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Ab stract
Bio gas is a mix tu re of ga ses pro du ced by anae ro bic fer men ta tion whe re bio mass or ani mal wa ste is de com po sed and
met ha ne and car bon dio xi de are mainly re lea sed. Bio gas al so has a very high moi stu re con tent (up to 80%), tem pe ra tu -
res of around 60 °C, high pres su re, and can con tain ot her ga ses (N2, H2S, NH3 and H2). We searc hed for an ap pro pria te
mea su ring system for the de ter mi ning of oxy gen in bio gas, sin ce the pro duc tion pro cess of bio gas must be run un der
anae ro bic con di tions; as the pre sen ce of oxy gen de crea ses the qua lity of the bio gas.
Rut he nium (II) com ple xes are by far the most wi dely-used oxy gen dyes wit hin opti cal oxy gen sen sors. In ge ne ral, they
ha ve ef fi cient lu mi nes cen ces, re la ti vely long-li fe me tal-li gand char ge-trans fer ex ci ted sta tes, fast res pon se ti mes, strong
vi sib le ab sorp tions, lar ge Sto kes shifts, and high-pho toc he mi cal sta bi lity. The pur po se of this work was to cha rac te ri se
and op ti mi ze an op ti cal oxy gen sen sor using  tris (4,7-dip henyl-1,10-phe nant hro li ne) rut he nium(II) dich lo ri de com plex
for mea su ring oxy gen. Dif fe rent sen sor pro per ties we re ad di tio nally stu died, fo cu sing on the inter fe ren ce of ex ter nal
light, tem pe ra tu re, and va ri ous ga ses. A spe cial gas-mi xing cham ber was de ve lo ped  for gas inter fe ren ce study, and on-
li ne ex pe ri ments are pre sen ted for oxy gen de ter mi na tion wit hin the  pi lot bio gas reac tor.

Key words: Tris (4,7-dip henyl-1,10-phe nant hro li ne) rut he nium(II) dich lo ri de com plex, oxy gen op ti cal sen sor, in ter fe -
ren ces, bio gas

1. In tro duc tion
The re is gro wing in te rest in the de ve lo pe ment of

new pho toc he mi cal oxy gen sen sors and this trend has
been greatly sti mu la te by the en vi ron men tal pol lu tion
prob lem over the last two de ca des.1 Se ve ral oxy gen-de tec -
tion systems ha ve been re por ted ba sed on re dox ti tra tion,
po la ro graphy or the mea su re ment of che mi lu mi nes cen ce
in ten sity.2–4

When de ter mi ning oxy gen, the clas si cal Clark –
type am pe ro me tric elec tro de, ba sed on the elec tro re duc -

tion of oxy gen on a po la ri zed cat ho de, is still the do mi na -
te oxy gen sen sor.5–6 So me of the li mi ta tions of Clark elec -
tro des are well known, such as the con sump tion of oxy gen
and their re la ti vely long res pon se ti me. The Clark oxy gen
elec tro de is al so li mi ted by the sta bi lity of the elec tro de
sur fa ce and by in sta bi li ties in the oxy gen dif fu sion bar -
rier.5

The re fo re, a va riety of dif fe rent op ti cal de vi ces and
sen sors ha ve been de ve lo ped for mea su ring oxy gen. They
are im mu ne to ex te rior elec tro mag ne tic field in ter fe ren ce
and can al so be pro du ced as dis po sab le sen sors. The lat ter
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two pro per ties are es pe cially at trac ti ve when using the se
sen sors du ring bio tech no logy, and in dis po sab le mi cro-
bio reac tors.7–8 The se op ti cal de vi ces are ba sed on the lu -
mi nes cen ce quenc hing of or ga no me tal lic com ple xes by
pa ra mag ne tic oxy gen.5 Tab le 1 pre sents an over view of
lu mi nes cen ce dyes used for the de ter mi na tion of oxy -
gen.5,7,9–20

In or der to de ter mi ne the con cen tra tion of oxy gen
wit hin a lo cal-small or mi cro en vi ron ment, it is im por tant
that the in stru ments mea su ring area is mi ni mal and easy
to use. In this ca se op ti cal-fi bre sen sors pro ve to be the
most ap pro pria te.21 Con ven tio nal mea su re ment systems
ba sed on elec troc he mi cal met hods are sus cep tib le to se ve -
ral li mi ta tions: they show an in he rent oxy gen con sump -
tion, are inf luen ced by sam ple flow-ra te or stir ring speed,
are cross-sen si ti ve to CO2 and H2S, and fou ling of the
mem bra ne can al so pre sent a se ve re prob lem. Op ti cal sen -
sors do not ha ve the se di sad van ta ges and, the re fo re, pre -
sent a rea li stic al ter na ti ve to elec troc he mi cal met hods.21–23

