'CHAPTER 3
- The Measurement of Natural Hydrogen Sulﬁde and Sulfur Dmxule
Emlssmn from Agrlcultural Soil and Volcamc Gases at Mt. Aso .

3.1. Abstract

' Agncultural _soi.ls__.are, thought to iﬁlpor.tantv souf(;e’s of sulfur gases to the etmosf)here.
Emission of sulfur dioxide and hydrogen sulfide gases from model agricultoral was
investigated. Emission was investigated from model agricultural field with ans without
fertilizer. Emission variability also observed with respecf to soil physical conditions. Mean
emission rate as SO, and H,S from the four different model fields were 23, 98+14.17 and
2.07£3.46 (w1thout fertilizer), 29.39£14.25 and 2.09+4.14 (natural fert111zer) 7. 81£5.05 and
2.09+3.98 (chemical fertilizer), 9. 02i7 83 and 2.63+4, 57 pgS m? h? (mlxed fertilizer)
obtained. Very fluctuation of SOz emission was observed compare to the emission of HS.
IS(.)Z emi.ssiovr.l was significantly influenced by the soil physical properties e.g-._'seil,: moisture
content and soil surfé.ce'temper'ature. Significant emission was oBserVed ﬁom this kind of

agricultural field, although, the mechanism of emission is not clear.

3.2.. Introduction _

Interest and research in volatile sulfur compounds have developed rapidly during the last
( . decade because of their reported - contribution to air pollution, climatic effects and
precipitation chemistry."” In bibgeocherhistry, the sulfur cycle is one of the most complex
cycles because oxidation of sulfur varies between - 2 and + 6 and there afe a large variéty of
organic and inorganic species. Large uncertainties remain concerning fhe chemical species
and the magnitude of natural emission of sulfur gases into the atmosphere. Sev'erai authors
reported about sulfur emission from natural sources e.g. wet land, marine tidal flat, soil and
vegetation, rice field, sea water etc. However, the reported rates of sulfur gas emission span
several orders of magnitude; which creates- a large uncertainty in the g}oba.l atmosphenc
sulfur budget.*’ v ‘ |

Currently recognized sources for atmospheric sulfur dioxide are volcanism, biomass
burning, smelting of sulfidic ores, burning of fossil fuels, and atméspheric oxidation of
biogenic, volatife organic sulfur compounds, emitted from oceans, soils and vegetation. Soils

have long been recognized as SO, sinks,” However, the possibility. of SQ, emission from
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these soils has been questioned because they are generally moist and SO, is extremely
soluble.” Macdonald ef af., ® reported that acid sulfate soil can emit SO, directly to the
atmosphere. In our previous study (Chapter 2), we observed that marine tidal sediment can
emit SO, to thé atmosphere even the neutral kind of sediment. There are a few work has been
done on the emissi,c}n of SO, from the soil. All over the world it has huge amount of
cultivated land. Sulfur gases are generated in the sediment through complex chemical and
- bio-chemical processes during the decomposition of organic matter and sulfate reduction.”"
The aim of this work was to investigate the emission of SO, and H,S from the agricultural
soil and their inﬂuencihg factor e.g. soil water content, fertilizer soil surface femperature and

also from active volcano Mt. Aso.

3.3. Materials and Methods
3.3.1. Preparation of Agriculture Field and Measurement of Soil Properties

Five different 'gafden were prepared depend of fertilizer addition for the investigation of
effect of fertilizer on emission. The agriculture fields were prepared in the Kumamoto
University garden on May 12, 2005 and after one week the emission measurement were
started. The garden was watered two/three times in éW‘e‘ek. The paddy field was watered
every day at the first two weeks such that the garden was flood with 3-5 cm depth water
level. From third week the rice field was watered as same way but twice/thrice in a week. The
soil moisture content was continuously observed by using a pF meter. pF a unit formerly used
in agricultural science to measure "soil suction” or soil moisture tension. Soil moisture
tension is the pressure that must be applied to the moisture in the soil to bring it to hydraulic
equilibrium with an external pool of water. This was measured in pF.units as the logarithm of
the press;‘ure in centimeters of water. Temperatures of the soil surface, sample air and the

instrument inside were monitored simultaneously with platinum temperature sensors.
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Table 3.1.
Types of agriculiure garden for smission measurement

Nang Area Kind of fertilized added  Plant of vegeiéﬁan v
Garden 1(G1) Imxim No fertilizer added Egg plant and patchy grass
Garden2(G2) 1mxlm Natural(7Tkg) 'Egg plant and patchy grass
Garden 3 (G3) 1mx1m Ammonium Sulfate (1 | Egg plant and patchy grass
Garden 4 G4 1mx lm Ammonium Sulfate (1 _ Egg blant and patchy grass.

' e : kg) and Natural (7kg) - ) o
Garden 5 (G5) 1mx1m No fertilizer added Paddy field

3.3.2. Dynamic Chamber Sampling System for Soil Emission and Instrument for
- On-Sité Measurement

~The instrument described in the section 2.3.3 was used for on-site measurement of gases.

The instmmént was calibrated with standard gas before and after the measurement campaign.

A chamber made of polypropylene 21 cm w x 28 cm d x 9.5 cm h (sampling surface area

0.0588 m?, volume of the chamber 5.8 I), and had two ports for air inlet and- outlet was used

for emission measurement. The system carried to the garden and emission was measured in

daytime. A Nafion dryer was attached to the sampling chamber outlet to remove the moisture

from the sample air. The chamber was placed on the soil surface and continuously measured

the emission for 10 min, before and after the surface measurement the ambient concentration

was measured. During the atmospheric gas measurement, the chamber was removed from the
soil surface to avoid heat condensed in the chamber. The emitted gas concentration was
calculated by subtracting the ambient concentration from the chamber gas concentration.
Sulfur emission rate was calculated according to the equation 3.1 using the chamber gas level
and chamber surface area. Mobile campaigns were conducted for measurement of SO, and
H,S concentration in the volcanic gases at Mt. Aso. The gases was measured by walk around
the crater and mounted the instrument on the bank of the crater lake. When computer was
used for operate the instrument Gas Analyzer software was used for controlling the
calibration and measurement mode, data acquisition and data processing. Figure 3.2 shows

the flow chart of operation and window of Gas Analyzer software in the computer screen.
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Figure 3.1. Sampling/measurement system for Simultan'eous measurements of H,S and
SO, emissions at soil. HP: heating pads, F: inlet filter, 3SV. three-way solenoid"valve, IC:
iodinated activated charcoal/sodalime column, OC: oxalic acid column, FM: flow metér, B:
flow buffer bottle, P: air pump, PC: pressure control circuit, PS: pressure sensor, C:
miniature compressor, RB1: FMA reagent bottle, RB2: H,S04/H,0, reagent bottle, V: stop
valve, LFR: liquid flow restrictor, FD: fluorescence detector, CD conductivity detector, WB:
waste bottle, DS: diffusion scrubber with porous polypropylene tube, PF: paper filter.
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Figure 3.2. Program for system control, data acquisition and data processing. Flow chart of

the operation procedure (above) and display in the computer screen (belbw).,

The carbon dioxide concentratiom was also monitored simultaneously by a CO, monitor
(Model RI-215A (Type-2000-A), Riken Keiki, Japan) in the sample air, since CO, interfere
the SO, measurement. Agricultural soils emit significant amount of CO, to the atmosphere.
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In our measurement soil emitted CO, level was 50 to several hundreds ppmv; To investigate
CO; interference 50-1000 ppm standard CO; gas was tested by the instnmient used for soil
| emission measurement. Negligible interference was observed if CO, level below 200 ppm
Dunng the calculauon of SO,, the correspondmg CO, response ‘was subtracted from the
instrument response for SO,. Ammonia also interfere the measurement of SOZ. Since soil
emit ammonia, to avoid interference from ammonia oxalic acid column (OC) was used in
front of 't'he SO, collecting sempling line. Interference from nitrogen dioxide was also
investigated. Figure 3.3 shows Ithat interference from NO, was negligible. The measurement

was performed during May to September 2005.
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Figure 3.3. Response of fluorescence and conductivity signals to SO, and H,S.
NO, did not interfere and NHs interference was eliminated by oxalic acid (OC)
column. Flow rates of the absorbing solutions and sample air were 160 ml min™ and

