT-DTHD (Scheme3), £ T, #ilfid
N % FEFRBENE DB A b 22 S Ptpp/p-SiO, O AR Rk
WA RE Uiz, LFPERBRE 2T, SR T
T d L OWERAA(E T, FEAF(E FTOSRMT, E. coli IZxt
§ % Ptpp/p-SiO, DICFREBR DOMR 24T - T &,
PRS- B FEHE TSRO Ca DR R AR L
7= (Figure14), Z D Z L2k, FREICITERES M
R EDRHLMNI R ST,

INGDORERND, HEEDOA = XAiHWQE
TURFE N D ZHEAMR B ~O =3 L F—B#)IC L
E%%%OQ)ﬁ%EL,:Mﬁ%%@%&%#%%
WIZED, EPFERETDHENI AT =R ARHEINT
W OH 7 VAP HARFENER &2 HBT DL nH Z &

/@ution

Ptpp/p-SiO,

Scheme 3. Plausible mechanism for elution of Ptpp” from

the SiO, support
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Figure 14. Effects of oxygen to the photochemical
sterilization of E. coli by Ptpp/p-SiO,. Visible light
irradiated reaction under under an aerobic conditions (@)
and under a nitrogen atmosphere (O). Dark reaction under
an aerobic atmosphere ( A ) and a under nitrogen
atmosphere (D).
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Lo TWNB7®IZ, 33 TRLEEIICA AV EELE
terfikK Otz 7255, diKH O Na, Ca, A A4
& DA AU AT L o T Prpp NLEEST D RIEN B - 72,
ZZ T, TEOSIZKBRT 7 4 U v 7 (2.1 #5HR)
IZ k- T Sio, MALZRLS T 52 & THIHAEHWE
TEOS LERfihE (Ptpp/m-Si0,) % FV THE/KF TSR
TR EAT 572, 3.2 10 LT SERESERR I A Lz KIC
AR TREDZ WK O RGBT 5HET 5 72012,
RIS DGR R R 218 A B L7z,
I/ (B 2 mmé), TEBIZ 44 (24 A a)
PAETLIHEERE Y 2 — (T2 U R EEE 24 cmd,
FéZmlemBAkiU&%)%%tlﬁﬁMI
(e IRy JRAE ] T7) 123V CHRUE L 72,
JLNIZ Ptpp/m-SlOz jﬁ:ﬁﬁ"iﬁi 120 g ZFe L7= (Figure
15C), HfEiflE Y = —id7u—k (SUS #, EEE 14
cm, };é llcm) WEEMRL, EBITKmEIZZEL T
FEhREE0lc7an— ba& ETHEEL, SEDEY 2

HEfey 2 —



Figure 15. A leaf-type module and a float (A) were
manufactured according to a draft (B) and was packed with

Ptpp/m-SiO, (C; 120 g/module). The modules were
connected with floats and five modules were jointed each
other with the attachment to form photo-bactericidal
apparatuses (D) which was set in fountain (E; water
amounts: 255 m’). A picture (F) shows D during the
experiment.
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Figure 16. Amounts of bacteria ([B]) in the bactericidal
experiment using Ptpp/m-SiO, under sunshine in 2005-2006
() in comparison with [B] for experiment without the
photocatalyst in 2004-2005 ( 0 ). The atmospheric
temperatures were donated by A for 2005-2006 and O
for 2004-2005. The bactericidal apparatus was installed at
mark (V) and removed at mark (V).
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Scheme 4. Visible light-assisted sterilization was proceeded
according to the following steps.

(D Bacteria is adsorbed on SiO,.
@ Mtpp liberates from SiO, and adsorbs inside
bacteria.
® 'O, is generated under irradiation of to Mitpp
damage the bacteria.
@ Mtpp is adsorbed on SiO, again.
Bt
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