Op ti cal oxy gen sen sors are al so mo re at trac ti ve than
con ven tio nal am pe ro me tric de vi ces due to their: fa ster
res pon se ti me, high sen si ti vity and se lec ti vity, no oxy gen
con sump tion, no sur fa ce poi so ning, and no po si tio ning of
an ad di tio nal re fe ren ce elec tro de.22 Usually, the op ti cal
film of an op ti cal sen sor (op to de) con sists of an analy te-
sen si ti ve dye and a sup port ma trix in which the dye is dis -
per sed or dis sol ved.24 The most com monly-used are

polycyc lic aro ma tic dyes or me tal com ple xes dis per sed
wit hin an oxy gen per meab le poly mer. Two ge ne ral types
of oxy gen sen si ti ve dyes ha ve been in tro du ced so far. The
first are polycyc lic aro ma tic hy dro car bons and porph yrins
such as pyre ne but yric acid, pery le ne di but yra te, pyre -
ne/pery le ne, 9,10-dip heny lant hra ce ne, de cacy len and te -
trap henyl porph yrin. The lat ter are me tal lor ga nic com ple -
xes inc lu ding rut he nium(II) com ple xes, pla ti num(II) com -
ple xes or porph yrins, pal la dium(II) porph yrins, rhe -
nium(I) com ple xes, os mium(II) com ple xes, gold(I) com -
ple xes, lead(II) com ple xes 11 and an alu mi nium (III) com -
plex.24

Rut he nium (II) com ple xes are by far the most wi -
dely-used oxy gen dyes be cau se the se com ple xes, in ge ne -
ral, ha ve ef fi cient lu mi nes cen ces, re la ti vely long-li fe me -
tal-li gand char ge-trans fer ex ci ted sta tes, fast res pon se ti -
mes, strong vi sib le ab sorp tions, lar ge Sto kes shifts, and
high pho toc he mi cal sta bi lity. Furt her mo re, the long ex ci ta -
tion and emis sion wa ve lengths are mo re com pa tib le with
so lid sta te op to-elec tro nic mo ni to ring tech no logy.23, 25

The quenc hing pro cess of RuII in the pre sen ce of
oxy gen can be ex pres sed as fol lows:

RuII* + O2 → RuII+ O2
* (1)

whe re RuII de no tes the com plex and »*« de no tes its ex ci -
ted sta te. 25

Tab le 1: Over view of lu mi nes cen ce dyes used for oxy gen de ter mi na tion with ex ci ta tion (λexc) and emis sion (λem) wa ve length pre sent.

Dye Sup port for im mo bi li za tion λexc/em (nm) ΦL Io/I100

Pyre ne-1-buty lic acid Poly(di methyl si lo xa ne) 365/396 1.50
Ru(dpp)32+ Si li co ne 457/610 0.50 4.40

Polyst yre ne 457/610 0.50 1.10
PVC 457/610 0.50 3.50
Poly(di methyl si lo xa ne) 457/610 0.50 4.50

Re(I)L(CO)3CN+
L = bpy Si li co ne 250/448 0.59 2.20
L = phen Si li co ne 250/448 0.77 5.40
L = Me4phen Si li co ne 274/462 0.68 41.00
Os(dpp) 32+ Poly(di methyl si lo xa ne) 502/729 – 4.50
Ir(ppy)3 Polyst yre ne 376/512 – 15.30
Pla ti num(II) oc taethyl porph yrin Polyst yre ne 535/646 – 4.50
Pla ti num(II) te tra kis(pen taf luo rop henyl) porph yrin Polyst yre ne 508/648 – 3.00
Pla ti num(II) oc taethyl porp hi ne ke to ne PVC 592/758 0.01 2.00

Polyst yre ne 592/758 20.0
Pal la dium(II) oc taethyl porph yrin Polyst yre ne 546/663 0.12 11.50
Pal la dium(II) oc taethyl porp hi ne ke to ne PVC 602/790 0.01 8.00

Polyst yre ne 602/790 – 28.00
Alu mi num te trap he noxy Pc OH Polyst yre ne 606/705 – 1.00
(dppe)Pt{S2C2(CH2CH2N-2-pyri di nium) Cel lu lo se ace ta te 470/710 0.01 2.50
Alu mi num fer ron Sol gel (TMOS and MTMOS) 380/5/80 – 5.00