0.70 I min™, respectively.
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3.4. Results and Discussion
3.4.1. Measurement of Gas Emission from Soil
The atmospheric level of gas concentration was méasur’ed before and after tlte't:hamber gas
measurement. The chamber gas level was 1ncreased due to emission ﬁom soil. Ermss1on
rates, E, in ngS m>h™ were determined from these increases in the gas concentrations (AC
ppbv) in the sample air conﬁned by the chamber with the area of “A” m? and the total air
.samphng rate (F, 1 min™ ‘asthe standardlzed flow at 0 °C and 1 atm): S
E=321x10°(ACx 10 NOOF) /2244 ..occce..... ....... (3.1
AC for H,S was estimates as AC= Cy -Cy4, where Cy is the concentratiotl of g_aées in the
chamber and C, in the atmosphere, And for SO, was estimated as 4C= C;; '_;(CA.+ C,), where
C; is the concentration of SO, cotresponds to concentration of CO; level increase in the
chamber gas. Figure 3.4 shows that the typical response for gases in the chamber and
atmosphenc concentratlon level. The surface was measured at least 10 min to get the

saturation level.
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Figure 3.4. Typical response for gases H»S, SO2and CO; level in the atmospheric
and sampling chamber. The chamber gas was measured at least 10 min to get the

saturation poi'nt.
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3.4.2. Effect of Fertilizer on Emission of Gases

There was a negligible trend of emission observed with time during the measurement -
period (May to September 2005) The estimated emission rate of sulfur as HS and SO, in
five different gardens of No fertlllzer with natural fertﬂlzer chemical femhzer mixed
fertilizer and paddy field without fertilizer are shown in Figure 3.5 G1, G2, G3, G4, G5.
Tabie 3.2 shows that, the average emission rate of sulfur, as SO, during the measurement
period, was observed highest at the garden 2 (naturel fertilizer content) 29.39+14.25 ug§ m’>
h'l“afnd lowest at the garden 3 (chemical fertilizer content) 7.81+5.05 pgS m™> h?. Mean
emission as SO, at garden 1, which contents no fertilizer, was higher than that of both garden

3 and garden 4 that content chemical and mixed fertilizer respectively..

l1¥;iaezl: guzlfur flux in each garden as H,S and SO, during the measuring period.
Garden type - Emissionrate (ugSm~h™) Fertilizer added
H>S : SO,

Garden1  2.0743.46 2398: 1417 No
Garden 2 . 209+414 2939+ 14.25 Natural
Garden 3 - 2.09+3.98 7.81 + 5.05 - Chemical )
Garden 4 2.63 £ 4.57 _ 9.02 + 7.83 Mixed (N atufal,

' o | | {fhemical) 7

Garden 5 1.51*#=% nd* No

*Not detected **Measurement was performed two times

Although both the organic matter and chemical fertilizer are the sourees of sulfur to the soil,
the reason of higher emission rate in the garden 1 and 2 was not clear here. The low emission
rate in the chemical fertilizer content garden 3 and 4 compare to non chemical fertilizer
conteht garden 1 and 2 might be due to the content of ammonium ion and which might
trapped SO,. According to the reported mechanism, acidic condition is required at the
interface to emit SO, by the soil. In the paddy field low emission of HpS was observed
compare te the other field (Table 3.2) and SO; emission was net detected. Durmg the paddy
field preparation the surface soil was removed to create about 10 cm depth lew _laﬁd and no
fertilizer was added. It is infer that the paddy had deﬁeiency_ of sulfur containing organic
compounds. Low biodegradable organic matier content iﬁfhe paddy field might be the reason

of low emisston.
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Figure 3.5. Emission of H,S and SO, with garden age, soil moisture tension (pF),
rain fall (The rain fall data was obtained from online source of J'apan-MetroIogicaI
Agency, www.data.kishou.go.jpletrnfindex) and soil surface ’tei'nperature.
Measurement was performed in May to September, 2005. Day “0" is the garden
preparation day. |

3.4.3. Effect of Seil Moisture Content and Atmospheric Weather Condition on
Emission
The fluxes of sulfur were investigated with respect to soil physical properties. According to
the definition of pF, there is an oppésite correlation between soil pF valué and soil water
content. Figure 3.5 shows that, the lowest pF value was observed during the rainy period

when the soil was saturated with water. There were some sudden fluctuations of pF value
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observed in the dry period (Figure 3.5) that was due to watering the garden. During the
measurement campaigns rhe weather was sunny and the soil surface was dry except in June
30, 2005 measurement campaign (at day 48 of the garden ege), in that day the weather was
cloudy and the soil surface was moist. In the day 48 of the garden age there was rlo SO,
emission observed at all of the four gardens. Figure 3.5 shows that significant emission
variability was observed with soil surface temperature and soil water content in all the four
gardens. Pa.rticularly,'the drastic emission variability of SO, was observed with respect to soil
surface temperature and soil water content. Highest emission rate of SO, was observed in the
day 35 of the garden age in all the four gardens, when the temperature of the soil surface was
increased and the soil contents least amount of water. Bates ef al'” reported that soil physical
properties (e.g. soil surface temperature) are more significant for biogenic sulfur emission
than the badeﬁal activities. In the present investigation, also observed that both SO, and H,S
emission was varied with physical properties of -the soil, The eirrissions of biogenic sulfur
gases from soil are closely correlated with témperature". P eur 'experinmnts; the emission of
sulfur gases at higher temperatire was higher than at lower ‘remperature (Figure 3.5). Figure
3.5 shows that the fluctuation of SO, emissiorr was very high compare to the emission of HZS.
High reactivity and solubility in water of SO than that of H,S might be the reason of high
emission tiuctuation. ‘L'here are various mechanisms proposed depending on the sediment and
soil chargcteristics for the generation and emission of sulfur gases. In our pervious wezd}‘r we
‘estimate mechanism for generation and emission of H,S and SO, trom marine sediment

: \1 rgur«l 8 Che apier )

3.4.4, Giebal Implications to Sulfur Emission

"“ab!eS 2 shows that the mean sulfur emission as HZS and SO, from the reported model
agricultural soil w1th the area of 1m®. According to the Food and Agricultural Organization
(¥AO) online database source (WWW faostat.org/faostat/collections) about 4.97 x 10° m?total
agnc*.x.tural lands used in the world in 2003. Altho gh there are 2 large uncertainties in the

emission rate bur it couid be infer that huge amount of sulﬁ:.r emitted to the atmespnere from
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measurement was conducted by walk around the crater (Figure 3.62). In Feb. 2004 the
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measurement was conducted by mounted the ihstrumeni on the edge of the cratere (Figure
3.6b). Concentration of gases in the measurement of Oct. 2004 was much hlgher than that of
Oct. 2003 due to the hlgher volcanic act1v1ty ' ’

Conceqtration of 802 (ppbv)
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Figure 3.6. Mobile campaign data obtained around Mt. Aso crater. In (a) the gas

levels are plotted on the map of Mt. Aso crater. Black lines indicate the rout we walk

around with the instrument, and red and blue lines are SO; and H,S gas levels.

