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Introduction to thermal desorption, cavity ring-down spectroscopy
AROMA modes of operation

AROMA for ambient air monitoring of hazardous air pollutants
Field data

Exploring contaminants of emerging concern in air

Summary

About Entanglement Technologies

Entanglement Technologies is advancing quantum machines by building practical,
commercially viable precision sensors that push the limits of laser, cavity, electronic, and

signal processing performance.

AROMA, the best-in-class trace gas & vapor sensor, is our first product in market and was
deployed in 2017.
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High density of states collapses
discrete structure into broad bands

Simulated Data Generated by HITRAN; experimental data from PNNL Infrared Database
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Small molecules have sharp
absorption peaks easily
distinguished from sharp peaks
of other small molecules.

Identify via wavelength scan
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ThermaI/Desorpti\on - CRD\S

\

Separation Front End Embedded Instrument Management

Proprietary FPGA based laser management
Real-time data acquisition and management

High precision analog and digital servo systems
Internal library and automatic result processing
Ramped thermal desorption chemical concentration and

separation: Robust, fast, stable.
P ok oycles Tunable laser + CRDS Core
* Insensitive to O, H,O

Inlet

e Direct/Air manifold
* Purge and Trap system

Rapid broadband spectroscopy eliminates need for complete
separation and allows speciation.

* >500Nnm/sec tuning over ~100 nm.
* 50% duty cycle cavity locked CRDS

* Proprietary electro-optical servos and laser design provide
robust performance in harsh vibrational environments

MDAL as low as 1.2 x 10"*2 cmY/y/Hz
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Separation Front End Embedded Instrument Management

Proprietary FPGA based laser management
Real-time data acquisition and management

High precision analog and digital servo systems
Internal library and automatic result processing
Ramped thermal desorption chemical concentration and

separation: Robust, fast, stable.
P ok oycles Tunable laser + CRDS Core
* Insensitive to O, H,O

Inlet

e Direct/Air manifold
* Purge and Trap system

Rapid broadband spectroscopy eliminates need for complete
separation and allows speciation.

RaidScan Mode — Direct CRDS * >1500 nm/sec tuning over ~100 nm.

Perform direct, whole atmosphere analysis for rapid source location *  50%duty cycle cavity locked CRDS
* Proprietary electro-optical servos and laser design provide
robust performance in harsh vibrational environments

MDAL as low as 1.2 x 10"*2 cmY/y/Hz
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Core operated at 300 torr, 100 sccm flow
Results are classifications, not positive identifications
Small molecules can be positively identified




ThermaI/Desorpti\on - CRD\S
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Separation Front End Embedded Instrument Management

Proprietary FPGA based laser management

Real-time data acquisition and management

High precision analog and digital servo systems

Internal library and automatic result processing
Ramped thermal desorption chemical concentration and

separation: Robust, fast, stable.
P ok oycles Tunable laser + CRDS Core
* Insensitive to O, H,O

Inlet

e Direct/Air manifold
* Purge and Trap system

Rapid broadband spectroscopy eliminates need for complete
separation and allows speciation.

LabScan Mode — TD-CRDS * >1500 nm/sec tuning over ~100 nm.

Collect a controlled volume atmospheric sample (up to 10L permissible )RR Xe U ASVd LA 1Al CIRE PR
* Proprietary electro-optical servos and laser design provide
robust performance in harsh vibrational environments

Concentrated sample for low detection limits
Remove light molecules (particularly water)
Provide GC-like chemical separation for speciated analysis

MDAL as low as 1.2 x 10"*2 cmY/y/Hz
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Data Display
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File Tools Connection Results

Realtime Data Results  Configuration

Analysis Results Cycle Parameters
Species vmr mdl qualifiers parameter name parameter value
date 2019-08-12 73:26:23
2ycle mumber 3435
<campaign id
samgle id
sample point
sample type C yinder Calibration Large Volume
Toluene 109.000 ppb 0.018 ppb “‘::‘“d
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Typical Aﬁalyte List with Performance
7/ \ NN LA

\ \

Speciated Analysis Mode
Analytical Performance

Speciest IMDL (1500 mL sample)* IMDL (100 mL sample)*
Benzene < 10 pptv (0.03 pg/m3) < 150 pptv (0.45 pg/m3)
IToluene < 50 pptv (0.15 pg/m3) < 750 pptv (2.25 pg/m3)
Ethylbenzene <100 pptv (0.45 yg/m3) <1500 pptv (6.75 pg/m3)
Xylenes <100 pptv (0.45 pg/m3) <1500 pptv (6.75 pg/m3)