Ab bre via tions: ΦL = the lu mi nes cen ce quan tum yield,  Io/I100= Stern-Vol mer plot,  dpp = 4,7-dip henyl-1,10-phe nant hro li ne,
bpy = 2,2-bip yri di ne,  phen = 1,10-phe nant hro li ne,  Me4phen = te tra methyl-1,10-phe nant hro li ne,  t-Bu = te tra buthyl,  
ppy = 2-phenylp yri di ne anion,  Pc OH = phtha loc ya ni ne hydro xi de,  dppe = 1,2-bis(dip henylp hosp hi no)et ha ne,
fer ron = 8-hydroxy-7-io do-5- qui no li ne sul fo nic acid,  TMOS = te tra met hoxy si la ne,  MTMOS = methyl tri met hoxy si la ne.
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The ba sic ope ra tio nal prin ci ple of a fluo res cent op ti -
cal sen sor for mea su ring oxy gen is ba sed on re du cing the
in ten sity of fluo res cen ce (quenc hing) due to the in vol ve -
ment of oxy gen in the dye’s struc tu re. The ca li bra tion of
most lu mi nes cen ce quenc hing-ba sed op ti cal sen sors, re -
lies in es sen ce on the Stern-Vol mer equa tion.26 Ru(II)
com ple xes ex hi bit high sen si bi lity to lu mins cen ce quenc -
hing and the po si tion of their ab sorp tion and emis sion
spec tra per mits the ap pli ca tion of low-cost, so lid-sta te op -
toe lec tro nics for the de tec tion of lu mi nes cen ce in ten sity:
the dyes can be ex ci ted with blue or even blue-green light-
emit ting dio des (LED s) and ex hi bit lar ge Sto kes shift, re -
sulting in the emis sion of oran ge-red light.27 In the past, as
part of the op toc he mi cal de tec tion system for oxy gen, dye
– Ru (phen)3 was in tro du ced for the si mul ta ne ous mea su -
re ment of p H, car bon dio xi de and oxy gen.28

In this pre sent work, dye – tris (4,7-dip henyl-1,10-
phe nant hro li ne) rut he nium(II) dich lo ri de com plex was
used for the pre pa ra tion of op ti cal oxy gen sen sors. The
pre sen ted sen sor in tro du ces man y ad van ta ges: sim ple pre -
pa ra tion and use, ex plo sion-proof se tup, mea su re ments
are pos sib le du ring wa ter or gas pha ses, and mea su re ment
in over or un der pres su re con di tions. Dif fe rent sen sor pro -
per ties we re stu died fo cu sing on the inter fe ren ce of ex ter -
nal light, tem pe ra tu re, and va ri ous ga ses. A spe cial gas
mi xing cham ber was de ve lo ped  for gas inter fe ren ce study
sin ce in the  li te ra tu re the re are no si mi lar systems or stu -
dies re por ted. Fi nally, pre li mi nary ex pe ri ments are pre -
sen ted for oxy gen de ter mi na tion in a bio gas reac tor. Fu tu -
re works will fo cu se te sting the sen sor for oxy gen wit hin
dif fe rent en vi ron ments (bio gas and land fill gas analy sis),
bio tech no logy, and cli ni cal ap pli ca tions.

2. Ex pe ri men tal

2. 1. Che mi cals and So lu tions
All the che mi cals used we re of analy ti cal pu rity

gra de. All so lu tions we re pre pa red with de io ni sed wa ter.
Si li con (Ela sto sil E4, Wac ker), poly mer lyer (Fo lex -
B72,A4), tris (4,7-dip henyl-1,10-phe nant hro li ne) rut he -
nium(II) dich lo ri de com plex (Sig ma Al drich) and met hi -
let hil ke to ne (Sig ma Al drich) we re used for the sen sor’s
pre pa ra tion.

The fol lo wing ga ses we re used for exa mi ning the
im pact of va ri ous ga ses on an op ti cal oxy gen sen sor: car -
bon dio xi de (CO2 99.995%, Mes ser d.o.o.), car bon mo no -
xi de (CO in ni to gen, 2000 ppm, Eu ro-gas Ma na ge ment
Ser vi ces Ltd), ni tro gen oxi de (NO in ni tro gen, 1000 ppm,
Eu ro-gas), ni tro gen dio xi de (NO2 in air, 1000 ppm, Eu ro-
gas Ma na ge ment Ser vi ces Ltd), sulp hur dio xi de (SO2 in
ni tro gen, 1000 ppm, Eu ro-gas Ma na ge ment Ser vi ces Ltd),
am mo nia (NH3 in ni tro gen, 500 ppm, Eu ro-gas Ma na ge -
ment Ser vi ces Ltd), met ha ne (CH4 100%, Eu ro-gas Ma na -
ge ment Ser vi ces Ltd) and ni tro gen (N2 99.999%, Mes ser
d.o.o.).

2. 2. Ap pa ra tus

Op ti cal mea su re ments we re stu died using: Ava Spec-
2048 (Avantes) spec trop ho to me ter, 200 μm op ti cal fi bre
(Avan tes), blue LED dio de (RLS-5B475-S), λem= 477 –
480 nm (Roith ner La ser tech nik), gas mi xing cham ber
(Ec ho d.o.o.) and flow cell (R-Teh ni ka d.o.o.). Ad di tio nal
equip ment used was: AB54-S ba lan ce (Mett ler To le do),
po wer supply GPS-303OD Good will mo del and MST di -
gi tal mag ne tic stir rer (Ika). Mea su re ments of bio gas we re
per for med wit hin a 120 L PVC pi lot reac tor with an ad di -
tio nal tem pe ra tu re sen sor (Vi si daq-Ge nie, Pro fes sio nal
V3).