Data (b) was obtained by mounted the instrument on the crater edge"without moving.
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3.5. Conclusions

The result obtained through this investigation about sulfur emission from the model
agricultural field was not so low compare to the emission of some marine sediment. Although
the fluctuation of SO, emission was very high but in dry condition emission was significant.
Both gases were emitted even from the garden without fertilizer. The low emission rate of
SO, from the garden with chemical fertilizer was not clear. Due to the wide range of
oxidation states of sulfur and the variety of sulfur compounds with carbon and oxygen we are

a long way from understanding sulfur chemistry in natural systems
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CHAPTER 4 .
On-site Measurement- of Methyl Mercaptan and Dimethyl Sulfide by Single‘

Column Trapping/Separation and Chemiluminescence Detection

4.1. Abstract

Simple and automated method for measurement of methyl mercatan and dimethylsulfide
has been investigated. These two are the most odorous amoﬁg the sulfur gases. The collection
and subsequently separation are performed with a single short column packed with silica gel
adsorbent without any additional separation column. CH3SH and DMS are separated
according to their desorption temperatures and introduced into a chemilumirniescence cell in
the same order. These two gases are detected based on the strong chemiluminescence reaction
with- ozone: Linearity of calibration curves with this system is advantageous compared to
flame photometric deiector. The total system, including a small cylinder for the carrier

nitrogen, can be set in a carriable box. The instrument is applicable to breath odor analysis.
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coitinuous measurement of room air could be performed with this
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instrument. During continuous three days toilet air analysis, it was observed that the sulfur

gases level increased aflei becoming dark. The sulfur gases in ppbv level are successfully

measured without any big interference and complicated experimental procedure.
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Preserice of volatile sulfur compounds (VSCs) in waste gases deserves special attention due
o their veiy low odor threshold value (for meihyl ﬂ-""-apt-‘ i 0.4 ppb), high ioxicity aid
potential corrosive effect.'” The m monitoring o f VSCs is important for natural nvuonment
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VSCs. ' Mothylmercaptan, CHRSH, shows independent association with noticeable oral
malodor and more useful marker than H.S.'® Odors of CH;SH and DMS are heavier than that
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during the last decade. Exhaled levels of sulfur containing compounds are elevated in liver
failure and allograft rejection.’’ Looking at a set of volatile markers may enable recognition
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sampling and analysis and a lack of normalization and standardization, huge variations exist

between results of different studies: This is among the main reasons why VSC breath analysis

could not yet been introduced into clinical practice.!’
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their highly adsorptive, reactive and volatile properties. The VSC analyses require
* preconcentration because most substance concentration in environmental and breath sampic
fall in ppbv—pptv. ranges.. Adsorption on solid adsorbents, such as Tenax and f3,//-ODPN,
and subsequently measured by gas chromatography with sulfur selective detecior e.g. flame
photometric detector, GC-FPD; > GC-PFP is common practice for -VSC:detenninations.
GC-MS is also popular recently for VSC analysis®' sometimes combined with three-stage
cryogenic trapping system to reduce suffering from huge amount of CO, present in the breath

air ** Solid phase microextraction (SPME) is also one of the strategies to sample the volatile
sulfur gases.**™ '

The light emitting species is generated not only by the reducing flame in FPD but also by
the reaction with ozone. Consequently, VSCs can be detected by chemiluminescence
measurement. The chemiluminescence spectrum extends from 280-400 nm and is centered
around 360 nm.*** Kelly ez al.*” combined a commercial NO chemiluminescence instrument
with GC to obtain chemiluminescence chromatogram for VSCs. Sulfur chemiluminescence
detector (SCD), based on conversion into SO in a furnace and ozone induced
chemiluminescence, have become one of the most powerful tools to analytical chemist.’™**
The first step needs high power and high temperature conversion with Hf' ? to obtain nearly
equal sensitivity on a per mol of sulfur basis.> However, even without any pretreatment,
CH3SH and DMS directly give significant chemiluminescence signal by reaction with ozone.

The possible mechanism of chemiluminescence reaction with ozone is complicated and
multi step. The first step of the reaction is not identified but, electronically excited SO, is
identified as a light emitting species and that is generated by the reaction of SO with ozone.
According to the earlier investigation, SO may be generated by the reaction with sulfur gases
through a complex reaction .The final steps in the mechanism of ozone/sulfide

‘chemiluminescence are

Sulfur gas + O3 — SO +Products ......................... e, @.1)
SO+03—>S0*+0,....... PP 4.2)
SO = SO0 F AV e, (43)
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On-site measurement is ideal for VSCs analysis due to their lack in stability. No instrument is
currently available for automatic measurement of VSCs to the best of our knowledge.”* We
have already developed a diffusion scrubber based instrument for continuous H,S

353¢ and applied it to volcanic gas measurements®’ and gas emission analysis at

measurement
tidal flat sediments.”® CH3SH and DMS are more important odorous species than H,S as |
mentioned above. That system has been modified to measure CH3SH by using two kinds of
membrane scrubbers.” However, that is ipdirect CH;3SH measurement, and the sensitivity
and reliability were not satisfactory' for CH:;SH. Here, a new method is preéented for
determination of ﬁe major odorous_ sulfur cbmpoun_ds, CH;SH and DMS. Thjé is based on a
simple trap/separation system and gas-phase chemiluminescence measurement.
Preconcentration and separation of gases is performed with the same column. The instrument
is,oompact and fieldable. The present method allows on-site analysis of CHsSH and DMS at

ppb levels and is &pphcub}c to odor micasurcment - and breath analy ysis.

