So, a graduate student, huh?

How come you guys can go to
the moon but you can't make
my shoes smell good?

Homer Simpson (1994)
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My world of odors

Livestock and poultry odor
Vodka

Insects

Biofuels

Wine

Human breath
Animal mortalities
Indoor air

Spices

Lion’s urine
Particulate matter




World of odors

Very complex mixtures of gases (beer?)
Not all gases odorous

Some are extremely odorous

Very low concentrations

‘needle in the haystack’

Link between concentration and perceived odor?
What gases cause the characteristic odor? §

How to solve odor problems?
— (advanced oxidation (ozone, UV))

How to use this information?
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So the key question is...©

e ...what causes the characteristic smell of concrete
and steel? (materials are evidence of smells from

environment)
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Odor measurement with
NnON-Nnose sensors

« (Gas chromatography

separation of VOCs
including odorants

MS, FID, PID, PFPD, ...

PP — ppt
gas concentrations

mature technology

« Real-time analyzers

Total VOCs or specific
compounds (NH3, H,S)
ppb — ppm

gas concentrations
mature technology

e Sensor arrays (a.k.a.
‘electronic noses’)

ppb — ppm
evolving technology

principal component
analysis (PCA)
PCA almost always “work”

What compounds
cause problems?

Why odor mitigation
WOorks?
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Long -term goals

» Solving livestock odor problem

« Solving odor problems

— Bad breath

— Ladybugs

— Food (e.g., wine)

— Consumer products

— Nuisance and air quality

Approach

« Simultaneous chemical + olfactometry analysis
— GC-Olfactometry approach

e |dentification of key compounds responsible for odor
“finding stinky ‘needles’ in the haystack of odor” D

« Methods development for field measurements

. . 11
« Development and evaluation of odor control technologies



Background

Odor analysis is challenging
Odor sources are complex (thousands of VOCSs)

Actual malodor is caused by small subset of high
Impact odorants

Solving malodor problems involves isolation,
identification, and reduction of high impact
odorants



Simultaneous chemical and odor analysis

SPME-MDGC-MS-Olfactometry system

SPME

MsD

PID | ©OD




Simultaneous chemical and odor analysis
Sorbent tubes-MDGC-MS-Olfactometry system
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Finding characteristic, odor-defining
compounds




Characterizing odor caused by separated

chemicals from one sample

Odor Character
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Simultaneous chemical and olfactometry

analysis of odor

24-
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Trace levels of gases cause S|gn|f|cant odors
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Sampling of odorants with Solid Phase
Microextraction (SPME)




Sampling with Solid Phase Microextraction (SPME)

sampling
(extraction) =N

Desorption
(injection into GC)




Methodology — Sample Analysis
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Notes:
1: MultiTrax Controller 9: Backflush Sweep 16: Polar Column
2: Precolumn Sniff Port Selector 10: Fixed Restrictor to Inlet (25 m x 0.53 mm x 1.00 pm)
3: Heartcut Valve 11: Liquid CO, Feed 17: Fixed Restrictor to MSD
4: CO, Cryotrap 12: CO, Cryotrap 18: Open Split Interface (OSI)
5: Precolumn Backflush 13: Midpoint Pressure 19: OSI Sweep
6: Solenoid 14: Heartcut Sweep 20: Humidifier
7: Filter 15: Non-Polar Pre-column 21: Airin
8: Injector (12 m x 0.53 mm x1.00 um) 22: Sniff Port




GC-FID-O

No Heartcut Flow Schematic
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5
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A13
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49
10

Notes:

: MultiTrax Controller

: Precolumn Sniff Port Selector
: Heartcut Valve

: CO, Cryotrap

: Precolumn Backflush

: Solenoid

: Filter

: Injector

O~NO OB~ WNE

9: Backflush Sweep

10: Fixed Restrictor to Inlet
11: Liquid CO, Feed

12: CO, Cryotrap

13: Midpoint Pressure

14: Heartcut Sweep

15: Non-Polar Pre-column
(12 m x 0.53 mm x1.00 pm)

16: Polar Column

(25 m x 0.53 mm x 1.00 um)
17: Fixed Restrictor to MSD
18: Open Split Interface (OSI)
19: OSI Seep

20: Humidifier

21: Airin

22: Sniff Port




MDGC-MS-0O
Heartcut Flow Schematic
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Notes:

