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Ethylene Oxide Background

* Toxic
* Even at part-per-trillion levels

10 Ept one grain of sand out of 25
pickup truck beds

* Very reactive

* Penetrates lungs, becomes free-
radical = carcinogen

e Useful for sterilization
* Medical equipment (especially plastics)
e Large-scale sterilization companies
* Hospital sterilizers
* Grains/powders (agriculture)
* Used to make other chemicals
* Ethylene glycol (antifreeze)

3M ethylene oxide sterilizer
and cartridges
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Aerodyne TILDAS for EtO detection

Tunable Infrared Laser Direct Absorption Spectrometer

* No pre-treatment or pre-concentration

* In-situ measurements
* No storage concerns

 Selective and sensitive
e <50 ppt (1s 1sigma);
e Average down to << 10 ppt with
aggressive backgrounding

* Mobile, rapid 1Hz measurements
possible

* Point source detection

\\ |

| A —

TILDAS-FD-EtO with 413 m Cell
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Instrument
Performance

Motivation :: Analytical :: Performance :: Ambient Monitoring :: Source Sleuthing

EtO (ppb)
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Aggressive ABG cycle = best averaging

2 - Time
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24 hour Allan-Werle variance

Time, UTC
6/18/22
00:00 06:00 12:00 18:00 Is this “real” EtO
0_2_:"""""""""""""""""""""""'"""""""""'"""""""'"""""""‘ above background ?
0.1 = !
R N o 24 hr average
o1 | 6/18/2022 (UTC)
wavestats root:EtO
10° 4 V_npnts=42477;
_ ey \V/_avg= 0.0229492;
2107 V_sdev= 0.050536;
5 ] V_sem= 0.000245202;
%10‘5—E V_rms= 0.0555022;
E . V_adev= 0.0402072;
%%10*’— &%’“3 —fﬁ V_skew= 0.0117858;
A(I::gnsMinimunlz:ei' ppt V_kurt= 00560467,
10'7—E 14hr  2.32ppt
L L L B L L """I""'-‘I '
10’ 10° 10° 10°

Integration Time (s)
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Spectroscopic Analysis Model

¢ data point, part of logged spectrum, archived 1 sec

Water lines (left and right) 1 | === spectroscopic fit model

of this IR window form

upside down ‘U’
999.990

absorbance scale
1E-5

999.985
water, in the fit model

alone does not describe
these peaks ~3e-6

’0
X

transinission signal

999.980 .
continuous spectral scan
& data spectrum, offsef] captures all peaks in IR
window

999.975 — —

| I I I I | I
3065.75 3065.80 3065.85 3065.90 3065.95 3066.00 3066.05

wavenumber (cm'T)

Motivation :: Analytical :: Performance :: Ambient Monitoring :: Source Sleuthing



Spectroscopic Analysis Model

formaldehyde, in the fit model describes a few these peaks

offset for clarity

999.990

T
C
Koy
2 999.985
S
k2
=
2
©
999:980
¢ data spectrum, offset
. —— H-0, 20.6 ppm
the blue line HCHO, 1.0 pob
is the result 999.975 |- —

of the model I | | | | | |
3065.75 3065.80 3065.85 3065.90 3065.95 3066.00 3066.05

wavenumber (cm'1)
complete wavelength resolved spectrum
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Spectroscopic Analysis Model

adding ethane, ethylene,
methane and methanol helps ....

999.990

999.985

transmission signal

999.980 & data spectrum, offset

— H50, 20.6 ppm
HCHO, 1.0 ppb
CQH4, 0.12 ppb
CHy, -60 ppt

N —— C5Hg, 0.23 ppb |

999.975 MeOH, 0.8 ppb
I | I I | I |

3065.75 3065.80 3065.85 3065.90 3065.95 3066.00 3066.05

wavenumber (cm'1)
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Spectroscopic Analysis Model

the addition of EtO to the fit model describes the

distinct fingerprint
structure in this window

absorbance scale
1E-5

transmission signal

detectivity 7e-11 cm
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999.990

999.985

999.980

999.975

CZH4, 0.0 ppb
CHy,, 585 ppt
— C2H6, 0.0 ppb

| = EtO, 22 ppt

¢ data spectrum, offset
— H»0, 20.6 ppm
HCHO, 1.1 ppb

MeOH, 1.1 ppb

Is this “real” EtO
above background ?