4.3. Experﬁmeﬁit&i
4.3.1, Trapping/Separation Column
A single column was used for both trapping and separation- of sample gases. MTO-
yavidson silica gel {grade 12, 60/80 mesh, Supelco, Bellefonte, PA) was packed in a muilite
ceramic tube (2 mm id x 3 mm od x 20 cm, NewMulhte@, Nikkato Co., Osaka, Japan) with
silanized quart‘z-wocl plugs in the ends. The effective adsorbent bed was 14 cm long. A
nickel-chrome wire (¢ 0.2 mm x 35 cm, 15 Q) was coiled around the ceramic tube as a heater.
The heater was covered with glass wool and aluminum tape together with a thermocouple.
The column temperature was regulated by a programmable temperature controller (ESAK-
TAA2TD, Omron Co., Kyoto, Japan) with applying 30 V AC to the heator viz a solid-state
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(851-20-30, Suruga Seiki, Shizuoka, Japan) and a sphencal 01ass plate (¢ 21 mm x t 2.5 mm)
were placed at fhe window of the reaction cell and fixed with o-rings. The tra.nsmlssmn of the
glass plate was tested since the ozone/sulfide chemiluminescence emitted in the UV region.
Figure 4.2 shows the emission spectra of DMS, % transmission of glass plate, and the
- photomultiplier tube (PMT). , -

Light generated in the reaction cell was detected by usmg a PMT (R3550A, Hamamatsu
Photomcs, Hamamatsu, Japan) placed at the window of the reaction cell. High voltage (HV)
was applied to the PMT from a miniature HV supplier (OPTON-INC-12, Matsusada
Preeision, Kusatsu, Japan), which was powered By 12 V DC. The PMT voltage was adjusted
to be 830 V to optimize the signal-to-noise ratio. The PMT current was converted into
' Qoltage with amplification factors of 0.1 V/nA (with 100 MQ). The signal was amplified in
the main circuit board 10 times and 100 times for wide range and high Seﬁsitivity
determinations, respectively. |

Sensitivity of the detection system was investigated by directly introducing the standard
gases to the reaction cell. The reduced sulfur gases which are most abundant in the natural
-atmosphere and pollution sources were tested. Ozone induced sulfur chemiluminescence
detection system has potential interference from nitric oxide and some alkenes. Nitric oxide
and isoprene most common in the human breath were tested as interference. Table 4.1
represents the response of the detector for most common VSCs and other gases. Methyl

mercaptan and dimethyl sulfide was highly sensitive compare to the other gasess.
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PMT holder
PVC reducing union
25A x 20A

Glass plate

¥ . 3
O-ring P21

1/8"-1/4" reducer ‘1/4"-3/8" reducer
(Bored through)  (Bored through)
with P3 o-rings with P6 o-rings

Optical lens

Cell ¢ '
Quick flange tube ) ‘:P‘;er.
KF 25 cylinder

Figure 4.1. View of inside the reaction cell the reaction cell window -, construction
diagram of reaction cell and connection tubing. The 1/8” and 1/4” stainless steel
tubes were fixed at the reducers with o-fings, so that positions of the tubes were
adiustable. A small Teflon tube (AWG 24) was inserted in the entire 1/8” tube to

minimize the volume batween the frapning/senaration column and the cell,



Relative intensity/Sepsitivity/T ransmission .

a ~===Relative intensity of

DMS,

——Relative sensivity of

PMT

. ——=Rélative transmission

of glass plate
Relat. intensity
Isoprene

300 350 400 450
Wavelength (nm)

600

Figure 4.2". Relative sensitivity of PMT, relativé transmission of the glass plate used

at reaction cell window, relative emission spectra of DMS and Isoprene.
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Cylindrical copper sheet for magnetic shield

- PHOTOCATHODE PMT R3550A ANODE
. ( 4 .
\_ PMT Socket B578-14C T j
Dyt _Dy2 DYs Dva _DY65 Dy _Dy7 _DY8 _DYS DYi0
i °
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HV output
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HV: OPTON-INC l
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DE1B-5P-2'5DSA

Printed board

Figure 4.3. Circuit diagram of the PMT output signal processing and amplification.
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Tabie 4.1. Sensitivity of the deteetor 10 common VECe and sompounds 19stsa
for interference normalized te DRES.

Compound Cone. tested for Response Relutive
sensitivity (ppbv) _ (Volt) -Response to DMS

DMS 10 3455 T 1.000
CH3SH it ‘ ) 5.260. - ' i.522
H.S s0 0.695 | 0.040
cos 100 © 0.530 0.015
CS; w0 1,175 0.034
NO- 1000 0.193 | . 5.594x10”
Isgprene o413 0.349 0.002

4.3.3. Instrumentation and Measurement Procedure

Measurements were performed using a system schematically shown in Figure 4.4. lSample
was aspirated by a diaphragm pump (DA-55, ULVAC) and was normally by passed via a
dummy column, DC1, which was filled with the silica gel as same as the trapping column to
maintain the ;-)reSSure constant in the flow syétem. When fhree—way solenoid valves (TV3 07’:-

6G-01, SMC, Tokyo, Japan) were activated, the sample passed through the trapping column

“at 200 mL/min, while the carrier gas (nitrogen) went through a dummy Teflon column, DC2.

After the sampling (typically 5 min), the three-way solenoid valves were switched to go to
the measurement mode where the carrier flowed at 25 mL/min through the trapping column
in the same direction as the sampling. In the first 1 min of the measurement mode, the

column temperature was kept at room temperature to remove the remaining air completely.

- Then, the column was heated to desire temperature stepwise at with constant carrier flow to

purge the target gas to the chemiluminescence cell . The analyte gases were mixed with ozone
flow (300 mL/min) in a tube-in—tube in the cell and chemiluminescence emitted was

measured. After all gases were purged out, the column was cooled to be room temperature by

~ two 8-cm fans to be ready it for the next measurement.

The ozone was prepared by passing air through an aluminum chamber at 300 mL/min
where two ceramic electrode plates (w 25 mm x L 51 mm, 1100N (2501), Logy Electric,
Tokyo, Japan) were settled. Pulse power was applied to the electrode from a control kit
(LHV-9K-DC 12V, Logy Electric) to generate ozone in 'plasma. By using the two electrode
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plates, 0.6% of ozone was generated at 300 mL/min air flow. The ozone containing waste
gas was discharged through an ozone deactivating column.

The measurement was repeated aufomatica.lly using two twin timers (HSCX from Omron,
Kyoto, Japan). One of them was for solenoid valves (9 min OFF and-5 min ON) and the other
was for the fans (14 min ON and 9 min OFF). When the cleaning of columnat 320 °C was
finished, alarm Signall from the temperature controller reset the timers, and then column
cooling started with the fans and constant carrier flow. After 9 min of coéling, the four
solenoid valves were turned ON and 5 min of sampling started. Then, column flowing sample
was taken back to the nitrogen carrier, and the fans were turned off. After 1 min purging with
nitrogen, temperature was changed according to the programmed profile. When the final
_ heating was completed, the temperature controller trigeered the timers to reset for the next
measureinent cycle. See appén{iix 2 ior Getails about insirwment connection sei up,

temperature controlling program and operation cvcle.
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A T\ (- I\ W—
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NC SampiingA

CL cell [={ ORC [—==

Figure 4.4. Flow diagram of the measurement system. ND: Nafion dryer, 38V: three
way solenoid valve, FM: flow meter, DC12: dummy columns, MFC: mass flow
controller, PC: air puriﬁcatidn column packed with sodalime and activated carbon, P:

airpump, CL cell: chemiluminescence cell, ORC: ozone removing column.
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4.3.4. Test Gas Preparation |

The wdrking gases (2~100 ppbv) were prepared from 100 ppm standard gases by
dynamic dﬂution with purified air. The gas cylinder of H,S, COS, CS; and CH3;SH were
purchased from Sumitomo Seika Chemicals (Osaka, Japan) and DMS from Taiyo Nippon
Sanso (Tokyo, Japan). The air was supplied by an oil-free compressor with dehumidifier
(dry air supplier P4-EAD, Yaezaki Koatsu, Tokyo, 'Jab’an) and was further purified from
water and organic compounds by the use of silica gel, sodalime and activated charcoal
column, _ 7 o | |