: MultiTrax Controller

: Precolumn Sniff Port Selector
: Heartcut Valve

: CO, Cryotrap

: Precolumn Backflush

: Solenoid

. Filter

: Injector

O~NO OB WNPRE

9: Backflush Sweep

10: Fixed Restrictor to Inlet
11: Liquid CO, Feed

12: CO, Cryotrap

13: Midpoint Pressure

14: Heartcut Sweep

15: Non-Polar Pre-column
(12 m x 0.53 mm x1.00 pm)

16: Polar Column

(25 m x 0.53 mm x 1.00 um)
17: Fixed Restrictor to MSD
18: Open Split Interface (OSI)
19: OSI Sweep

20: Humidifier

21: Airin

22: Sniff Port
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Finding ‘characteristic’ swine odor

Clean steel exposed for 1, 3, and 7 days
Plates adsorb odor

ISU swine research barn in Ames, lowa
Analysis at AAQ Laboratory

Useful long-term storage of odor on plates




Simultaneous Chemical and
Olfactometry Analysis

" | SPME-MDGC-MS- -Olfactometry system

SPME

MsD

PID | ©OD




Multidimensional GC-MS-O: identification of characteristic odorants
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Notes:
1: MultiTrax Controller 9: Backflush Sweep 16: Polar Column
2: Precolumn Sniff Port Selector 10: Fixed Restrictor to Inlet (25 m x 0.53 mm x 1.00 pum)
3: Heartcut Valve 11: Liquid CO; Feed 17: Fixed Restrictor to MSD
4: CO, Cryotrap 12: CO, Cryotrap 18: Open Split Interface (OSI)
5: Precolumn Backflush 13: Midpoint Pressure 19: OSI Sweep
6: Solenoid 14: Heartcut Sweep 20: Humidifier
7: Filter 15: Non-Polar Pre-column 21: Airin
8: Injector (12 m x 0.53 mm x1.00 um) 22: Sniff Port

GC-0O mode: “screening” for characteristic odorants



Relative Intensity

Multidimensional GC-MS-O: identification of characteristic odorants

Aromagram
No HC
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GC-0O mode: “screening” for characteristic odorants
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Selection of heart-cutting regions with characteristic swine

odorants
HC GC-O mode Odor Character
RT (min)
1 0.48 -0.8 Fecal, sewer, foul
2 3.45-4.10 Skunky, buttery, body odor, fatty acid,
foul
3 4.40 -5.10 Body odor, fatty acid, buttery
4 9.90 - 13.55 Barnyard, medicinal, phenolic,
characteristic, naphthalenic, piggy, taco
shell, urinous, acidic
5 15.40 - 18.30 Barnyard, fecal, sewer, characteristic,

piggy, naphthalenic




Multidimensional GC-MS-O: identification of characteristic odorants
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Notes:
1: MultiTrax Controller 9: Backflush Sweep 16: Polar Column
2: Precolumn Sniff Port Selector ~ 10: Fixed Restrictor to Inlet (25 m x 0.53 mm x 1.00 um)
3: Heartcut Valve 11: Liquid CO, Feed 17: Fixed Restrictor to MSD
4: CO, Cryotrap 12: CO, Cryotrap 18: Open Split Interface (OSI)
5: Precolumn Backflush 13: Midpoint Pressure 19: OSI Sweep
6: Solenoid 14: Heartcut Sweep 20: Humidifier
7: Filter 15: Non-Polar Pre-column 21: Airin
8: Injector (12 m x 0.53 mm x1.00 pm) 22: Sniff Port

Multidimensional GC-MS-0O mode: isolation and identification of
characteristic odorants
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Multidimensional GC-MS-O: identification of characteristic odorants

Impact of the characteristic swine odor caused by p-cresol
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Multidimensional GC-MS-0O mode: isolation and identification of characteristic

odorants using “heart-cutting” from pre-column to the column .



Impact of p-cresol
(key characteristic swine odorant)
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|dentification of priority swine odorants of the highest impact downwind




Relative [ntensity
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Diacetyl
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|dentification of priority swine odorants of
the highest impact downwind
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Relative Intensity

102~

|dentification of priority swine odorants of
the highest impact downwind

Far

Diacetyl (foul, fecal)

Dimethyl trisulfide homolog
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|dentification of priority swine odorants of
the highest impact downwind: chromatogram
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|dentification of priority beef cattle odorants of highest impact downwind

a.

