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ABSTRACT

The growing use of hydrogen gas across energy, transportation, and chemical applications necessitates
better hydrogen sensors and detectors. Few sensors exist for quantifying hydrogen gas in a corrosive,
oxygen-free gas stream due to the challenging nature of the sampling environment and current
technological status. Handheld, economic options include palladium-based, metal oxide, catalytic bead,
and electrochemical sensors. More permanent and costly options include electrochemical sensors, thermal
gas analyzers, mass spectrometers, gas chromatographs, and Raman spectrometers. In this technical
report, a short review of current technology, along with the associated commercially available products, is
provided. Raman spectroscopy is recommended as an ideal technology for on-line detection of hydrogen
at low concentrations in a corrosive, oxygen-free gas stream.

1. INTRODUCTION

Hydrogen gas can be found in a variety of chemical and industrial processes, but though it is
advantageous in some applications, it poses challenges to others. Hydrogen has many uses in
petrochemical processing, chemical synthesis, as a coolant, or even as an energy carrier. However, it may
also be produced as an unwanted byproduct in industrial processes [3]. It is explosive at concentrations
greater than 4% (lower explosive limit, LEL) and tends to leak because of its small molecular size [4].
Therefore, hydrogen detection is critical in both leak detection and for quantification in process gas
streams to ensure safety in industrial processes.

Detection of hydrogen gas is challenging because of its specific chemical properties and the low detection
limits required to ensure safety. At low hydrogen gas concentrations, the chemical properties of hydrogen
limit the choices for detection techniques. Hydrogen is a diatomic molecular with no dipole moment,
preventing traditional on-line gas detection using infrared (IR) spectroscopy. Therefore, specialized
sensing options must be explored while maintaining as low of a detection limit as possible. In addition to
concerns related to detection limits and techniques that can detect hydrogen, hydrogen gas requires
specialized handling. At hydrogen gas concentrations above the LEL, specialized explosion-proof devices
must be used for detection. Hydrogen detection is further complicated if detection is required in industrial
process gas streams, which may be corrosive or oxygen-free. Specifically, corrosive gas streams may be
incompatible with common construction materials, such as stainless steel, thus limiting the options for
detectors or requiring customized detectors with compatible construction materials.

The combination of hydrogen’s chemical properties with the handling and compatibility concerns in
industrial process gases creates a unique difficulty for on-line hydrogen gas monitoring. Therefore, viable
sensing options for this niche system must be explored and identified. The objective of this technical
report is to identify and compare commercially available hydrogen sensors, reporting product highlights
and product limitations. Product specifications and comparisons are utilized to suggest an optimal sensor
for on-line hydrogen detection in an oxygen-free, corrosive gas stream.

2. COMMON TYPES OF HYDROGEN SENSORS

Numerous criteria must be met by on-line hydrogen monitoring in process gas streams to meet the
chemical compatibility, detection limit, and time-response needs. An on-line technique must be able to
measure hydrogen as it is produced, returning the analyzed gas to the original gas stream. If corrosive
chemicals are present in the gas stream, then the materials of the hydrogen sensor or detector must be
inert to the gas stream, which can contain corrosive chemicals such as HCI(g). Many stainless steels are
susceptible to corrosion under acidic conditions. Hastelloy, Inconel, or other nickel-based materials as
well as lined materials may be appropriate for acid-bearing gas streams. High temperatures and pressures
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may be likely in process gas streams. Finally, for some industrial processes, a sensor must be able to
measure hydrogen in an oxygen-free environment.

Several techniques may be used for hydrogen sensing. The analytical instruments include gas
chromatography, mass spectrometry, and Raman spectroscopy, all of which may be used without oxygen
in the sample stream. However, because of their high costs and frequent calibration or maintenance
requirements, these techniques are often impractical for industrial applications. Thermal conductivity,
solid-state detectors such as catalytic bead and metal oxide detectors as well as electrochemical
techniques are other possibilities for hydrogen detection. These techniques are often cheaper than the
analytical techniques, but they all rely on the presence of oxygen for operation. Finally, new palladium-
based sensors are promising solutions in oxygen-free environments and are more cost-effective than the
analytical techniques for hydrogen detection [1]. Table 1 provides a summary of these sensor
technologies and their properties.