The test gas of isoprene and DMS was produced by'using permeation tube System. Some
kinds of permeation tube was mvestlgated for generation of DMS, 1soprene and d1methy1
disulfide (DMDS). The permeatlon apparatus was made up of a permeation chamber which
contained permeation tube ‘made by different types AWG (American Wire Gauge) Teflon
tube and 1/8" or 1/4" PTFE Teflon tube. Flangeless nut with ferrule and. cap (Uppnch
science) was used for AWG tube and 1/8" tube, swagelok cap with ferrule was used for 1/4"
tube to make permeation tube. The pemleatiei. chamber was lhermostated at 30 °C aid a
constant flow of dry, hydrocarbon-free air was passed through at a rate of 100 ml min™". The
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Shows nrenaration nrocedure and the characteristics of some perme.ahnn tnhes Figure 4_5?
4.6 and 4.7 shows that the representative permeation rate for isoprene, DMS and DMDS
respectively. Theoretically, the life time of some permeation:is several -years. Bui in
mw.;iiua.i\ i was ouser ved i_hai ilie chemical Decane coniaminaicd. 1SODICHE DeLmEeRLION WbE

could be use for 90 days and DMS, DMDS for more than 5 months.



avatinn nranadiira and charastarictineg af diffarand tunae Af narmaasdinn

sor LmS and isoprene (IP) and DMDS. Concentration with 100 ml min™ air
=nid theoretical life time.

Pronnration procedure Permeation Permeation Concentration Life
window rate (ppm) time
length (ng/min) (Days)

DMS Two pieces of PTFE tube (od 1 mm in 1.628 6.497 57
3lmmxid 1.6mm x L AWGI10

4.3cm) was inserted (head to  tube.

head) in AWGI1O0 tube (id

2.69mm x od 3.29mm x

L4cm), one side of the each

PTFE tube was closed by

melting.

DMS AWGT11 Teflon tube 5cm 0.6919 2.761 248

(id2.41mm x od 3.01lmm x

L6.5 cm). One side was

closed by melting and another

side with Flangeless nut with

cap.

DMS 1/4" PTFE tube (id 4.35mm  2cm 0.1872 0.7506 2032

x od 6.35mm x L5cm) with

swgelok cap.

DMS AWG10 Teflon tube (id 5 cm 0.8386 3.346 245
2.69mm x od 3.29mm x L6.5

cm). One side was closed by

melting and in other side

Flangeless nut with cap.

DMDS do 7 cm 0.0986 0.235 2118
IP 1/4" PTFE tube (id 4.35mm x 2 cm 0.1774 0.645 1592
od 6.35mm x L5cm) with

swegelok cap.

IP do 10 cm 0.4764 1.566 2930
P do 10 cm 0.4644 1.697 3011
P Two pieces of PFA tube (od I mm in 0.8748 2.877 38

3. lmmxid 1.émm x L AWGI10 tube

4.3cm) was inserted (head to
head) in AWGI10 tube (id
2.69mm x od 3.29mm x
L4cm), one stde of the each
PFA tube was closed by
melting.
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' y =-0.4644x + 5E+07
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Figure 4.5. Permeation rate of isoprene permeation tube made by 1/4” Teflon

(PTFE) tube with 10 cm permeation window, Concentration of isoprene was 1697
ppb for 100 ml min™ air flow.
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y=-0.1872x + 4E+07
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Figure 4.6. Pgmeation rate of DMS permeation tube made by 1/4" PTFE Teflon
tube with 2 cm permeation window. Congcentration of DMS was 0.7506 ppm with

100 ml min™" air flow.




2.413E+06 -
3 B § 'y =-0.0986x + 2E+06
2.192E+06 - R%?=0.9889
__ 2411E+06 - ' DMDS
3 0.235 ppm
2.110E+06 '
8 (c)
<3id
£ 2.109E+06 - .
la . g
& 2.108E+06 -
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Figure 4.7. Permeation rate of DMDS permeation tube made by AWG 10 Teflon
tube with (L8.5 cm x id2.69 mm x 0d3.29 mm) 7 cm permeation window.
- Concentration of isoprene was 0.235 ppm for 100 ml min™ air flow.

Figure 4.8. Pictures of different type permeation tube investigatéd for isporene.
Picture (a) and (b) are 1/4 inch PTFE Teflon tube and (c) is AWG10 Teflon tube.
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4.3.5. Sample Measurements

Human breath and headspace of septic tank were analyzed by the present system. A
Nafion dryer was placed at the sample inlet to remove water vapor from the real samples.
Breath samples and headspace gases of a septic tank were collected into 5 L cleaned Tedlar
bags. In case of breath sampling, a column (10.8 mm id x 75 mm L) packed with calcium
chloride was placed in front of the Tedlar bag inlet to reduce water vapor. The sampled

breath and septic tank airs were then measured by the present system three times each.

o=}

Diurnal variation of the gases was examined in a toilet room. All parts were settled in a
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were performed enly with one column in this system Solid adsorbents were packed in a
ceramic tube (Mullite) for both preconcoentration and separation of the gases. Mullite tube

has higher thermal conductivity (5.0 W/(m X)) than that of glass tube (1.1 W/(m K)) and
esistance to chemical attack over the maximum temperature range of this investi gation (330
°C). The availability of thin wall ceramic tube enabled us to make column with small heat
capacity. This is important for rapid temperature control and low power consumption. Good
temperature profile in the whole effective area of the column was obtained. The surface
temperature of the column was constant within +/- 5 °C at 300 °C.
- In this study, cryogenic trapping was avoided to reduce the experimental complexity.
Some kinds of solid adsorbents were examined at ambient condition with single or multiple
beds of adsorbents to trap the sulfur gases; e.g. silicagel, molecular sieve, carbosieve S III,
Tenax TA, and activated charcoal. The adsorbents were investigated in the view of trapping
efficiency and separating ability of gases according to the desorption temperature of the
gases. Clean air. and nitrogen was investigates as a carrier. It was observed that the
sensitivity was significantly decreased when air was used as carrier. Reduced sulfur gases
might oxidize with air as carrier. Beside that, when air was used as carrier, the trapping
efficiency of the adsorbents was low and the desorption temperature was not stable. Figure
4.9 shows that the desorption temperature and the type of adsorbent investigated. According
to our investigation and also previous report silicagel was the most suitable adsorbents
regarding not only trapping efficiency™ but also separating ability. In the present study, the
key factor of the gas separation was selective elution of the gases from the adsorbent

according to their desorption temperature. The gases are adsorbed on the silicagel surface by

60



molecular attraction such as van der Waals interaction. In general, the attraction becomes
higher with increase in molecular size, and every gas has specific desorption temperature on

a specific adsorbent. Accordingly, the smaller molecule would desorp at lower temperature.
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Figure 4.9. Adsorbent column type and desorption temperature of reduced sulfur

gases when air was used as carrier.