2. 3. Pre pa ra tion of Tris (4,7-dip henyl-1,
10-phe nant hro li ne) Rut he nium(II)
Dich lo ri de Opti cal Oxygen Sen sors
The sen sor so lu tion was pre pa red from 45.4 mg tris

(4,7-dip henyl-1,10-phe nant hro li ne) rut he nium(II) dich lo -
ri de com plex di lu ted in 10 m L of methy lethyl ket ho ne.
The pre pa red sen sor so lu tion was mi xed on mag ne tic stir -
rer for about 3 h, un til the rut he nium com plex was com -
ple tely dis sol ved. 1.05 g of si li co ne was ad ded to 4 m L of
sen sor so lu tion and the pre pa red mix tu re was stir red for 3
h at 80 °C. Af ter most of the sol vent had eva po ra ted and
the sen sor so lu tion be ca me very ho mo ge ne ous and vis -
cous, it was trans fer re d on to a trans pa rent PVC hol der –
100 μm film Fo lex (Fi gu re 1). Then the pre pa red op ti cal
sen sors we re dried for 48 h at room tem pe ra tu re of (25 ± 1
°C). Af ter dr ying, the op ti cal sen sors we re cut to the di -
men sions of 1.75 cm2 – 15 mm in dia me ter. The sen sors
we re sto red in a dark and dry pla ce be fo re use.

Fi gu re 1: Sche ma tic pic tu re of an op ti cal oxy gen sen sor.

2. 4. Mea su re ment Pro ce du res

A blue LED dio de was used as a light sour ce and
was switc hed on for 60 min to ac hie ve stab le con di tions
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be fo re each mea su re ment. The cur rent through the LED
dio de was con trol led by a po wer supply which ope ra ted at
a con stant cur rent I = 6.35 A, (λ = 575 nm).

A spec trop ho to me ter was used for the analy sis of
ex ci ta tion and emis sion light spec tra. A fi bre con tai ning
six 200 μm op ti cal fi bres was used for trans fe ring the op -
ti cal sig nal, 200 μm op ti cal fi bres we re used for il lu mi na -
tion. Suf fi ciently ex ci ta tion in ten sity and high mea su ring
sig nal was ac hie ved using the se op ti cal fi bres. A com ple te
spec trum from 350 to 1000 nm was mea su red for the ex ci -
ta tion and emis sion fluo res cen ce sig nal.

As a car rier gas ni tro gen was used the cal li bra tions
of the op ti cal oxy gen sen sor we re per for med at 0, 25, 50,
75 and 100% oxy gen con cen tra tions. Se ve ral dif fe rent gas
mix tu res for in ve sti ga ting in ter fe ren ces when mea su ring
oxy gen (CO2, CO, NO, NO2, SO2, NH3 and CH4) (Tab le
2) we re pre pa red with the use of a gas-mi xing cham ber.
Du ring the con stant flow of the car rier, ga ses in dif fe rent
con cen tra tions we re ad ded, and pre ci se gas mix tu res we re
pre pa red wit hin the ran ge from 1.0 to 1000.0 ppm with ±
0.7 ppm ac cu racy (re pea ta bi lity ± 0.15%, the full sca le
inc lu ding li nea rity was from 15 to 25 °C and from 70 to
400 k Pa). Fi gu re 2 sche ma ti cally pre sent the system used
for op ti cal mea su re ments. Sen sor ca li bra tion and in ter fe -
ren ce stu dies we re pre for med using the des cri bed system.

Tab le 2: Con cen tra tions and types of ga ses ex po sed to the op ti cal
oxy gen sen sor.

GAS c (ppm, %)

Car bon mo no xi de (CO) 1000 ppm
Car bon dio xi de (CO2) 50.0%
Ni tro gen oxi de (NO) 500 ppm
Ni tro gen dio xi de (NO2) 500 ppm
Sul fur diox de (SO2) 500 ppm
Am mo nia (NH3) 250 ppm
Met han (CH4) 50.0%

Fi gu re 3 de mon stra tes the po si tio ning of the op ti cal
oxy gen sen sor wit hin the op ti cal pro be, whe re the sen sors
(15 mm in dia me ter) we re pla ced at the end of the pro be
wit hin a flow-through cell. Firstly, the sen sor was ex ci ted
when the blue LED light was be low the 180° an gle. Acar -
rier-gas was sup plied with a flow-ra te of 1.0 L/min at the
top of the flow-cell (the exit was freely ope ned and the re
was no over-pres su re in the mea su ring cell).

Fi gu re 3: Sche me of the op ti cal pro be with the op ti cal oxy gen sen -
sor.