Yes!, 22 ppt spectral
match is excellent
and apparent

3065.75 3065.80 3065.85 3065.90 3065.95 3066.00 3066.05

wavenumber (cm'1)
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EtO (ppb)

Clear Enhancement Events

Are these due to a point source with the rooftop footprint?

04
D - 1-sec EtO
m Hourly EtO (roof)
| | c | | | Select events stick out

0.0 —

3/1/22 4/1/22 5/1/22 6/1/22 71/22 8/1/22

datetime UTC



EtO (ppb)

0.6 —

0.4 —

Plumes lasting several hours

FRSR P AN o o

— midnight local EDT
- 1-sec EtO
m Hourly EtO (roof)

I I I | I I I I I I I I I I I | I I I I I I I 1 | 1 1 1 1 1 I 1 1 1 1 I | I I I I I I I I I I
12:00 00:00 12:00 00:00
3/26/22 3/27/22 3/28/22

datetime UTC

Would be washed out in a 24hr canister



EtO (ppb)

Plumes lasting several hours

06— |
— midnight local EDT
1-sec EtO
3 m Hourly EtO (roof)

Hourly EtO (lab)

04— | .

Lab air shows EtO
echo as ventilation
system mixes in
outdoor air

A side-effect of the
zeroing scheme:
instrument briefly
switches to lab air then
switches to scrubber.

12:00 00:00 12:00 00:00
3/26/22 3/27/22 3/28/22

datetime UTC
being inside does not provide protection



EtO plume is not correlated to other tracers

= 135;&;3 Methane
- _ {843
© 3 mj . Ethane \ M
7 B HCI The 3/27 event lasted
§ 5 60 HCHO EtO approximately 3 hours.
T .5  This extended duration
I g ) . .
T O 4 m  plume also mixed into lab
g 2 600 "" o2 P
g oo ARERY - A AL R P g °0g air after a few hours, as
E "'j'jj |CO, N20| 1 | I 0: " can be seen by the brief
_ =z 534 | | lab air samples every 30
5~ — .
T e ° minutes.
€ £ 4-pman . :
N S Y T
§ oo n
E 3: I | I |m_ s e
T 01:00 02:00 03:00 04:00 05:00 06:00
32712022
Time [UTC] Are these due to a point source with the rooftop footprint?
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Spectral Signature of EtO is Clear

EtO simulation

1.000075

trum

1.000070

e spec

1.000065

g

1.000060

divided avera

1.000055

1.000050

3065.7

N

03/27/2022 02:15:00 - 05:15:00

3065.8 3065.9 3066.0

3066.1




There are two potential sources in
Massachusetts, notably a nearby sterilizer
equipment manufacturer, and a sterilization
company that accepts EtO deliveries,
further away.

Potential Source
22 miles away
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EtO Mobile

Measurements at
Predictec
Location

EtO

point emission source
diluting downwind
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| ® EtO path
Wind barbs
@ Site




EtO Mobile 250

9 200 g
data £ -
downwind "

400 0 400

(c) ~1.4 km

500 1000

meters normal to downwind vector
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EtO Mobile
Measurements
at Predicted Site

0900-1100
1300-1500

gridded average,
~ 4hr in two
times of day
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Conclusions
*** Aerodyne TILDAS-FD with 400 m cell

<50 ppt 1Hz (10’ ) AERODYNE RESEARCH, Inc.
% im
“*averages to <<10 ppt (10) _ TN722 7/19/;2 ° (UTC7)/21/22 7/23/22
. . . . o N I | I Loty | Lt |
* Ambient Monitoring and/or Mobile QLR r—— b e
: 2E 041
point source measurements O&cﬁ 0.0
demonstrated TE 01 -SRI |[Avg 10 = 32.6 pot]
i 3 02— EtO
“*Spectra provide backup and 10° - — 1hr smooth
oge . A
accountability, critical for regulatory 310
applications. £10° -
= & | IntTme _Std. Dev.
999.988 - §10 -1 21s 43.81 ppt
B = 10s 21.20 ppt
S 999.986 . cq10’ - 100s 13.44 ppt
g o90.901 | % Allan Minimum
é ' 10 4 57.6 min 3.60 ppt ‘\
§ 999.982 — |||||||| 1 |||||||| I |||||||| 1 |||||||| 1 |||||“| ‘l
999.980 . 1 01 1 02 1 03 1 04 1 05
' ' ' ' Integration Time (s)

3065.8 3065.9 3066.0 3066.1

-1
wavenumber (cm )



Supplemental Slides



EtO (ppb)

Bonus Site

7 —
6 —
5 —
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3 —
2 —
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15:30 15:40 15:50 16:00
8/18/22
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® EtO path
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V.