In this work, the simple principle was employed for the gas separation. Temperature of the
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The small peak was recognized as CH;SH by examining with CH;SH and DMS separately.
CH;SH molecule have smaller critical diameter (4.5 A) than that of DMS and supposed to,
enter easily into the cavity of porous silicagel. Reason of the two pea.ks for CH;SH might be
that a fraction of CH3SH- molecules retained within the internal cavities of silicagel to
desorb at higher temperature (180 °C) than the nﬁrmal desorption temperature. When the
column temperature was stepwise increased, CH3SH peak appeared at 190 °C and the peak
was single. The DMS peak appeared at 270 °C. Better resolution between peaks and higher
peak intensity was observed in the stepwise increase (Figure 4.10b). In addition, time
needed for the stepwise was shorter than ramping up. Consequently, the stepwise increase of
the column temperature was employed for the further experiments. After DMS Vdé'sorption,

the column was cleaned at 320 °C.
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Figure 4.10. Effect of column temperature increasing paﬁem on response of gases.
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Tabie 4.3.
Chemiluminescence characteristics of sulfur gases

Name of gas Desorption Concentration Response {V)}** Relative
temp. "C)* (ppb) ) response
DMS 240 L) 311 100
CH3SH 166 10 2.4 - 0.773
HS 156 10 60294 . 0.0094
Cos 15¢* 10 $.038¢ 0.0222
s, _15¢° 29 8.522 $.683%
NO 150 100 NP0
Tsoprene 180 185 0.748 . 0.0117

*Desorption tefnpefaMre was determined from irap/purge system and single gas
measurement. “When COS and CS; measured mixed with CH3SH and DMQ the peak was
appeared at 100 °C. measured** Response intensity was determined by COI‘“GapOxxduxU
peak intensity measured by ﬁ‘ap/pux ge system

4.4.3. Performance of the Measurement System
The performa.nce of the present method was examined with the prepared test gases The

first'5 and the last 5 chromatograms are shown in Figure 417 shows the ﬁrst five and the
last five chromatograms when 10 ppbv CH3SH and DMS measurement was repeated 20
times. Good repeatability was obtained. Relative standard deviations for 10 ppbv CH3SH
and DMS were 3.2% and 1.9%, respectively. ‘

Fizguic 1. 12 shows calibration curves for CH3SH and DMS. Linear cahbratlon plots were
observed from 2 to 100 ppbv CH3SH. The calibration equation was
PMT signal (V. olt) = 0.8634 xCH3SH (ppbv) — 2.2992 with r* value of 0.9987 |

But for DMS linearity was observed from 2 to 60 ppbv. The calibration equation was
PMT signal (Volt) = 0.8634 x CH3SH (ppbv) — 1.2328 with r* value of 0.9994
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Figure 4.11. Chromatogram of standard gas mixture measured by the present
system for 10 ppbv CH3SH and DMS obtained with the shorter (20 mm) cell.

It was observed that DMS saturates the detector at concentration above 60 ppbv. The
nonlinearity of DMS calibration plots over 60 ppbv wasn’t clear but the possible reason
might be less reactivity of DMS to ozone than that of CH;SH. Kelly et al.”’ reported that the
cause of noz*Jineérity in .the calibration plot may result from a heterogeneous processes in
the sulfide oxidation. Limits of detection corresponding to three times the blank signal
deviation were 0.3 ppbv for CH3SH and 0.05 ppbv for DMS.

As shown in Figure 412, the calibration curves are basically linear in the measurement

4hhin smnin
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light emitting species is So* and the light intensity is proportional to square of the analyte -

concentration as well known. On the other hand, the analvte generally becomes SO by the

. . X : . . . <. o4 - 490
reaction with ozone, and then SO2* is formed by the second reaction with ozone.”
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Figure 4.12. Calibration curve for CHaSH and DMS measured by the present system.

4.4.4. Inierference from other Gases

Inictivience flom vilier gases was examined. NG 1s known s i chenniuninesveiie
emitter, and the most popular NO analyzer is based on the chémiluminescence by ‘the
reaction with ozone. As shown in Tabia 4 2 however, there ié no effect from NO. The NO
chemiluminescence is centered at 1200 nm and starts from 600 nm.* The PMT used did not
respond to the light over 650 nm and very poor signal was obtained even at 1000 ppbv of
NO in direct measurement. In the trap/separation and chemﬂumine_sgenceﬁdetecft.,idn sy_stern,
recoguizable signal was not observed for 100 ppbv NO even in the high sensitivity mode.

-O_leﬁns are the cémpounds that may interfere with selectivity towards reduced sulfur
compounds, on the order of a thousand to one.” Potential interference from isoprene was
investigated, because considerable amount of isopren.e‘ is present in human breath. The
chemiluminescence of isoprene was three order less than DMS intensity in the direct
chemiluminescence measurement. When isoprene (prepared from permeé.tion tube) was
measured by the present trap/separation system, desorption temperature was near for CH3SH
but considerable peak was not observed. | B

Since COS and CS; chemiluminescence intensities observed were low compared to
DMS intensity. In real-world monitoring environment, they are not present in significant
arhount and have less potentiality to interfere with CH;SH detection. Desorption
temperaﬁlre of COS and CS, were 90 and 100 °C in the ramping up system and much lower
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than CH3SH. When the column was stepwise increased, CS; peak appeared very quickly at
190 °C and could be distinguished from the CH;SH peak.

One of the major sulfur gases, H,S, desorbed from silica gel around 150 °C, which was
close to CH;SH desorption temperature Therefore it was difficult to separate H,S and
CH;SH. Fortunately, the chemiluminescence signal of H,S was much s_maller than that of
CH;SH. Furthermore, the recovery of HaS in the silica gel trap system wes poor because -of 7
h1°h volatility and reactivity. Accordingly, 1_n the trap/separailon and chemﬂummescence
system, the H,S signal was only 1/100 of that of CHsSH. There is no need to concern for
H,S interference on the CH3SH determination in the normal odor analysm If HzS level was

much higher than C H;SH (more than twenty '_ames), the H,S interference may be concerned.
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Figure 4.13 shows that the column was effective to remove H,S from sample stream. The
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The effect of sodium carbonate colymn on Sensitivity of CH3SH and. DMS was also
“investigated. Response of these two gases measured with 'vand without dolumn slloWE- that
DMS sensitivity was not affected by the column. But CH3SH sensitivity was éﬁ‘ected"by a
new column. When first measurement was performed with new column, _sgn'sitiVity became
decreased uﬁ t0 50% of measurement performed without coh.mxi (Figure 4. 14\' Sensitive of
CH:SH was increased and became stable within 2°%/3™ measuremerit. The new NapCOs
column may also have some adsorption site for CHgsH and become saturated within an/3’d_
measurement. '

- The recovery of the both gases was aﬂ'ected by the humidity of sample Peak intensity of
CHgsH was significantly reduced (40-50 %) for highly humid sample, whereas DMS. peak ‘
was reduced 10-20 %. Therefore, a Nafion dryer >4 as used during trapping the gases. _In
our examination, the loss of CH;SH and DMS in the Nafion dryer was negligible. In ca“s\e"‘.bf
breath sampling, the air was pre-dehumidified through a calcium chlbon»'a‘é tube to prevgnt

water condensation in the bag.