Table 1: Common types of hydrogen sensors and notable properties

Oxygen Estimated limit Estimated lifetime/

Type of sensor Price Response Time

required? of detection maintenance
Gas Frequent maintenance .
T $88 No 50-100 ppm (months) Long (minutes)
Mass Frequent maintenance .
spectrometry $88 No 100 ppb (months) Long (minutes)
Raman Medium (seconds
> .
TP TR $88 No 500 ppm Long (>5 years) _ minutes)
Thern?a.l $$ No 50 ppm Unknown Medlum (seconds
conductivity — minutes)
Catalytic bead $ Yes Varies Short Short (seconds)
Metal oxide $ Yes Varies Short Short (seconds)
Electrochemical $ Yes 10 ppm Approx. 5 years Short (seconds)
Palladium $$ No 1-50 ppm Est. 6 months — 3 years Medlum (seconds
— minutes)

2.1 GAS CHROMATOGRAPHY

When coupled with an optimum detector, gas chromatography (GC) can be used to separate and detect
the hydrogen in a sample gas stream [5]. Here, a carrier gas moves a sample through a column containing
a stationary phase, and molecules in the sample interact with the stationary phase at various rates.
Detection of the separated components is often done by either a thermal conductivity detector or mass
spectrometer [6]. Quantification of the other components in the gas sample is possible but at the cost of
additional time and cost to the analysis and is often minimized in process streams. Long response times,
consumption of the carrier gas, and maintenance of the instrument—such as replacement of the column
and frequent instrument calibration—are characteristic of GC. All challenges are amplified if the sample
stream contains a corrosive material [7]. Therefore, it is not recommended for hazardous or corrosive gas
streams.

2.2 MASS SPECTROMETRY

A mass spectrometer can be used to detect hydrogen in an on-line process gas stream by ionizing the
gaseous sample and measuring the mass-to-charge ratio of the ions. The ratio or fragmentation pattern of
the ions can be used to identify and quantify the hydrogen concentration of the sample [8]. Residual gas
analyzers (RGAs) are robust mass spectrometers often used to measure gaseous impurities, such as
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hydrogen, in vacuum systems [9]. In general, however, mass spectrometers, including the more robust
RGAs, require a significant amount of maintenance and upkeep. Corrosion of the stainless-steel
components may also shorten the life of the mass spectrometer [10]. Using mass spectrometry may be
useful for laboratory-scale operations but more challenging in industrial application. RGAs have also
shown issues with residual hydrogen in the analyzer, particularly when exposed to HCI that fragments to
hydrogen and chlorine atoms.

2.3 THERMAL CONDUCTIVITY DETECTORS

Known for high precision and low limits of detection, thermal conductivity detectors (TCDs) are
commonly used in industrial settings for hydrogen measurement. A reference, pure carrier gas is used as a
comparison to the thermal conductivity of the sample gas. The difference in thermal conductivity is
detected by the change in temperature inside the gas measurement cell when the analyte is introduced. A
Wheatstone bridge detects the temperature, and a signal is converted to voltage, proportional to the
concentration of the gas analyte in a sample [11]. Hydrogen has a relatively high thermal conductivity at
186 mW m™' K™! at 300 K, whereas other gases under the same conditions have a thermal conductivity of
14 (HCI), 17 (argon), 26 (nitrogen), 26 (oxygen), and 26 (air) mW m™' K™ at 300 K, for example [12].

Despite being one of the most common detectors for measuring hydrogen, TCDs’ response and
measurement quality can be influenced by several factors. The temperature of the sample cell, the flow
rates of the reference gas and sample gas, and the type of thermistors used must be consistent for a precise
measurement. Any variance must be closely monitored. Furthermore, any reactive chemicals in the
sample gas will sacrifice the integrity of the wire thermistors, rendering them useless [13, 14]. For this
reason, a TCD may not be an optimal detection device for measuring hydrogen in a variable, corrosive
process gas stream.

2.4 RAMAN SPECTROSCOPY

Hydrogen can be detected via Raman spectroscopy by measuring the light scattered by the bond vibration
in the molecule. There are three types of light scattering: Rayleigh, Stokes, and anti-Stokes. Most of the
scattered light is equivalent in frequency to that of the incident light, resulting in Rayleigh scattering, or
elastic scattering. Raman scattering is inelastic scattering, made of Stokes and anti-Stokes scattering. This
type of scattering occurs less frequently than Rayleigh. The two types of scattering must be effectively
separated, allowing the Raman signals to proceed through the instrument to the detector [15]. Though
Raman spectroscopy is inherently less sensitive than other detection techniques, Raman can be used
where other techniques cannot. Flow cells can be designed with a variety of materials for online
measurements, even in corrosive atmospheres without the presence of oxygen.

