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Presenter
Presentation Notes
This talk will present advances made in FTIR technology and techniques to improve detection of trace impurities in carbon dioxide in order to meet ISBT requirements.


ldeal Objectives for a Beverage-Grade
CO, Purity Analyzer System
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1) Fast £ e
2) Accurate . |

3) Sensitive |
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4) Robust — Interference free 4l
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5) Ability to measure many analytes simultaneously

6) On-Line/ Continuous

Recent Improvements in FTIR & UVF technologies
appear to be able to meet these goals
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Presenter
Presentation Notes
What is needed for a process Analytical Technique, such as in-line monitoring of carbon dioxide for ISBT impurities? 1) It should be fast, so as to minimize any downtime such as the truck offloading time; 2) It obviously has to be accurate and interference free so as to provide a reliable assessment of the impurity level for CoA generation; 3) It has to be sensitive since some components (such as aromatics) have a threshold of 20 ppb for a failed lot; 4) It should be able to simultaneously analyze for as many impurities to simplify the analysis. We have chosen FTIR as a candidate to meet these goals as it applies to ISBT regulations.


What is FTIR?

Fourier Transform Infra-Red Spectrometry

* All modulated frequencies detected simultaneously
— The resultant pattern is called an interferogram (signal vs time)
— Which is a sum of an infinite number of cosine waves vs time

* Fourier transform calculates spectrum from interferogram

* FTIRs have numerous advantages
— High signal-to-noise and spectral resolution are possible
— Fast scanning, can collect full spectrum in less than 1 sec.

— Calculated spectra for each molecule can be a constant

®
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Presenter
Presentation Notes
The main advantage of FTIR is that one is analyzing ALL of the infrared spectrum simultaneously, resulting in extremely good signal to noise factors.


The Michelson Interferometer
(most common type used in FTIR gas analyzers)
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Presenter
Presentation Notes
The interference of the individual infrared wavelengths created by combining beams from a fixed path (fixed mirror) and variable path (moving mirror) produces what is known as the interferogram. The Fourier Transform of this interferogram is known as the single beam (or power) spectrum.


Single Beam & Absorbance Spectra

Single Beam Spectrum Absorbance Spectrum
Voltage vs Frequency Abs. vs Frequency

FT (Igram) = Single Beam Spectrum

Features are gaseous absorptions A= -logyo[l/1,] =€« /e c
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Presenter
Presentation Notes
The –log ratio of the single beam spectrum with and without the material in the gas cell produces the absorbance spectrum. This absorbance is independent of light intensity.  So the signal or absorbance for each molecule is a constant
Abs is measured, ε * l is constant, c is calculated.



Complex FTIR Spectra
from ISBT Listed CO, Impurities

(Each color is a different impurity gas + CO, Bands)
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Presenter
Presentation Notes
Notice how each compound is different and is separate from the CO2.  So, every compound is measured individually.  We use Benzene as a surrogate for all Aromatic HC.


FTIR Gas Analyzer Layout
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Presenter
Presentation Notes
Layout of the FTIR is in modules (detector, sample cell, spectrometer)


> W N

o O

Technical Improvements in FTIR
(Sensitivity & Selectivity)

Use TE cooled quantum detector (MCT) - Sensitivity
Resolution and Frequency Precision - Selectivity
Run at lower resolution (4 cm-1) - Sensitivity

Quant region selection / “Picket Fencing” — Selectivity &
Sensitivity

Increase pressure / molecular number density - Sensitivity

Multi-pass gas cell with high throughput - Sensitivity

®
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Presenter
Presentation Notes
So…are there ways to help improve the sensitivity and selectivity of FTIR as it pertains to measuring vaporous impurities in an otherwise pure carbon dioxide stream? Fortunately, there are. A few ways to do this as enumerated in this slide. 1) Use a sensitive detector such as MCT (mercury cadmium telluride) which is a quantum detector (converts photons directly to electrons for measurement). 2) Use a “peak analysis” routine, which exactly matched each FTIR spectrometer to another by adjusting the bandwidth and frequency of the measuring interferometer to the same values. 3) Run the FTIR at a lower (i.e. higher bandwidth) resolution – this limits the noise bandwidth and proportionately increase the S/N by the ratio of the increase in the resolution (i.e. a system running at 4 cm-1 is approximately 8 times more sensitive than a system running at 0.5 cm-1), of course there is a trade off between SNR and resolution capability which has to be balanced. 4) Perform a “picket fence” removal of fine structure features from an interfering material (in particular for CO2 monitoring, it would be H2O) in addition to judicious editing of quant regions to minimize interference. 5) Increase the pressure of the gas, thereby increasing the number density and hence the number of molecules which can absorb the probing beam. 6) Use a multi-pass gas cell which inherently increase the pathlength (l) and hence the observed absorbance. A trade off is also made since the gas cell material has to be highly reflective (>99.9%) to provide enough transmitting infrared energy to be measured.