Response of 4 ppb CH_SH and 12 ppbh DMS o

8 - e
when a new column was used for measurement
1 (Measured in normal mode)
6. Without | With

Na CO_ colummn . Naz@@a colummn
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Figure 4.14. Effect of Na; CO3z column on measurement of CH3SH and DMS.
Response- of gases, when first and second measurement was performed with new

column. e
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4.4.5. Application to Breath Odor and Septic Tank Headspace Gas Analysis
Human breath samples and headspace sample of a septic tank were measured by the
single column trapping/separation method. Some samples were simultaneously measured by
cryogenic trap GC_-FPD system to validate the present system. Data shown in Table 4.5 are
concentrations of CH3SH and DMS . contained in breath and septic- tank samples obtained by
th; both mie od" Figure 4.15 s that the representatlve chromatogram of breath sample

measurement with NayCO; column in the sampling line. The data obtained by the two
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Table 4.4.

GC-FPD instrument and measurement condition

Instrument
Separation Column

Carrier gas

Column temperature
Detector temperature
Hydrogen

Air

Trapping column

Desorption temperature

Sampling rate

GC-FPD, Shimadzu 14A

Teflon tube L2 m x id2.36 mm x od 3.18; ODPN
60/80 mesh; each end of the column was plugged
with glass wool.

Helium 20 ml min™

70 °C

120 °C

40 ml min™

60 ml min™!

U-shaped teflon column (L35 cm x id2.36 mm x
0d3.18 mm) filled with Tenax TA 60/80 mesh
11cm bed, cooled in dry ice-methanol mixture

90 °C water bath

50 ml min!
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Table 4.5.
Measurement of breath and headspace of septic tank samples by the present
trap/separation chemiluminescence system and GC-FPD system

Sampling

Sample date

CL system GC-FPD?

Breath (sex, age) CH.SH DMS CH,SH DMS

Lad

Fark

i3.2 £ 0.0 i8.8 £ 0.6 129 £+ 0.3 23.2 +£+0.3

o=
2
'
fim
th

TR X &+ F % €TI0 A8 e E L a6 T UKL 0 38
In2 = 2% =y = F2N = S5k e FNE R Ll

< F,23 9.57£0.10 9.1 0.29  9.64+0.69  9.30+0.72
e 13.2 +03  507+015 105 039 483024
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Figure 4.15. Representative chromatogram of human breath sample.

72




4.4.6. Automated Measurements of Toilet Air and Emission from Tidal Flat

Sediment
The present instrument is suitable not only for batch wise measurement but also semi-
continuous automated measurement. The instrument was brought toa toilet room and on-site
~ air analysis was performed for three days. The measurements were automatically repéated
220 time.s. The sensitivity of the instrumgnt was checked with the standard gases before and
after the campaign, and the\ responses were quite same within 10%. The same
' trapping/separation column could be used for three days. H,S level was also measured
simultaneously in the last day of the campaign by micro gas analysis system (Vu(}AS).36
Figure 4.16 shows the concentration of the gases in the toilet air during the measurement
period. CH;SH was in ppbvs and DMS and H,S were in sub-ppbvs. The gas levels were
| lower than expected. The campaign was performed in late-winter during which
microorganism bactivity supposed to 'tze low. Furthermore, during the campaign, only few

people used the toilet because the campaign was conducted during the spring vacation.

During the measurement period very low smell of the toilet substantiated the low level of gas
Aovevaasfeafiosy sy 133 oo by odferatiney the adavoees 00 ceacecc reea A o fY\v_GL'I it rard and Asaly
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variation was obtained. Inlerestingly, the both gas levels drastically increased afler became
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was decreased gradually to the normal level: it seemed that was due to the sulfur 'source
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Kumamoto University. Figure 17a shows that the concentration level was lower than that of
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Marine tidal sediment is well known for emission of reduced sulfur cases to the
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measured by tGAS. The emission was simultaneously and automatically measured during
June 12-17, 2006. Figure 4.17b shows the emission rate of sulfur as H,S, CH3SH and DMS
with total sampling rate of 600 mL/min (400 mL/min for pGAS and 200 mL/min for present
system). The data in Figure 4.17b shows that emission flux of CH;SH and DMS was
increased at noon during 13-15 June while H,S emission was remain almost constant. The
cause of highest emission variability of DMS among these gases might low solubility in
water. The variability of emission fluxes might result of increasing the temperature at
daytime. From June 16 emissions of three gases were increased simultaneously might due to
drying up the soil surface.

Toilet measurement March 7-10, 2006
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Figure 4.16. Trend of CHsSH and DMS levels in a toilet air in winter. The gases
were measured three days in the rest room. Also H,S was measured on the last day
by HGAS. '
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o= Tollet measurement June 5-10, 2006
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Figure 4.17 (a). Trend of CH3SH and DMS levels in a toilet air in summer.

Tidal flat sediment emission measureinent June 12-17, 2006
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Figuré 4.17 (b). Trend of CH;SH, DMS and H.S emission from collected marine sédiment
to the atmosphere during June 12 fo 17 measured in the iaboratory. CH;SH and DMS were
measurad by present system and H.S wés measured by HGAS. The gases were measured
three days in the rest room ‘
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Figure 4.18. Picture of the portable system for rheasurement of CHzSH and DMS
developed through the reported research work.
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4.5. Conclusion

A simple and reliable instrument for measurement of the major odorous sulfur
compounds has been developed. The both collection and separation is performed with the
same column and simple measurement system is established. The calibration curve is linear
and better response is obtained for low concentration of the sulfur gases compared to FPD
method. AC power source is required but the instrument is portable and can be used for on-
site analysis. The measurement is repeated automatically and the instrument is applicable to
time variation analysis. The instrument proposed here is expected to use not only for

environmental research but also for odor analysis and breath analysis.
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CHAPTER §

Research Perspective and Suggestion for Future Work.

Emission of hydrogen sulfide and sulfur dioxide were studied from marine tidal flat and
agricultural soil. It was observed that even the neutral sediment/soil can emit SO, to the
atmosphere. Since the global atmospheric sulfur budget is significantly related to the global
climate change, proper estimation atmos;
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D8 devices, vm‘ying.'rmi."n in siruciure and consiraciion. A chromaiograph is a suiiabic ool for
multi-gas  analysis  of the collscted species, On  the other hand, solid  state
THH:Ti-“sifr‘r-Lf’./dﬂ’wﬁ‘l‘ﬂﬁl-(:t? hﬂ[tﬁﬂ:ﬂfa TidVﬂ been (lt‘,v'ei(}pﬁﬁ ‘iul' me LO’DHHUDU& 'Ildaalll'ﬂ_iﬁﬂu (Jf
iargel gases. The methods based on the TS coiia:i%on and the subsequeni deieciion has high
sensiiviiies, and ihe defeciion timits can be as Tow as ppiv fovels.  Accordingly, ihcy arc
capable of measuring background levels, and deleciing very low levels of conjaminants in a
clean room. DS sysiems have significanily coniribuied io our knowiedge of aimospheric
dynamics and atmospheric chemistry.