Ad di tio naly, the sen sor was pla ced and po si tio ned
so that the light of the blue LED dio de fal led when the
oxy gen sen sor was un der the 45° an gle (Fi gu re 4). The en -
ti re system was then pla ced in to a black air-tight 40 m L
poly propy le ne con tai ner. The con tai ner pro tects the sen -
sor from ex ter nal light, but had two con nec tors for in and
out-co ming gas. The mea su re ments we re pre for med at
room tem pe ra tu re 20 ± 1 °C and at mosp he ric pres su re of
95 ± 5 k Pa. The inf luen ces of va ri ous ga ses on the oxy gen
sen sor was stu died by chan ging the gas con cen tra tions
wit hin the mi xing cham ber.

Fi gu re 2: System used for op ti cal mea su re ments. Fi gu re 4: Op ti cal oxy gen sen sor, po si tio ning un der the 45° an gle.
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2. 5. Real Time Deter mi na tion of Oxygen in
a Bio gas Reac tor

The aim of this work was to study the di ge stion sys-
tem in a pi lot sca le bio reac tor (120 L) with leac ha te re cir -
cu la tion and p H ad just ment, using green re si due as feed -
stock. The di ge ster ope ra ted wit hin a ther mop hi lic ran ge
(49–59 °C), un der dry con di tions. The sen sor was te sted
in a pi lot reac tor for the de ter mi na tion of oxy gen whilst 
bio gas was pro du ced. The  pi lot reac tor was co ve red with
gas – tight PVC pla tes, sea led with rub ber, and hea ted to
the ther mop hi lic le vel. The tem pe ra tu re was ad di tio nally-
con trol led (55 ± 3 °C). The reac tor was ad di tio nally-in su -
la ted from the out si de in or der to ob via te heat loss. Green
re si due was ob tai ned from the ^is to me sto land fill in Ptuj,
Slo ve nia, and con tai ned wood bio mass, con si sting of tree
and shrub pru nings and old wood. A lar ge part of this
green re si due con si sted of grass cut tings, hed ge trim -
mings, old flo wers, weeds, and lea ves. The green re si due
al so con tai ned food wa ste, mainly raw ve ge tab le and fruit
wa ste-mat ter (the che mi cal feed stock analy sis is shown in
Tab le 3). The feed stock for the reac tor (green re si due) was
chop ped in to par tic le si zes of less than 5 cm, and ad ded to
the reac tor. The reac tor con tai ned 42.5 kg of ma te rial. The
green re si due was first trea ted ae ro bi cally and t hen anae -
ro bi cally. Af ter sea ling the gas-tight lids of the reac tor, hot
air was used (1 h) for reac tor ven ti la tion. In this way, the
sub stra te was ae ra ted and ae ro bic mi cro bio lo gi cal ac ti vity
cau sed an in crea se in tem pe ra tu re. Du ring this ae ro bic
pha se, the tem pe ra tu re reac hed 60 ± 2 °C.

The con cen tra tion of oxy gen was mea su red  wit hin
the up per-head spa ce of the bio reac tor du ring 20 days of
bio gas pro duc tion over ananae ro bic pha se (Fi gu re 5).
Tem pe ra tu re and hu mi dity we re al so con trol led du ring the
bio gas pro duc tion. The op ti cal oxy gen sen sor was con -
nec ted on-li ne to t he spec trop ho to me ter, and the who le
pro cess  was car ried out in dark ness.

3. Re sults and Dis cus sion

3. 1. Tris (4,7-dip henyl-1,10-phe nant hro li ne)
Rut he nium(II) Dich lo ri de Opti cal
Oxygen Sen sor’s Pro per ties
The con cen tra tion of dye –tris (4,7-dip henyl-1,10-

phe nant hro li ne) rut he nium(II) dich lo ri de com plex was
op ti mi zed first. The op ti mal sen si ti vity for the op ti cal
oxy gen sen sor was at 4.9 mg/L for rut he nium com plex
con cen tra tions. In the ca se of lo wer con cen tra tions of the
dye, the op ti cal sig nal must be ad di tio nally-am pli fied–in
ad di tion am pli fi ca tion au to ma ti cally in crea ses the noi se
sig nal of the mea su ring system. Op po si tely, the so lu bi lity
of the dye in met hi let hil ke to ne was li mi ted, when the con -
cen tra tions of rut he nium com plex we re hig her, the re fo re
non-ho mo ge ne ous so lu tions, inc lu ding big ger par tic les,
we re for med re sul ting in an une ven thick ness of the sen -
sor’s sur fa ce. The Stern-Vol mer equa tion26 des cri bes the
in te rac tion bet ween fluo res cen ce in ten sity and the con -
cen tra tion of the analy te. The ho mo ge ne poly me ric ma trix

Fi gu re 5: Po si tio ning of the op ti cal oxy gen sen sor (a, b)wit hin the pi lot bio reac tor (c).