FTIR Calibration
(Instrument Independent = Physical Measurement)

EMeasure Peak Width = |

‘ Meazue ‘ Shows Ref Default Ref ‘ Load Ref | Canfig FT-IR <F2> ‘ Print Panel <F&: ‘ Retun <Fa8> ‘

39185 3590 359795 35200 33205 39910 39915 39220
1| [ | LaseR FREQ RESULTS SAMPLE PEAK REGMETE ™ ~GEFERENCE PEAK RESULTS
[1[XE oty Sm) — i
Or|g|na| LagerFreq | 1R798.2334 FuHH (C ) | 04735 HH (cm 1) | 0.4647

Auto Correct Water Li . S Freg (cmgl) | 3920.0908 req (cm-1) | 3920.0452
Auto Corrected Lasef Freq | 15798.2073 peak (A 0.2206 peak (AL) 0.2004
Calculated LaseNgreq | 15795.2251 baseline (AL) | sy haseline (ALY p.ooz4

)

amplitude (AL 0.2169|| [ampliude AL 0.1380

Set Lazer Freq to Calculated

All analyzers are tuned to have the same resolution & optical frequency
in order to achieve the same calibration response for all impurities
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Presentation Notes
Also Detector Linearity – we linearize (apply a correction factor to the detector response) to make sure the calculated spectra is a constant with fluctuating IR signal.


Analyzer Independent Impurity Calibrations

Instrument-to-Instrument Variation
Based on Ethylene Measurements

Easily able to transfer calibration
factors from one instrument to
another

This means an FTIR analyzer should
not require impurity re-calibration by
a user —only periodic response
verification is recommended

All Different FTIR Gas Analyzers and none were calibrated for Ethylene
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Presenter
Presentation Notes
No calibration was done here, just comparing the certificate ethylene concentration versus a previously recorded calibration curve which was several months old.


The Challenges of IR Measurements in CO,

 High AA is a common source of odor complaints & an ISBT Target Impurity
 AAis common in Fermentation & Combustion Feed Gas Sources
e Acetone is also a common impurity — but NOT an ISBT listed Target

Idealized Spectra - with no CO2 or H20 bands shown *

L
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The Challenges of IR Measurements in CO,

Real World Issues
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? Acetaldehyde (AA) False Positive Error
Potential when Acetone is present

Acetaldehyde Bias from Acetone at Maximum Allowable Limit

Acetone

Corrected Result After
“Picket Fence” Signal
Processing

ACETALDEHYDE CONCENTRATION (PPM)
s & B R

ACETONE CONCENTRATION (PPM]
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Presenter
Presentation Notes
Judicious setting of the quant regions in acetaldehyde and acetone can also mitigate any crosstalk between the two as shown here. This is especially important since there have been instances of truck sample rejection due to incorrect assignment of acetone as acetaldehyde. This slide shown here is a very small negative bias in acetaldehyde (10 ppb) in the presence of 7 ppm of acetone (21 ppm C1 equivalent).


The Challenges of IR Measurements in CO,

* NO & NO, (NO,) are ISBT Target Impurities
* NOx is common in Fermentation & Combustion Feed Gas Sources

« NO & NO, IR bands are superimposed by H,O vapor bands
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SO,, NO and NO, with H,O & CO, interference
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Presentation Notes
Here is a standard representation of the NO2 and NO spectra overlapped with the H2O spectrum. It was previously shown how the NO spectrum is handled with “picket fencing” and judicious choice of quant regions.


“Picket Fencing” the Desired Data

Nitric oxide (NO) analysis in presence of H,O
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Presenter
Presentation Notes
Using part of the “P branch” of NO vibrations to measure its concentration. Have to remove interfering water, which might affect the resulting analyzed concentration. We use “picket fencing”, which removes those wavelengths in the quant region of  the analyte which have interference with H2O absorption.


- Corrected NO Result after “Picket Fencing” &
Other Spectral Corrections Applied

Analysis Region

Actusl vs Raw Predicted [with Selected Spectrum]
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Effect of H,O on NO, FTIR detection
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Presenter
Presentation Notes
Since we are able to precisely differentiate between NO2 and H2O and have removed interferences between the two using careful selection of the quant region as well as picket fencing, there is little or no crosstalk between the two detections.


The Challenges of IR Measurements in CO,

« SO, is an ISBT Target Impurity
e« SO, is common in Combustion Feed Gas Sources
« SO, IR bands are superimposed by H,O vapor bands
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Effect of H,O on SO, FTIR Measurement
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Presenter
Presentation Notes
Again, just as with NO2, there is little to no interference of the SO2 measurement with background water present.


How do we know we have good “Interference
Corrected” results for an impurity?

After an Individual Impurity’s Spectral Band is
properly subtracted from it’s Viewed Spectral
Window — the remaining residual spectra

s should be a flat, level line around the 0.00
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Presentation Notes
When all the compounds are correctly accounted for, the residual spectra should just be random noise around 0.0000 abs.


99.99% CO, IR Absorbance Spectrum
(Highly Stabile Response for %CO, Purity Monitoring)
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Presenter
Presentation Notes
The longer the pathlength or higher the pressure the lower detection limits can be achieved.  Other than baseline drift and a few contaminants like water the two CO2 spectra look identical; this is due to the matching of the spectrometers with respect to bandwidth and frequency.