2.5 CATALYTIC BEAD SENSORS

Catalytic bead sensors are solid-state sensors that rely on the change of electrical resistance in a gaseous
atmosphere due to the presence of hydrogen [16]. Two coils of platinum wire are embedded into a bead of
alumina, connected in a Wheatstone bridge. One of the sensing elements is coated in a catalyst that
promotes oxidation in the sample gas, while the other element inhibits oxidation. Oxidation in the sample
gas may not be specific to hydrogen if other compounds are present in the gas stream. The coils are
heated, oxidation on the catalyst occurs, and the resistance of the wires triggers a voltage change in the
Wheatstone bridge. Any change in voltage directly relates to the concentration of a gas in the

sample [1,17].

Metal oxide sensors are a specialized class of catalytic bead sensors, and there are various classifications
of metal oxide sensors, such as resistance, work function, optical, and acoustic based sensors, that all rely



on differences in thermal conductivity of gases for detection. Like all other catalytic bead sensors, metal
oxide sensors require oxygen in the sample gas stream and must be operated at high temperatures (300—
500°C) [18].

2.6 ELECTROCHEMICAL SENSORS

Amperometric, potentiometric, and conductometric devices are the three major types of electrochemical
sensors used commercially for measuring hydrogen that rely on electrochemical reactions between
hydrogen and the sensing electrode. These devices have an anode and cathode submerged in an
electrolyte [19]. Based on the temperature of the sensor operation, the type of electrolyte used can be
altered. Liquid and polymer electrolytes are used for low to room temperature applications, while solid-
state electrolytes are applicable for high temperatures. An electrochemical reaction between the anode and
cathode occurs in the presence of hydrogen, changing either the voltage or current in the electrical

circuit [1]. In general, the reaction at the anode is seen in (1) and the reaction at the cathode is seen in (2)
for the most commonly used amperometric sensor [19]. Oxygen in the sample gas stream is required for
use.

Hy(g)—»2H " +2e” (1)

1,0, + 2 HY + 267 >H,0 2)

2.7 PALLADIUM-BASED SOLID-STATE SENSORS

Palladium is widely used for hydrogen sensing due to its unique response and high sensitivity to hydrogen
gas. As seen in Figure 1, molecular hydrogen dissociates on the surface of the palladium, chemisorbing
hydrogen atoms onto the surface. The atoms diffuse into the palladium lattice network [1]. The change to
the lattice results in a conductive phase change, resulting in a change of electrical conductivity across the
bulk palladium. The geometry varies greatly across the many types of palladium-based sensors due to the
surface-mediated reaction with the hydrogen molecules. The most common type of geometries seen for
sensors are thin films, nanowires, nanoparticle networks, nanoclusters, and nanotubes, all designed to

®

°

Figure 1. Interaction of hydrogen with a palladium surface; adapted from Soundarrajan and
Schweihardt [1].



increase the surface-to-volume ratio [20]. An increased surface-to-volume ratio will result in a better

SE€NSor response.

The specifications of the palladium-based sensors vary. Some require heating (resistors), some are
expensive (fiber optic detectors), and others experience interference with ambient conditions such as
humidity (nanoparticle network). For all sensors, however, the basis of the catalytic interaction between
palladium and hydrogen could be disrupted by poisoning of the palladium. Carbon monoxide, nitrogen
oxides, sulfuric compounds, or other gaseous species present in high concentrations may poison or
deactivate the sensors [21-23].

3.

COMMERCIALLY AVAILABLE PRODUCTS

Commercially available products were researched to identify a viable sensor for on-line hydrogen
measurements in an oxygen-free, corrosive gas stream. First, laboratory-scale, portable detectors were
investigated. The specifications of these sensors were suitable for use in a laboratory setting, and products
represent an economical option for quick results. Second, semi-permanent sensors were investigated as
they may be more robust for industrial on-line sensing. Though more expensive, these options are more
suited for the corrosive, oxygen-free on-line hydrogen measurements.

3.1 HANDHELD, ECONOMICAL HYDROGEN SENSING DEVICES

Handheld hydrogen sensors may be useful in laboratory applications for on-line gas sensing for hydrogen.
Many of these sensors are portable, with simple software for ease of use. All options are less than $15,000
with variable need for sensor replacement and maintenance.