Tab le 3: The che mi cal feed stock analy sis inc lu ding moi stu re, com bu stion re si due, p H, to tal Kjel dahl ni tro gen (TKN), and to tal or ga nic car bon
(TOC).

Moisture (%) Comb. res. (% d.w.) p H TKN (% d.w.) TOC (% d.w.)
Green re si due (in put sub str.) 49± 10 41 ± 3 7.3 ± 1.0 1.5 ± 1.0 19± 2
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di rectly af fects the Stern-Vol mer li nea rity. De fi ning dye
sur roun ding – the voids and poly mer par tic les, is cru cial
for stab le sen sor res pon se, and this is al so the main rea son
why all the  pre sen ted mo le cu les (Tab le 1) are une qually
good in di ca tors for oxy gen. The dec li ne of fluo res cen ce is
al so highly-de pen dent on the dif fu sion and so lu bi lity of
the oxy gen, ad sorp tion the dye in the poly mer ma trix.

A trans pa rent PVC hol der (100 μm film Fo lex) was
used for sen sor pre pa ra tion and has se ve ral ad van ta ges vs.
glass or ot her sol-gel hol ders sin ce it is fle xib le, very easy
to cut and mo dify thus al lo wing pre pa ra tion of dif fe rent
sha pes and areas of Ru-sen sors, and is al so a very ac ces -
sib le low-cost hol der.

Fi gu res 6 and 7 pre sent the sen sor res pon ses to oxy gen
using the des cri bed op ti cal oxy gen sen sors. The sen sor was
ex po sed to va ri ous con cen tra tions of oxy gen at dif fe rent in -
ci dent light an gles of 45° (Fi gu re 6) and 180° (Fi gu re 7). In
par ti cu lar, the im pact an gle of the LED light (475 nm) fal -
ling on to the sen sor’s sur fa ce was stu died, whe re the emit -
ting ma xi mum light was at 596.22 nm. Dif fe rent con cen tra -
tions of oxy gen we re pre pa red wit hin the mi xing cham ber,
from oxy gen and pu re ni tro gen at T = 19°C, p = 98 k Pa, the
ot her con di tions being des cri bed in Chap ter 2.4. Ex ci ta tion
light-in ten sity was con stant, the in ten sity of fluo res cen ce

chan ged  de pen ded on oxy gen con cen tra tion. Fi gu res 6 and 7
ha ve the sa me form, no de via tions we re de tec ted, on both fi -
gu res the lo west fluo res cen ce emis sion in ten sity was at
100% oxy gen and the ma xi mal fluo res cen ce emis sion in ten -
sity at 100% ni tro gen. Oxy gen was in cor po ra ted in to the
struc tu re of the tris (4,7-dip henyl-1,10-phe nant hro li ne) rut -
he nium(II) dich lo ri de com plex whe re it acts as an quenc her.
Sen sor sen si ti vity at the 45° an gle was ap pro xi ma tely 50 ti -
mes  hig her than at the 180° an gle, the in crea se in sen si ti vity
re sul ting from  bet ter dif fus sion in the poly mer la yer and
lon ger con tact ti me at a 45° in ci dent light an gle.

The sta bi lity of the sen sors was te sted and the sen -
sors ex po sed to ex ter nal light sour ce (200–800 nm), T =
20 ± 2 °C for 21 days. Fi gu re 8 shows that the sen sor’s
res pon se de crea ses with ti me when ex po su re to ex ter nal
light. The res pon se of the sen sor af ter 5 days of ex po su re
to ex ter nal light had already re du ced by about 70%, and
af ter 21 days by ap pro xi ma tely 80%. Con stant and long-
term ex po su re of tris (4,7-dip henyl-1,10-phe nant hro li ne)
rut he nium(II) dich lo ri de com plex to ex ter nal light de com -
pos ses the dye, the re fo re the sen sors we re ad di tio nally-
pro tec ted by po si tio ning them in a black poly propy le ne
air-tight con tai ner. Short-term mea su re ments we re pre for -
med using a fre quency-mo du la ted sour ce, and by in tro du -

Fi gu re 6: Op ti cal oxy gen sen sor res pon se for va ri ou s oxy gen con -
cen tra tions (45° an gle).

Fi gu re 8: Ef fect of ex ter nal light sour ce (200–800 nm) to the op ti -
cal oy gen sen sor.

Fi gu re 9: Ca li bra tion cur ve for oxy gen using op ti cal oxy gen sen -
sor (n = 3).

Fi gu re 7: Op ti cal oxy gen sen sor res pon se for va ri ous oxy gen con -
cen tra tions (180° an gle).
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cing re gu lar ca li bra tion of the sen so r in or der to im pro ve
and pro long the li fe-ti mes of the sen sors. Fi gu re 9 pre sent
the ca li bra tion cur ve for op ti cal oxy gen sen sor (n = 3) at
0, 25, 50, 75 and 100% oxy gen con cen tra tions in ni tro gen.
The ca li bra tion cur ve was li near (R2 = 0.9992) wit hin the
who le mea su red re gion (y = 0.0766x + 0.0878).