A denuder is defined as'a gas collection devise, instead of bubbiing into a sclution, the gas
collection is carried out on the inner wall of 2 tube coated with an absorbing material.
Theoretical considerations on mass transfer to the walls of a cylindrical tube where the tube
wall acts as a sink was first presented by Gormley and Kennedy. For a denuder of length L
(m), where the wall surface is a perfect sink for the analyte gas of diffusion coefficient D (m2
s, being sampled at a volumetric flow rate of F (m® s), the collection efficiency, £, is
generally expressed as equation! with dimensionless constants 4 and B (true for situations
where more than ~20% of the gas is collected).

NN E T ;7)) ) S ¢
This equation is based on a perpendicular gas diffusion model with laminar flow during
transportation along the tube. After collection, the tube is washed with a suitable liquid and
the collected analyte is eluted.

Instead of the absorber being coated on the tube wall, an aqueous solution placed behind a
gas permeable membrane is used as the analyte sink. We simply call this a gas diffusion
scrubber (DS) here, to distinguish it from the denuder. The significant difference from the
denuder is that gas can flow over the absorbing layer continuously, making it capable of

continuous measurement.
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-Figure A1. Schematics of gas diffusion scrubbers. (a) cylindrical DS, (b) parallel piate DS,
(c) annular DS, (d) annular DS with a core.

Recently, many types of DS devices have béen developed and coupled with selective

reactions and novel detectors, so that the sensitivitj?, time resolution, portability and 'muiti_-gas

rement ability have been dramaticallv imnrove e convanticnal Ao nealsl
mMeasureliti achilty 0ave oedh JrainarviCaacy 1mpi ved over conventional commercial
mstruments.
L3 ST S LN B 1 A o collection efficiericies: The cismnintact TYE qéamsndcsn
epreseriiciive D5 devices aid their collection efficiencies: The simplest DS structure

consists of a cylmdnca.l porous membrane tube which a sample gas flows throu

(-.

Al (a). Ifthe flow velocity and the tube diameter are small, the Reynolds number, (Re
equation 1) is small {<2300) and the air stream is considered to have laminar flow.

U _4pF
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more specifically as in equationss. 3 and 4.

f =1-081905exp(~3.6568 ) +0.09753exp(-—22.30521)

2\
0,032 exp(_S6.9610) + 0.0 S exp(L0T Gapg) ()
where
pu=7nDLIF........... et ree s ee Rt ees et et ee et es et et s oee st s ettt er e e ee s es e s s s (4)

with the proviso that the wall acts as a perf_éct sink, and f >~ 0.2 (at low collection
efficiencies a different equation must be used. If the sink efficiency at the wall is very poor,
4 in equation 3 must be replaced by 4"

where

Jow Ll

LS EIL oottt es e epe e ee s se e e erennn nserintenee! o e (5)

and & is a facior related he sink efficiency, <l. Ai significanmi collection efficiencies,
terms after the 2nd one in equation 3 are small and do not contribute signiﬁtantly to the total;
thus the two term approximation of &g uation 3 is oﬁen used:
N R e o G By 7 S (6)
There are other types of denuder, e.g. parallel plate (rectangular), planar or annular, and

the equations for the collection efficiencies for each of these collectors have been
discussed. ™ For rectangulér or parallel plates with a channel width, /7, and a separation
between plates, S, (S << W) as Figure AL{b):

f =1-0.914exp(~7.5408¢) — 0.053 1 exp(—83.06¢)

: for p>0.13 ............... ereens rvrearens )]
~0.01528exp(—-249.27¢) - 0.00681 exp(~498.15¢) -

@ ZDLWIES  eevveeseseerevevrieirererssnans Hrter et e st s s s b eveirrns (8)
This equation was originally developed by Gormley. Note that the two-term approximation

of equarion 7 can be written as: ] _
J=1=0.914 XP(BTTAID/FS) ovvvvverrsmivissmsmssssssssssssssosossemsoe ©)

Where, Ar is the total collection area of the parallel plate denuder.

For the annular denuder in which both the outer wall of the inner tube (&) and the inner wall

of the outer tube (d,) are truly effective sinks, The relevant equation will be simply obtained

by substituting the applicable value of the total collector surface area and the separation

between the plates, i.e., since ' | . .
R ) A ¢ ()

and _ ,
S=(—-d)2..... sttt os e es bt sostas e s s st s se e te sttt sse et snteesrea eveeevesserseras (11)




The equation for an annular denuder should be as follows”

S =1 —=0.914 XP (<7 SAODLIFY cooeeeeeeeeetveeerrasirtsetrereiasrsirsaevssesrisssssssaseessanensenes (12)
where

0= 1ldo + Ao — G} erevevvriirrieeeirrinnee ceresstesestsssssensssrsesasessasssssias verennns (13)
An entirely empirical equation for the collection of SO, with a Letrachloromercmaue-coated
annular denuder

f=1-082exp (-5.638DLITy ... crirsseerssasnsesesesressases s sab s sss s s s b anranas e (14)
While efforts have been made to use the denuder equations for membrane based DS devices,
in the case of the typical annular geometry DS, h;)_wever, only the outer wall of the inner tube

is eﬂecﬁve in collecting the gas as shown in Figure Al (c), while gas is collected on both

fube '3'7:!15 in ghe _ﬁ_ﬂ_i_u!_'z_ den Jl{n‘- TL\p im?pfﬁact aink pﬂ'-"- new af the "‘.".’::‘.".'-‘ 3.
sink chemistry causes still further comphcations None of the above equations arg generally
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The coliected amount ( in mol is obtained from equation 16 and the equation of state with the

« - aley o o o ke -1 ]
gas temnerature 7 (K), aimospheric pressure F {(Pa) and the gas constant R (831 1K Dot ™y,

Here, fis a function of F as in equations. 3-15. Therefore, O is almost proportional to F in the
low flow rate region and constant at a high flow rate as shown in Figure A2, In these
experiments, the maximum Re is ca. 500, and all the airflow is considered to be laminar. The
supplies of gas molecules to the membrane surface and gas permeation through the membrane
are the rate-determining steps in the low and high airflow ranges, respectively. The sampling
rate effect depends on the membrane tube material as shown in Figure A2, In order to obtain
a larger amount of analyte, the gas flow rate needs to be high enough, but note that a high F
causes high water évaporatior_l, which can affect the final concentration in the solution if the
solution is pumped rather than aspirated. Generally, it is the concentration of analyte
collected into the absorbing solution C; that is measured after collection. C, (M) can be
expressed as the quotient of Q divided by the solution volume Vs (dm?).

Accordingly, it can be easily understood that the small volume DS is profitable for efficient

collection.
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Appendix 2.

Process control diagram and program set.
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Figure A3. Instrumentation set up.
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Table Al. Program set for temperature and alarm.

Program Set Temperature Time (min)
SPO -100 1
SP 1 190 1
SP2 190 2
SP3 280 0
SP 4 280 2
SP5 315 0
SP6 315 3
SP7 0 14
Alarm 1 -400 0
Alarm 2 312
Alarm 3 -150
Table A2. Operation cycle:
Alarm Restart the valve and fan controliing timer {Cycie staiij
E!!';:_!i;!er Vaive Time (min) Timer (Fan) fFan Time {min)
(\fai_ve} __ _ _ _
set? | on 5 L -
Set 1 Off 9 Set 2 Off 9
| :_;‘;::, E IRSoldi L UiT Vaive aiil iaii VU Ui g iiici
| M B Valve off i3 measurement and cooling, valve on is sampling mode
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