3.1.1

H2scan palladium — based suite

H2scan specializes in hydrogen detection using the palladium-based technology. Each product costs
around $10,000, and specifications are given in Table 2 [24-26]. The sensors can measure either in a low
range of detection (ppm — 0.5% v/v) using a capacitor or a high range of detection (up to 100%) using a
resistor. Both the high- and low-range sensors utilize palladium to catalyze hydrogen into atomic
hydrogen, which is absorbed into the palladium nickel alloy lattice. These sensors are both specific to
hydrogen and may operate in oxygen-free environments. The three models available use the same sensors
but vary in form factors, power requirements, and electrical/safety certifications [27]. However, none of
the palladium nickel alloy sensors are designed to withstand high concentrations of corrosive gases and
may be corroded upon exposure to a sample gas stream.

Table 2. Summary of H2scan handheld hydrogen sensor products [24-26].

Cost

Lowest estimated range
Gas temperature range
Calibration

Flow rate

Operating pressure
Compatible with corrosives
Response time

Power

Compatible with oxygen-free
atmosphere

*uses a probe tip purchased separately and tied inline to the gas stream.

HY-OPTIMA 710B*
$10,440

700 -10,000 ppm
—20 —40°C

In lab — 90 days
0.1 —10 SLPM
13 - 15.1 PSIG
No

<90 seconds
12V DC power
Yes

HY-OPTIMA 1720*
~$10,000
4000-50,000 ppm
—20—40°C

90 days

0.1 — 10 SLPM

13 - 15.1 PSIG

No

<60 seconds

24V DC power supply
Yes

HY-OPTIMA 2710
~$10,000
1000-100,000 ppm
—20 - 55°C

90 days

0.1 -10 SLPM

13 - 15.1 PSIG
No

<90 seconds

120V AC

Yes



3.1.2 MLT thermal conductivity detector

Two viable options for hydrogen detection in an oxygen-free gas stream are portable TCDs from the MLT
line of gas sensors [28, 29]. The comparison between the two models, the K522 and K1550, can be seen
in Table 3 below. The primary difference between the two products is the electronic interface on the
instrument. Whereas the K522 is controlled via connection to a PC, the K1550 model has a digital display
to control the instrument.

Table 3. Summary of MLTGas hydrogen sensor products

K522 K1550
Cost $6,126 $9,230
Lowest estimated range 0-10% in N, or Ar 0-5%
Gas temperature range —40 —40°C 0—40°C
Calibration 3 — 6 months 3 — 6 months
Flow rate Unknown 100 — 300 liter/minute
Operating pressure 14.6 +/- 1.4 PSIG Up to 87 PSIG
Compatible with corrosives No No
Response time ~20 seconds 20 seconds
Power 24V DC 110V
Compatible with oxygen-free atmosphere = Yes Yes

The products can be customized based on the application. The K1550 model can be purchased with an
intrinsically safe barrier, K1550FX. This barrier is a flameproof encloser to be used in hazardous areas
when the concentration of hydrogen is greater than 4%. Additionally, a PTFE sensor for the K1550 is
available and is recommended for a corrosive gas stream. However, the PTFE sensor is physically not
compatible when the K1550FX is in use [29]. Therefore, either the sensor can be used in hazardous areas
with a hydrogen concentration greater than 4% or it can be used with a corrosive gas stream.

3.1.3 Gas Sensing electrochemical sensors

Handheld electrochemical detectors are among the cheapest options for hydrogen detection. Gas Sensing
sells two options [30-33]. The specifications for the Aeroqual series 500 (S-500HA) hydrogen sensor and
Model H10-18 are detailed in Table 4. Both devices use interchangeable sensors for a variety of gases.
The hydrogen sensors are inexpensive (~$400) but may require frequent replacement depending on usage
frequency and conditions. Furthermore, because both are electrochemical-based sensors, they require
oxygen and may not be compatible with corrosive gas streams.

Table 4. Summary of Gas Sensing and Aeroqual handheld sensors

Gas sensing — Model H10-18 Aeroqual series 500 (ATI S-
500HA)
Cost $1,600 $1,440
replacement sensors: $425 Replacement sensors: $435
Estimated range 10-2000 ppm 5-500 ppm
Lifetime ~24 months (clean conditions) ~ 24 months (clean conditions)
Gas temperature range —30—55°C 0—-40°C
Calibration Initial for $50 custom — for 6 Every 6 months w/calibration kit
months
Flow rate 1 SLPM
Operating pressure —3 -3 PSIG
Compatible with corrosives No Unknown



Response time 75 seconds 30 seconds

Power Rechargeable battery 12V DC power with Li battery
Compatible with oxygen-free No No
atmosphere

3.2 PERMANENT OR SEMI-PERMANENT HYDROGEN SENSING DEVICES

Permanent or semi-permanent hydrogen sensors may be more applicable for industrial applications,
particularly for corrosive gas streams. Some of the commercially available mounted sensors use the same
technology as those of the handheld devices. Because the sensor serves only one purpose, they are often
offer more customizable to an application.