3. 2. In ter fe ren ce Study of Dif fe rent Ga ses
on Op ti cal Oxy gen Sen sor Pro per ties
The inter fe ren ces of dif fe rent ga ses we re stu died using

a gas-mi xing cham ber and the  des cri bed op ti cal oxy gen sen -
sor. CO, CO2, CH4 and NH3with the cor res pon ding con cen -
tra tions (Tab le 2) whe re se lec ted ac cor ding to their po ten tial
con cen tra tions in the bio gas. Du ring the first step, the who le
spec tral-ran ge was ob ser ved in or der to com pa re de via tions
or any ot her spec tral chan ges con cer ning in ter fe ren ce. NO,
NO2 and SO2whe re ad di tio nal te sted, sin ce their inf luen ce on
the op ti cal oxy gen sen sor can be im por tant for ot her ap pli ca -
tions, alt hough re le vant da ta is ab sent in the li te ra tu re.

Fi gu re 10 pre sents the inf luen ce of CO, CO2, CH4,
and NH3 on the op ti cal oxy gen sen sor. First the sen sor
was ex po sed to 100% N2 (flow = 1.0 L/min) for 2 mi nu -
tes. Then in ter fe ren ce gas was ad ded and af ter two mi nu -

tes of pur ging the sen sor was again ex po sed to 100% N2.
The who le pro ce du re was re pea ted six ti mes. It is evi dent
from Fi gu re 10 that CO, CO2, CH4 and NH3 did not ha ve
any ef fect on op ti cal oxy gen sen sor’s res pon se.

Fi gu re 11 pre sent the ex po su re of NO2 to the op ti cal
oxy gen sen sor. First, the sen sor was ex po sed to 100% N2
(flow = 1.0 L/min) for 2 mi nu tes, then NO2 was ad ded in a
500 ppm con cen tra tion. Af ter two mi nu tes of pur ging with
ni tro gen, the pro ce du re was re pea ted six ti mes (two cycles
we re pre sent). Each NO2 ad di tion re du ced the mea su red
sig nal and the ba se li ne sig nal de crea sed (in the first cycle
by 20% and in the se cond cycle by 25%). The in ter fe ren ce
ef fect of NO in a 500 ppm con cen tra tion, ga ve us the sa -
me re sult. The in ter fe ren ce of NO  and NO2 was ir re ver sib -

le, pro bably re sul ting from the de com po si tion-oxi da tion
of the dye. Furt her stu dies are plan ned for in ve sti gating
the phe no me na, and its mec ha nism.

Fi gu re 12 pre sent the ex po su re of SO2 to the op ti cal
oxy gen sen sor. First, the sen sor was ex po sed to 100% N2
(flow = 1.0 L/min) for 2 mi nu tes, then SO2 was ad ded in a
500 ppm con cen tra tion. Af ter two mi nu tes of pur ging with
ni tro gen, the pro ce du re was re pea ted six ti mes (four cy-
cles we re pre sent). Each SO2 ad di tion re du ced the mea su -
red sig nal by ar round 50% but the ba se li ne sig nal re tur ned
to its ori gi nal va lue. The in ter fe ren ce, com pa red to the
NO  or NO2 ef fect, was dif fe rent and is re ver sib le, re sul -
ting from SO2 in cor po ra tion within the dye, whe re SO2
acts as a fluo res cen ce quenc her si mi lar too xy gen. From
the re sults, NO, NO2, and SO2 pre sent in ter fe ren ce for
oxy gen sen sing but this could be sol ved, in prac ti ce using
on-li ne po si tio ning of com mer cially-avai lab le air fil ters.

3. 3. Ap pli ca tion of a Sen sor Wit hin the 
Bio gas Reac tor

The con cen tra tion of oxy gen was mea su red within
the bio reac tor over 20 days of anae ro bic bio gas pro duc -

Fi gu re 10: The inf luen ce of CO, CO2, CH4, and NH3 on the op ti cal
oxy gen sen sor.

Fi gu re 11: The inf luen ce of NO2 on the op ti cal oxy gen sen sor.