Trichloroethylene

< 50 pptv (0.10 pg/m3)

< 750 pptv (1.50 pg/m3)

1,2-cisDichloroethylene

< 100 pptv (0.40 pg/m3)

< 1500 pptv (6 pg/m3)

Isoprene < 100 pptv (0.30 pg/m3) <1500 pptv (5 yg/m3)
1,3-butadiene < 200 pptv (0.55 pg/m3) < 4 ppbv (9 pyg/m3)
Acroleine < 200 pptv (0.55 pg/m3) < 4 ppbv (9 pg/m3)
IStyrene < 500 pptv (2.1 pg/m3) < 10 ppbv (42 pyg/m3)

Ethylene Oxide**

< 10 pptv (0.02 ug/m3)

< 1 ppbv (1.80 pg/m3)

i<Zero level drift (per analyte)

< MDL]

Analytical Precision (per analyte)tt

greater of 25% of measured value or MDL

Analytical Accuracy (per analyte)tt

greater of 30% or MDL|

Measurement
Analysis Time < 10 Minutes|
iISampling Duration 1-45 Minutes|
ICalibration As required by testing protocol

Data Reporting

Attached PC, WAN gateway compatible

IData Format options json, csv, kml
Global Positioning System Built-In
Sample Volume Range 5-5000 scg
iSampling Flow Range 2-500 scem)

1 Additional species available upon request and via software updates
11 Equivalent Performance to EPA TO-15 laboratory requirements

*MDL sample volume dependent
** Requires Analyte-specific instrument configuration

Other compounds of
Interest that can be
measured:

Hydrogen Sulfide
Hydrogen Cyanide
Carbon Monoxide
Methane

Water

Carbon Dioxide
Butane

Propane

Acetone
Isopropanol
Methanol

Etc...
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Performance VaIidation

BAAOMD GSI & ESTCP EPA Reqgion 9

Month-long, 24/7, unattended, side-by-
side with dual column auto-GC

Tedlar-based co-sampling of Side-by-side measurements with

2 benzene > 0.97 sanitary sewer headspace vs gold standard (SUMMA canister

r2 toluene > 0.99 GC/MS + GC/MS by To_li) "
Included in ESTCP sanitary measurements performed by

= sewer methodology study. EPA lab (region 9).

The dynamic range was so large
that EPA used ET results to
TCE select dilution for analysis to
prevent contamination of their
instrument

Fit: 0.808x + -0.018; r2 = 0.978 Fit: 0.862x + 0.129; r2 = 0.995
B i r2 TCE > 0.99

ET data [ug/m3]

R? =0.9959

»  Measured concentration

10 15 20 25 30
Auto-GC data [ug/m?] Auto-GC data [ug/m?]

1CE
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AIR QUALITY USEPA [ug/m3]

MANAGEMENT

R2=0.9876

AROMA [ppbV]

Benzene
40 60
GSI Hapsite [ppbV]

Toluene

Ethylbenzene

AROMA [ug/m3

DS TREGCT
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» Data collected from a rental
mini-van during transit from
Longmont to Denver

= AROMA Running in RapidScan
mode

= Battery Supply

= Installation time: 30 minutes

Includes de-installation from fixed
site and re-installation in rental
mini-van
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Emergehty Respénse - ITC Fire, Houston TX

ITC Fire Response

Benzene Analytical Results, ITC Fire response -
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Concentrations of benzene across the Houston Ship
Channel from the ITC facility were in the hundreds of
parts-per-billions, even days after the fire.

Elevated benzene concentrations were measured as

far as 12 miles downwind with AROMA-VOC X entang lem ent

TECHN S, INC.




Leak Sourte ID and Plume Fingerprinting — Hurricane Harvey

Leak Source ldentification

L T v R &
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Likelihood of source origin using concentration, locations, and met data

Good agreement with subsequent satellite data

Xylene/Benzene
Ethylben/Benzene

Plume Fingerprinting
5 of 6 plumes show distinct BTEX ratios

Allowed for differentiation of two overlapping
plumes at Exxon Baytown

Manchester ethylb.
Manchester xyl.
Baytown ethylb.
Baytown xyl.