~50 m downwind

__________________ % P |—— ~1km |

@ Air(via SPME) sampling locations @

(distance from source)
~50m

wind direction ~400 m




Analysis of beef cattle
odor (aromagrams)

Alsuau) Weibewory

© p-ethyl-phenol
=l §) p-cresol

¥ isovaleric acid

- é v butyric acid

~400 m downwind ® DMTS

Il acetic acid

L
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‘ Ml m H ] 'L ; A i A trimethyl amine
Ll J
007 an 516 220 125 15';0 1834 21499 2443 2748 052 .Odorous VOCS and Sem|-VOCS

Time (minutes)
a undergo dispersion and chemical
. ~2.000 m downwind reactions

eNeed to include chemical

- ~mill V, | reactions with OH, NO;, O; to
i I % ‘” . model “odor”
P-cresol is one of the most
: {’2 important odorants (and also a
707118 3‘23 E.IZEI 9‘34 12‘39 15.‘45 HAP)
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|dentification of priority beef cattle odorants of

highest impact downwind
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Samples collected with Carboxen/PDMS 85 micron SPME,
1 hr exposure to ambient air
16 km downwind from (50,000-head beef cattle feedlot in Texas 40




|dentification of priority beef cattle odorants of
highest impact downwind: chromatogram
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B sample #1
sample #2
O sample #3

1.E+05 -

1.E+04 -

(60)

- =
- — o (&)
m ©

MS detector response (peak area count)

acid (60)

°
= o
3 &
<

Selected compounds (ion)




ldentification of priority odorants of highest impact
downwind: aromagram

Air samples collected 16 km downwind from a large beef cattle feedyard

1.E+04
B Panelist 1 - sample #1 l
Panelist 2 - sample #2 7
1.E+03 H O Panelist 2 - sample #3 Z
7
1.E+02 Z
.
1.E+01 . . H

Earthy
Foul, fecal
Nutty

Buttery (diacetyl) —

Grassy (hexanal)

Body odor, musty
Barnyard (p-creso/) A

Panelist response (odor peak area count)
Rotten eggs (H2S)

Body odor (butyric acid)
Barnyard (4-ethyl phenol)

Characteristic odors

Body odor (isovaleric acid)




valuation of biofilter performance— swine
finisher barn exhaust

E——

| Inlet (control)




Odor ‘cell’ biofilter

» Odor cell biofilter exhaust (treated air)
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Sampling with SPME and odor bags

SPME fiber

By Iy
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100-
95-
90-
85-

20-

Evaluation of biofilter

« Comparison of aromagram and TIC between inlet

and open bed BF exhaust air.
LR #3, Barn #2

Aromagram

Open bed biofilter exhaust

TotaHon chrgmatogram

inlet
LR#3, Barn #2

Aromagram

Total ion chromatogram

3210 3810 4000




Effectiveness of biofilter treatment on
swine odor

*» Fifteen characteristic odorants responsible for swine odor
selected for further evaluation including:

Sulfides (3); Phenolics (3); Indolics (2); VFAs (7);

** The relative % reduction used to evaluate the
effectiveness of different diet treatments.

] Ci —Ti
% Reduction = — X100 %
Ci

where:
Ci

peak area count of compound or odor “i” for
the inlet gas, and

Ti = peak area count of compound or odor “i” for
the biofilter exhaust gas.



Example of chemical analysis

and odorant % reduction

8-13-2007 Inlet, LR 3 South BF exhaust, LR 3 South
Compound Average Stdev RSD% Average Stdev RSD% | Reduction %
Dimethyl sulfide 3,486 217 6 3,684 1,069 29 -6
Dimethyl disulfide 4,308 1,921 45 5,516 1,076 20 -28
Dimethyl trisulfide 2,882 1,567 54 1,372 699 51 52
Acetic acid 5,157,131 | 476,728 9 100,094 46,234 46 98
Propanoic acid 1,729,513 | 108,229 6 42,374 11,395 27 98
Dimethyl propanedioic acid [ 347,178 6,891 2 43,498 2,107 5 87
Butanoic acid 6,560,819 [ 368,405 6 164,784 47,724 29 97
Isovaleric acid 1,135,089 [ 32,655 3 115,007 21,484 19 90
Valeric acid 2,298,297 | 67,572 3 0 0 0 100
Hexanoic acid 545,006 226,587 42 0 0 0 100
Phenol 528,587 37,970 7 111,670 23,427 21 79
p-Cresol 3,007,607 | 364,541 12 405,035 98,601 24 87
4-Ethyl-phenol 363,173 44,167 12 49,933 19,845 40 86
Indole 30,400 12,963 43 8,989 4,860 54 70
Skatole 26,602 9,738 37 9,469 3,167 33 64
Avg. 19 27