EtO components are ubiquitous

Ordering Information

Catalog No. Description Packaging Shipping

ggg:;g 4.8 cubic foot chamber EO sterilizer 1/unit 1 unit/carton
3M™ Steri-Vac™ Sterilizer/
Aerator GS Series GS8-1D

GSB-ED. 7.9 cubic foot chamber EO sterilizer 1/unit 1 unit/carton
3M™ Ethylene Oxide (EO) 50 Converts EO exhaust into CO; and 1/unit 1 unit/carton
Abator water vapor

100 gram (3.5 oz.) Cartridge for

4-100 12 each/box 8 boxes/case
3M™ Steri-Gas™ EO Gas Models GS5-1D, GS5-2D, 5XL
Cartridges .

8-170 170 gram (6 oz.) Cartridge for 12 each/box 8 boxes/case

Models GS8-1D, GS8-2D, 8XL




Principle of Operation — Absorption Spectroscopy

Viaser = Vmolecule

/\ \\
w Vmolecule ) Detector
\

N

413 m Astigmatic Cell

Tunable Infrared Laser Direct Absorption Spectroscopy

Detectors = Red Trace Laser

IHSC N
- IH¥C)
l _.—.-—‘_-‘
1T MR
{
P-branch (Q R-branch

Fig. 17.14. A high-resolution vibration-rotation spectrum of HCl.

/
Ref. Gas Cell Pinhole \ IR-IR Combiner \QC Lasers

o . on TE coolers
Visible-IR Comhiner in housings

Ge Etalon View Point
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EtO (ppb)
(roof, 5 min ABQG)

. 2
Allan-Werle Variance (o)
— — —
o o

—

2-story Inlet 3m Inlet
5-min ABG 2-min ABG

4/27/02 aoaar V1O s 717122 7119/22 7/21/22 7/23/22

© o o o
- O = DN

| A [ A | .. | A | A | A 6 | 1 l 1 | [ | 1 l L |
I T N S, B 0.2 fee cpait o anrrs e o AR e gl S
—~C
-§ g 0.1
S 00
Avg EtO = 13.6 ppt LS g1 : Avg EtO = 32.6 ppt
LR T R R g VT R e e o G st g R o TR
N EtO 3 02— EtO
— 1hr smooth 107 — — 1hr smooth
_ o .
5107 =
(&)
N S, 5
Int. T Std. D g%~
6 _| Int. Time td. Dev.
11s 40.58 ppt ?, -6 Int. Time Std. Dev.
2 | 10s 14.20 ppt 510 7 2.1s 43.81 ppt
100 s 6.96 ppt = 10s 21.20 ppt
Allan Minimum cq10’ - 100s 13.44 ppt
¥~ 1.6min 6.87 ppt = Allan Minimum
. < 5 57.6 min 3.60 ppt
| L ||||||| LI ||||||| 1 ||||||| 1 ||||||| | LI ||||||| 10 — :
101 102 103 104 105 |||||||| I |||||||| I |||||||| I |||||||| I |||||||| I
Integration Time (s) 101 102 103 104 105

Intearation Time (s)



Spectroscopic Accountability

these ridges are the

fingerprint for unambiguous
EtO quantification \ In the Aerodyne TILDAS,

all spectra are saved and user accessible
to back-up the normal automatic
reported retrieval (mixing ratio)

scaled absorbance

JJ\L LM IR

3065.6 3065.8 3066.0 3066.2 3066.4 wUnits_none
wavenumber (cm )
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Months-long ambient monitoring record

04
2-story Inlet 3m Inlet
S 1-sec EtO .
5jm|n ABG m Hourly EtO (roof) 2-m|n ABG
0.3 : f
Aanc fram fialA
Udpb 1MOII 11<iu
= measurements or lab
Q.
(o} .
S experiments
L
I I — — T
3/1/22 4/1/22 5/1/22 6/1/22 7/1/22 8/1/22

datetime UTC
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EtO (ppb)