Pt. Arthur ethylb.
Pt. Arthur xyl.

10l Pasa. ethylb.

Pasa. xyl.
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Ambient Air Qual\\ity Impacts of Camp Fire

Camp Fire Benzene Impact, Burlingame CA

Benrene Concentration Burtngame CA, Measured by AROMA

Camp Fire Starts

Rain Event Clears

Camp Fire Smoke
Transport to Burlingame

Background Background

AROMA also monitors
VOCs in water!
After the Carr Fire in 2017,

AROMA was used to test
multiple wells in multiple water

districts most heavily impacted
by the fire using a simple
sparge interface. Detection
limits for benzene and other
VOCs were below 50 ng/L.

Yentanglement
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Compounds of Emerglng Concern in Air

\ T o

» Ethylene Oxide (EtO)

Many challenges with measuring ethylene oxide including low analytical
detection limits needed (based on the EPA’s risk assessment) and Ho /N H
background levels are not well-understood

= PFAS

PFAS in the environment is a major challenge as there are many
compounds, variable toxicity, and low analytical detection limits needed

Some OTM methods for PFAS in air R FFF Fg
Ambient air analysis includes in-field use of Tof-CIMS, PTR-MS, and FTIR FWOH

Fluorotelomer alcohols (FTOH) have been detected in indoor and outdoor
environments and could act as a proxy for other PFCAs such as PFOA.

Martin, et al., 2002 measured 29 pg/m3 6:2 FTOH in a rural environment to 87 pg/m3 6:2
FTOH in an urban environment.

Implications for vapor intrusion (Abusallout et al., 2022) X entan g lem ent

ECHN

6:2 FTOH



Ambient Air Mon“itoring/ of EtO

AROMA-ETO is a GC-CRDS system capable of

air below 10 pptv in a 20-minute analysis time.

m Considerations to reach pptv MDLs

= Sampleis collected on a sorbent prior to analysis
Humidity
Sample Volume
= Increased Relative Humidity has a detrimental effect on EtO
retention on the sorbent above 600 mL

= 600 mL (e.qg. collection of 200 mL/min for 3 minutes) is the upper
recommended limit for the AROMA-ETO sampling volume

H  EtO in Zero-Air A *
81 H  EtO in 5% Humidified Zero-Air
H EtO in 10% Humidified Zero-Air
(A) E_to mass as a W EtO in 80% Humidified Zero-Air
function of sample ERN :
. — I
volume at different RHs. 4 ; 1
= 44
(B) Linear response of £ :
mass on column vs 2 *
sample volume. . *
0_
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00
Volume [L]

mass [ng]

=
n

=
o
L

o
tn

o
IS)
L

Analysis Mode Analysis Time Sensitivity

measuring ethylene oxide and other VOCs in ambient RapidScan 5 seconds 1ppby

LabScan 20 minutes <10 pptv
. 1o-11
M s A
A 6 8 A
150 :‘: lf.\\ ; 1. :
i !\ 57 pptv s it »
I ;oA PP Y PG 2 ppty A
- 57 opl i \ g, : ! :
100+ 200 ' 1 2 ¢ ‘e 2 ppt
/ \ 2 < — 0 ppt
! f \ o
\ 8 » .
050 i k <, : o . .
" \| { e ' ‘e
/2 pptv’y Nl AL it VR I B
AV RS ST
000 php-s ainBlio bl s DAY - T WPV PN 0 i ! . i P ; L) : !:, ) ! L '
340 360 380 400 420 440

400 420 440
|ution Time (s) Elution Time {s)

Above figures show LabScan measurements of ethylene
oxide in zero air. The calculated detection limit for
ethylene oxide is 0.65 pptv.
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Contir),u’ou'sAmbient Measurements of Ethylene Oxide
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EtO concentrations measured at ground-level in San Bruno, CA from May Typical analysis trace measured at ground-level in San Bruno, CA.
8 - 14, 2021. Each line on the x-axis is at midnight (PST). Ethylene Oxide fit result shown in inset plot.
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Ambient I\/Ieasure\ments#mc Ethylene Oxide

EtO Concentration [pptv]
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Pictures courtesy of Georgia Environmental Protection Division
% 2

(A) EtO concentrations
measured at ground-level in
DeKalb County, GA from July
20 — August 3, 2022.