Fi gu re 12: The inf luen ce of SO2 on the op ti cal oxy gen sen sor.
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tion (Fi gu re 13). The exter nal oxy gen con cen tra tion was
20.5%, and the ava ra ge tem pe ra tu re du ring the pro cess
was 54 ± 2°C. When the pi lot reac tor was clo sed, the con -
cen tra tion of oxy gen fell to 16% in one day. The lo west –
0.2% con cen tra tion of oxy gen was mea su red af ter 8 days,
and coin ci ded with an CH4 in crea se. At that ti me the con -
cen tra tion of CH4 was 27%, the CO2 con cen tra tion 61%,
and the N2 con cen tra tion11%. The con cen tra tions of CO
and H2S we re al so mea su red and we re at the 200 ppm le -
vel. The con cen tra tion of CH4 reac hed a con stant va lue
(27%, day 8), the re fo re the bio reac tor was quickly ope -
ned, and the green re si due  sam pled for che mi cal analy sis.
An increa se in the oxy gen con cen tra tion of up to 6% was
de tec ted at that ti me, and was a re sult of ex ter nal oxy gen
im pact. Che mi cal analy sis of the green re si due in the bio -
reac tor af ter 8 days of fer men ta tion sug gests that ap pro xi -
ma tely 13% of bio mass was de com po sed in com pa ri son
to the da ta pre sen ted in Tab le 3. The con stant –0.4% con -
cen tra tion of oxy gen was mea su red af ter 10 days, and up
to the end of the ex pe ri ment. Du ring this pe riod bio gas
was pro du ced with a com po si tion of: CH4(27–30%), CO2
(47–61%), and N2 (11–22%), the con cen tra tions of CO
and H2S being be low 150 ppm.

4. Conc lu sions

Des pi te nu me rous pub lis hed ar tic les, the re are in
prac ti ce still  many un cer tain ties re gar ding the use of an
op ti cal oxy gen sen sor using a tris (4,7-dip henyl-1,10-phe -
nant hro li ne) rut he nium(II) dich lo ri de com plex.

The op ti mal sen si ti vity of the op ti cal oxy gen sen sor
pre sent was at a 4.9 mg/L ruthe nium com plex con cen tra -
tion. The defi ning dye sur roun ding – the voids and poly -
mer par tic les, was cru cial for stab le sen sor res pon se,
whilst the dec li ne in fluo res cen ce was al so highly-de pen -
dent on the dif fu sion and so lu bi lity of the oxy gen, and the
ad sorp tion of the dye within the poly mer ma trix. Sen sor
sen si ti vity was in crea sed by po si tio ning the sen sor at a
45° an gle (it was ap pro xi ma tely 50 ti mes  hig her than at

the 180° an gle), an in crea se in sen si ti vity then re sul ting
from bet ter dif fus sion wit hin the poly mer la yer, and a lon -
ger con tact ti me. The opti cal oxy gen sen sor res pon ded to
0, 25, 50, 75 and 100% oxy gen con cen tra tions in ni tro gen
li near (R2 = 0.9992), throug hout the who le mea su red re -
gion (y = 0.0766x + 0.0878).

The inter fe ren ces of dif fe rent ga ses we re stu died re -
gar ding the op ti cal oxy gen sen sor’s res pon se. CO, CO2,
CH4 and NH3 did not ha ve any sig ni fi cant im pact, whe -
reas NO and NO2 pre sented ir re ver sib le and SO2-re ver sib -
le ef fects– whe re SO2 was, si mi larly to oxy gen in cor po ra -
ted within the dye, as a quenc her.

Fi nally, using ex pe ri ments within the bio reac tor, we
de mon stra ted that the op ti cal oxy gen sen sor is ap pro pria -
te for mea su ring the oxy gen in bio gas. The pre sen ted sen -
sor has the fol lo wing ad van ta ges: it is easy to use and al -
lows mea su re ments in wa ter or du ring ga seous pha ses,
has an ex plo sion-proof se tup, and can do mea su re ments in
wells whe re  ne ga ti ve pres su re or over pres su re of gas are
pos sib le.
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Povzetek
V pris pev ku pred stav lja mo op ti~ni sen zor za do lo~an je ki si ka, ki smo ga pri pra vi li z na no som tri (4,7 di fe nil-1,10-fe -
nan tro lin) ru te ni je ve ga(II) di klo ri da na PVC film. Ob~ut lji vost sen zor ja smo do dat no iz bolj{ali s po sta vi tvi jo sen zor ja
pod ko tom 45°, za ra di po ve~ane di fu zi je ki si ka in dalj{ega kon takt ne ga ~asa, v pri mer ja vi s kla si~no po sta vi tvi jo sen -
zor ja pod ko tom 180°. Op ti~ni sen zor za do lo~an je ki si ka se li near no od zi va na 0, 25, 50, 75 in 100 % ki si ka v du{iku
(R2 = 0.9992, n = 3), zno traj ce lot ne ga kon cen tra cij ske ga ob mo~ja (y = 0.0766x + 0.0878).
In ter fe ren~ne {tu di je pli nov so po ka za le, da pli ni, ki so pri sot ni v bio pli nu ne mo ti jo me ri tev, prav ta ko smo us pe{no iz -
ved li pre li mi nar ne me ri tve ki si ka v bio reak tor ju. Raz vi ti op ti~ni sen zor za do lo~an je ki si ka od li ku je eno stav na upo ra ba,
mer je nje v nad in podt la~nih po go jih ter v pli na stih in vod nih fa zah.