0.4

0.3

Months-long

ambient monitoring record

Winter Ambient Average
(Feb — April)
12 £ 14 ppt

Summer Ambient Average
(July — August)

For error, use 2* Allan Min

3317 ppt ]

For error, use 2* Allan Min

3/1/22

4/11/22 5/1/22

datetime UTC

6/1/22 71/22 8/1/22



0,20 izt SR M e Brchetsm B e B

0.15 —
0.10 No clear diurnal trend
o Feb-May 2022
S 005
©
()
=z
©
< 0.00
Q
L
-0.05
-0.10

UTC Hour
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Events



NOAA HYSPLIT MODEL
Backward trajectory ending at 0300 UTC 27 Mar 22
HRRR Meteorological Data

.................................................

Source » at 4253 N 71.27W

06
N
O
<<
(]
S
i)
[5]
=
------------- T e ¢ B i S
: : : : : : Job ID: 178732 Job Start: Mon Mar 28 20:27:05 UTC 2022
! : : Source 1 lat.: 42.527000 lon.:-71.268000 height: 50 m AGL
Trajectory Direction: Backward  Duration: 24 hrs

Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 27 Mar 2022 - HRRR

EtO Wind Rose and Hysplit trajectory for the 2022-03-27 plume. Sharp lines in the

wind rose are artifacts from the anemometer posts. The hysplit trajectory is show
to the right.
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On the Road
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TILDAS EtO (ppb)
Water-corrected
Carrulite Zeroes

Cal Factors using flows (divide by)

EtO Standard Addition
2 Tanks Attached to Same Flow Controller
6/16/22 16:50

45
Collaborator Tank

0 y =1.0913x - 0.0065
35 R?=0.9999

2 ARI
a 25
N y =0.9944x - 0.1712
i B ARICYLINDER
— 20 RZ i 1
2 = 4 SCAQMD CYLINDER
T
:%’ 15 Linear (ARI CYLINDER)
Linear (SCAQMD CYLINDER)
10
5
0
0 5 10 15 20 25 30 35 40 45

Std EtO (ppb)
ARI 1.075 ppm EtO Airgas Tank Standard Addition OR
1.028 ppm EtO Standard Addition

TILDAS EtO (ppb)

Water-corrected

Carrulite Zeroes
Avg H20 1.5E7 ppb

During this calibration, we also
get a cal factor for the Ethane-
TILDAS-mini

Offset due to ambient ethane

Ethane Standard Addition
2 Tanks Attached to Same Flow Controller
6/16/22 16:50
45

40
35

30
25
20 Meas C2H6_mit
- y =0.9453x +
10 3.7164 —— Linear (Meas
c : C2H6_mini)
X RZ=1

0 10 20 30 40 50

Std EtO (ppb)

ARI 1.075 ppm EtO Airgas Tank Standard Addition
34



Comparison of analysis techniques for various standard
addition calibrations using ARI’s EtO calibration tank

Date/Time and Statistics Humid Standard Additions Humid by Ratio Humid by ratio
(analysis by flows) (C2Hs calibrated separately  (single C2Hs cal factor from
for each cal) “Ethane 3” tank)
6/10/22 15:30 0.990 0.958 0.957
6/12/22 15:25 0.976 0.976 0.943
6/12/22 16:10 0.963 0.963 0.929
6/15/22 16:50 0.994 0.994 0.938
Average 0.981 0.973 0.942
StdDev 0.014 0.016 0.012
95% error 0.045 0.052 0.037
95% error as % error 4.6% +—0 5.3% 7 3.9%
1 ppb EtO would be corrected to 1.020 \rogg\ / 1.062
-/

Flow uncertainties are not
a major driver of error



Normalized Frequency

100 —

o
o
I

o))
o
I

I
o
|

N
o
I

Gauss. Fit Winter

®  histEtOwinter
y-A*exp( 12 * [(x-xO)IS|gma] )+B
x0 =0.011781

\ S|gma =0.04746
\ .
\ Gauss. Fit Summer
| histEtOsummer
\ | y=A*exp(-1/2 * [(x-xO0)/sigma]’)+E
| x0 =0.032058

sigma =0. Q48827

‘hhhhhhhﬁ

-0.1

0.0

[ ’i
0.1 0.2
EtO (ppb)

Feb — April
12 ppt £ 92 ppt

July — August
32 ppt £ 96 ppt
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