% CO, Measured after a Mass Flow Controlled Spike
Of Acetaldehyde (AA) Std in N,
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Presentation Notes
Another result of the precise spectrometer bandwidth and frequency matching is the ability to record very small changes in the pure CO2 spectrum as well. Here we have injected N2 blends to a dilution of 0.97% and 0.12% into a pure CO2 stream. The dilution of the blend matches that of the measured decrease in the CO2 purity. This purity tracking would mitigate the need for a Zahm-Nagel apparatus to perform the same measurement.



Benzene (AHC) Std MFC Spiking Response
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Presenter
Presentation Notes
The most challenging detection is benzene (total aromatic hydrocarbons) due to the very low ISBT requirement (20 ppb total), however the linearity is sufficient & the observed MDL is approximately 2 ppb.


UV-Fluorescence Detection of Sulfur Species
as TSC

Step One: Totally Convert all sulfur impurity
species in the sample into 1 oxidized (SO,) form
by a catalytic reactor oven (ex. ISBT Method
13.0)

C.HxS, + O, —» n CO, + xH,O +y SO,

For CO, Samples, Reactor Oxygen is provided by
precisely flow-metered Clean Dry Air (CDA)

international society of ’
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Presenter
Presentation Notes
To sensitively measure total sulfur species as one, a UV fluorescence technique is used. The first step is to oxidize all reduced sulfur species to SO2 in a catalytic oxidizing oven. An excess of oxygen (approximately 6%) is used to convert all reduced species to SO2; the source of the oxygen is typically a CDA (clean dry air) source.


UV Fluorescence TSC Detection

Step Two: Detect the total created SO, with UVF

hv (214 nm)

SO, — SOZ*—> SO, + hv (350 nm)
UV Excitation Emitted UV Fluorescence
Source Lamp = 1, TSC Signal =1,

« Detection with bandpass filter centered around
350nm to minimize any background interference

e Permeation Scrubber to remove trace of aromatics
which can interfere with UVF sulfur measurement

 Photomultiplier detection (very sensitive)
 Result: MDL of <2 ppb TSC

®
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Presenter
Presentation Notes
The SO2 created in the oxidative process is then introduced into the analysis region, where it is probed with 214 nm light  from either a Zinc lamp or UV LEDs. The SO2 molecule is electronically excited and then relaxes by giving off a photon of light, typically in the 320 to 370 nm region of the spectrum. A 350 nm bandpass filter is used to select this fluorescence since there is minimal interference from aromatic hydrocarbon species at this wavelength. The emitted light is sensitively detected with a photomultipler tube and the exciting light is also monitored for any intensity fluctuations.


UV-Fluorescence TSC Detection (as SO,)
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Presenter
Presentation Notes
Here is the layout of the total sulfur apparatus. The exciting light is outlined in violet and the PMT is outlined in blue.


UVF MFC Spiking Results — TSC Gas Std (CS,)

0.045 -

0.040 -

0.035 -

0.030

0.025 -

0.020 -

0.015

Concentrations (ppm)

0.010 -

0.005 -

0.000

-0.005 -

CS, Spiked Concentrations

40 ppb Spike

20 ppb Spike

10 ppb Spike

5 ppb Spike

o n O
o —
—

148
155
162
169
176
183
190
197
204
211
218
225
232
239
246
253
260
267
274
281

~N < -
N o <
— - -

288
29

Data Point

international society of |
beverage technologists

isbt



Presenter
Presentation Notes
TSC Linearity check with CS2 shows very good agreement between calculated and observed concentrations.


Summary: FTIR-UVF Detection Limits
vs ISBT Guideline Recommended

MDL = Minimum Detection Limit

IR-UVF ISBT
IMPURITY MDL MDL
Benzene (AHC) 2 ppb 2-5 ppb
Total Sulfur (TSC) 2 ppb 30 ppb
SO2 2 ppb 30 ppb
TNMHC 20 ppb 500 ppb
THC 20 ppb 500 ppb
CH4 6 ppb 500 ppb
H20 40 ppb 5,000 ppb
Acetaldehyde 3 ppb 100 ppb
Acetone 3 ppb NA
CO 20 ppb 1,000 ppb
NH3 20 ppb 250 ppb
HCN 40 ppb 200 ppb
NO 20 ppb 250 ppb
NO2 6 ppb 250 ppb
Ethane 5 ppb NA
Propane 5 ppb NA
P Pentane 5 ppb NA
ISbt ’ international society of *|Methanol _ 10ppb 2,000 ppb
beverage technologists | |CO2 % Purity +/-0.1% +/-0.1%



Presenter
Presentation Notes
The final Detection Limits for each impurity compound (calculated by 3 times the noise level of a blank) vs ISBT Guideline Recommended MDL’s are listed in the table above.


NM/AX

Analytical Technologies

Real-time ppb CO, Impurity Detection by
an Advanced FTIR-UVF System

Thank you for your time & attention

Questions?

BevTech 2018
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