(B) South DeKalb NATTS site
managed by Georgia EPD.
This is considered an urban
background site.

(C) AROMA-ETO installed in
the South DeKalb NATTS site
and remotely operated by
Entanglement Technologies.

(D) EtO measurements at a sterilization facility in GA. Upwind and downwind measurements
1 were made as well as at site, which is labeled by the boxes with EtO concentrations.

(E) AROMA-ETO installed in rental minivan for
mobile monitoring in Georgia.
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Measuring FTOHs in Ai
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0.0 1ot
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mass [ng]

100 A
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t! »

L 05 A4

6:2 FTOH

* T = .I
1300 1320

T
1340

T T T <
1360 1380 1400

T
1420

150 1

mass exp [ng]

C °®
4:2 FTOH -8
Slope: 1.19 °
R-Squared: 1.00
L]
e
. 6:2 FTOH
Slope: 0.94
. R-Squared: 1.00
I
0 50 100 150 200

T T T
1620 1640 1660

T T
1680 1700

T
1720

1600
1le—10 vmr gas vs cycle number
5
® 2-pFbutyl Ethanol D
—
® 2-pFhexyl_Ethanol 4:2 FTOH MDL
0.27 ng
4 23.21 ppt
0.27 ug/m?
7 J
®
3@ [ — 1 i S I Al [
wn
S °
E | @]
E , ] L ® LY &
6:2 FTOH MDL
0.63 ng
38.92 ppt
14 0.63 pg/m* |
J
0 1 T T T T T T T T
4002 4003 4004 4005 4006 4007 4008 4009
cycle number

(A) Spectral fit of 1H,1H,2H,2H-
Perfluoro-1-hexanol (4:2 FTOH)

(B) Spectral fit of 1H,1H,2H,2H-
Perfluoro-1-octanol (6:2 FTOH)

(C) Mass calibration curve from
injection of varying volumes of 25
ppm 4.2 and 6:2 FTOH

(D) Calculated method detection
limits of 4.2 and 6:2 FTOH are 23
pptv and 39 pptv, respectively.
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Multi-Compound Analysis
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B AROMA is exceptionally robust and very easily deployable for stationary and
mobile studies

m TD-CRDS can address emerging contaminant monitoring needs
B AROMA-ETO can measure below 10 pptv ethylene oxide in ambient air

B AROMA has been proven in the field by numerous groups including:

P § A » @3
 that work Stanford g 1‘{«% < B\ e ¢ ()
" G S I University & f I pRote >0 N < STi
B e ICOLORADO (‘ rof o=/ BAY AREA AIR QJ\LITY k NVIFOT ent lieuaier 5t Sonoma Technology, Inc.
E@ Heaith & Environment % Kentucky &/ MANAGEMENT DISTRICT FI" e I & wate DCMR lemond qy

m Various options for collaboration with Entanglement Technologies

Xentanglement
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Questions?

For more information, please contact:
Aurelie Marcotte, Ph.D.
Director of Sales and Business Development
amarcotte@entanglementtech.com

(413) 221-1833
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New Approach, New Capabilities

Curtesy of COPHE
Data collected in CDPHE CAMML AROMA (3 min) AROMA (45 min) — GC (45 min)
10

berzene [ppbV]

Rapid Emergency Response

toluene [ppbV]

. %, 2\ = L *
: iy | s = v . Mobile and stationary measurements made in Longmont
Automated hyper-local pO”UtIOI’I 2 7 \C A § and Denver, CO. AROMA BTEX measurements were

mapping ‘ T = o v ‘ . B =) m— N N made next to an oil well pad and co-located dual auto-
& Y B === [ 5 < e - GC. Mobile measurements were made from a rental
minivan as well as a CDPHE vehicle.

Broad area surveys with
automatic source localization

Process Control for online
intervention at emission point

Enables plume fingerprinting and

flUX determinationfor secondary - S Large area ozone precursor study in San Antonio, TX. Daily data example
analyses Of data Mobile monitoring after Hurricane Harvey in Houston, TX. for benzene and combined LabScan and RapldScan data (inset).

Likelihood of source origin using concentration, locations, and met data. g l r'r'l t
Good agreement with subsequent satellite data X e n an e en
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