3.2.1 RKI Instruments catalytic bead and metal oxide sensors

Solid-state sensors, like catalytic bead and metal oxide sensors, are commonly used for hydrogen
detection. RKI Instruments carries both types of devices utilizing a single-channel wall-mounted gas
detector. Both sensors require oxygen for operation [34, 35]. Corrosive gases at low concentrations may
be trapped using a charcoal scrubber upstream from the sensor. However, at higher concentrations of
corrosive gases (estimated >5%), the scrubber may quickly become saturated, resulting in poisoning of
the sensor [36]. For these reasons, RKI Instruments sensors are not recommended for hydrogen detection
in a corrosive gas stream.

3.2.2 RC systems electrochemical sensors

Though often utilized as handheld devices, fixed electrochemical sensors may also be utilized for
hydrogen detection. RC Systems sells an electrochemical sensor used for measuring hydrogen in a gas
stream, with instrument specifications provided in Table 5 [37, 38]. Like other electrochemical sensors, it
requires oxygen. However, personal communications with the technicians from RC systems confirmed
that a secondary sample line may be set up to pull in either air or oxygen from a designated line to flush
the sensor after gas sampling. This allows for continual hydrogen detection.

Table 5. RC systems hydrogen sensor specifications

Electrochemical hydrogen sensor with sample smart XP

Cost Est. $15,000
Lowest estimated range 100 ppm — 4%
Gas temperature range —20 —40°C
Lifetime 2 years
Calibration Every 6 months
Flow rate 1.5 SLPM
Operating pressure Variable
Compatible with corrosives Yes
Response time <40 seconds
Power 24V DC
Compatible with oxygen-free atmosphere No, but can add a secondary line

Prior to purchase, RC Systems has also offered to perform preliminary tests replicating the actual
environment of gas sampling to ensure corrosives in the gas stream will not interfere with hydrogen
detection [39].



3.2.3 Hiden Analytical RGAs

Analyses from RGAs have shown some of the lowest limits of detection for hydrogen. Hiden Analytical
carries a mass spectrometer gas analyzer with estimated limits of detection for hydrogen at 100 ppm using
the HPR-200 R&D Gas Analysis System [40,41]. Although it is one of the more expensive options for
hydrogen detection at ~$70,000, this technique has the potential to be the most sensitive among other
detectors reported. There is a variety of flow and pressure options, sampling a gas stream between liters
per minute and microliters per minute, and between 1 mbar and 30 bar.

For the HPR-200, a 3F (triple filter) series triple-stage mass filter mass spectrometer provides higher
sensitivity and long-term stability of the instrument. In a corrosive environment, the bulk of the ions
deposit during a pre-filter stage, as shown in Figure 2, minimizing corrosion or contamination on the
primary filter. As with all instruments, the lifetime of the instrument could be reduced under continuous
corrosive conditions. Corrosive-resistant upgrades can be purchased, yet there is no guarantee on the
lifetime of the instrument.

mass selective
primary filter |

post-filter

dual Faraday / / |

!

1

£
secondary electron Iﬂ
multiplier detectors P M

Figure 2. Hiden HPR-20 R&D analyzer, 3F series triple filter mass spectrometer.
3.3 RAMAN SPECTROMETERS

Although Raman spectroscopy inherently has a lower sensitivity than other analysis techniques, and
therefore has not been widely utilized for hydrogen detection, it may still present a promising technology
for some applications [42]. For applications that may not require extremely low limits of detection
(LODs) (<100 ppm), such as those monitoring the flammability limit, a simple Raman spectrometer may
be used. A variety of vendors carry Raman spectrometers capable of reaching limits of detection of 500
ppm and greater. Marqmetrix, W2 Innovations, and Endress + Hauser are among some of the
manufacturers of the instrument.