Odor Cell Biofilter

Reduction%

Reduction% between Inlet and Odor cell Biofilter exhaust
in LR 9, North

O Sulfides

B VFAs

O Phenolics and Indolics

O Total odor area count

7-16-2007 B Total odor intensity

OoDT

Inlet=151

Exhaust=166

Sampling date

49




Odor Cell Biofilter

Reduction%

80

60

40

20

Reduction% between Inlet and Odor Cell Biofilter exhaust

1®VFAs
/B Phenolics and Indolics

iIn LR 9, South Dry biofilter?
.- L
ODT Inlet=375 & -500 A 12007 |-
Exhaust=133 -%-1000 .
3-1500 -
Q
X -2000
l 2500 Sampling date
7-08-2007 7-16-2007 6—01—200D 8-13-2007
v
ODT Inlet=305 ODT Inlet=54 g)?hTaL”S'tejzégl
O Sulfides Exhaust=259 Exhaust=125

O Total odor area count )
Sampling date

B Total odor intensity
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Open Bed Biofilter

Reduction %

120
100
80
60

40

Reduction% between Inlet and Open Bed Biofilter exhaust
in LR 3, Barn 2 m
Just watered

O Sulfides

N

m VFAs
O Phenolics and Indolics

O Total odor area count

B Total odor intensity

ODT Inlet=390
Exhaust=391

| | =5 |
9-10-2007 -2 10-08-2007 0-15-2007
ODT Inlet=616 ODT Inlet=901
1 Exhaust=403 Exhaust=197
ODT Inlet=373

Sampling date

Exhaust=261 —
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Open Bed Biofilter

Reduction% between inlet and
open bed biofilter exhaustin LR 3,barn 4

oDT oDT OoDT oDT OoDT
120 Inlet=207 Inlet=376 Inlet=323 " Inlet=442  ~ Inlet=356
100 Exhaust=113 Exhaust=237 Exhaust=365 Exhaust=99 Exhaust=200
80 [
00
X
[
20
E
20 ]
(0]
v4
O 1 1 1 1 1
20 8-01-2007 8-13-2007 -10-2007 9 -Zaer 10-08-2007 10-15-2007
O Sulfides -
-40 1mVFAs \
About 2
.60 4 @Phenolics and Indolics hcfus after

O Total odor area count . atering
Sampling date

B Total odor intensity 52




Correlation between odor intensity and gas concentration
(mass on sorbent tube) (both swine and dairy sites — 1 month data)

Weber-Fechner Law ] .
Isopentanoic Acid

=

®n WO D

| =k, log C tKk, e

e

y=104In{x) +29.2

=l

D D DAND D D D D D D D
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Correlation between odor intensity and concentration
(mass on sorbent tube) (both swine and dairy sites — 1 month data)

Weber-Fechner Law
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Correlation between odor intensity and gas concentration
(mass on sorbent tube) (both the swine and dairy sites — 1 month data)

R2 > 0.750
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Correlation between odor intensity and gas concentration
(mass on sorbent tube) (both swine and dairy sites — 1 month data)

Weber-Fechner law

R2 > 0.750
No.| Compound Correlation equation | R2
1 Acetic Acid y =18.2In(x) - 70.3 [0.751
2 | Propanoic Acid | y=7.64In(x) —16.7 |0.790
3 |Isobutanoic Acid| y =4.53In(x) - 2.00 |0.812
4 | Butanoic Acid |y =10.6In(x) + 0.757 | 0.846
5 'SOerc‘fg”Oic y = 10.41In(x) + 29.2 | 0.889
6 | Pentanoic Acid | y=28.39In(x) - 4.74 [0.827
7 | Hexanoic Acid | y=10.8In(x) - 9.37 |0.791
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Correlations between ODT and concentrations — |A4B (swine barn)
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Correlations between ODT and concentrations — IA4B (Swine barn)
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Summary

Combining chemical and olfactometry analysis is very useful in solving
odor problems

SPME-MDGC-MS-0O approach is very useful well for sampling,
separation, isolation and identification of characteristic odorants/aromas

Only few analytes determine characteristic odors of any sample
P-cresol appears to have the greatest characteristic swine odor
GC-0O approach and dilution olfactometry approach

Measured odor concentration (ODT) appears to be correlated with the
simultaneous chemical and sensory analysis

Collection of large database of ODT, C g, hedonic tone, intensities for
target VOCs, NH,, and H,S (Larry Jacobson — PI)