3.3.1 Margmetrix

Specialized Raman spectrometers sold by Margmetrix have all-in-one continuous flow-through
capabilities for hydrogen measurements. The Hastelloy flow cell coupled with a sapphire sphere
connecting to the spectrometer allow for highly corrosive environments. Gold sealing material, instead of
the standard perfluoroelastomer, allows for operations up to 2000 psi and 350°C [43]. Specifications for
the instrument can be found in Table 6. Though at the lowest price of the three listed Raman
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spectrometers, one of the four signature Raman peaks for hydrogen is located at 4152 cm™! [44]. With a
spectral range of 100 — 3250 cm™!, the Margmetrix would not be a recommended product for hydrogen
detection.

Table 6. Raman spectrometer specifications

Marqgmetrix 8023 All-In-One W2 Innovations Graman-532 = Rxn4 with HastelloyC
with 8021 Flowcell with SigE-FTCell 276 Flowcell
Cost $74,950 $85,000 — $98,000 >$130,000
Incident wavelength 785 nm 488 nm 532 nm
Spectral range 100 — 3250 cm’! 150 — 4400 cm™! 150 — 4350 cm™!
Excitation Power 10 —450 mW 100 — 200 mW 120 mW

Lowest estimated LOD Between 100-500 ppm Est. below 500 ppm Est. below 500 ppm
Gas temperature range —20-350°C 20 —-200°C 20 -300°C
Estimated lifetime >200 weeks per calibration Approx 10 years or 20,000 Unknown

operation hours
Highest operating pressure = 2000 psi 2000 psi Unknown
Compatible with corrosives = Yes, with Hastelloy flowcell Yes Yes, with AlloyC 276

flowcell

Power 12V DC, 2A 100 — 240V 100 — 240V
Compatible with oxygen- Yes Yes Yes

free atmosphere

3.3.2 W2 Innovations

W2 Innovations sells a gas phase Raman spectrometer capable of detecting gases down to the ppb level.
Low levels of detection are possible when using the signal enhancing accessory (SigE-FTCell).
Traditionally, this accessory is stainless steel. However, from personal communications, it was found that
it may be made from a corrosion-resistant alloy [45]. The specifications for the spectrometer can be seen
in Table 6 [45].

3.3.3 Endress + Hauser

The Rxn suite of Raman spectrometers, purchased from Endress + Hauser, have a wide variety of
applications. Most suited for gas phase samples, the Rxn4 equipped with an AlloyC 276 gas flow cell is
capable of low limits of detection under a corrosive atmosphere. Though the device has the highest costs
among the other Raman spectrometers, the spectral range and capabilities of the Rxn4 are optimal for
hydrogen detection.

3.3.4 Specialized Raman spectrometers

Due to the intrinsic low sensitivity of Raman spectroscopy, many have investigated methods to decrease
the lower limits of detection (i.e., <500 ppm). Combinations of specialized sample cells, arrays of
collection channels, and the shape of various cavities may be configured to improve sensitivity of

the instrument.

The use of multi-reflection, cavity-enhanced Raman spectroscopy (CERS) has been reported to have the
highest sensitivity toward hydrogen [42]. A cavity is generally a set of mirrors and material between those



mirrors to increase the number of times a beam passes through a sample. Optimizing the geometry of the
cavity increases the Raman signal, resulting in lower limits of detection [46].

In the context of hydrogen measurements, three studies have reported detection of hydrogen with lower
limits of detection of 132, 75, and 140 ppm using various configurations [2, 47, 48]. Wen et al. used a
Laser Quantum OPUS660, producing 1.5 W of radiation at 660 nm, with a custom-built four-mirror
multiple pass gas flow cell (full set up seen in Figure 3). A fiber optic cable then feeds into a CCD
Princeton Pixis 300BRX array [2]. Given that this is a custom configuration for experimental research,
this technology is not commercially available at the time of this report.

M1 :

CW laser ,9 L1 ﬂﬂ Gas Cell
L

M2 0 UV .-'\--ll
H ' F

WP i
M5 M6

g

S
1
: 1
11
n
i

1

]
HEH
[N}
]
1
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Figure 3. Scheme of full experimental set up by Wen et al. to achieve a LOD for hydrogen of 132 ppm [2].

Wang et al. built a confocal microprobe Raman spectrometer using a diode pumped solid-state laser to
produce a 100 mW laser at 532 nm, with the schematic of the instrument seen in Figure 4. Following the
laser, the objective lens focused the laser into the sample gas cell with two mirrors. A general CCD device
is connected to the spectrometer to quantify the concentration of each gas in the sample [47].
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Figure 4. Schematic of equipment set up by Wang et al. to achieve a LOD for hydrogen of 75 ppm [47].

Finally, Hippler reports a Fabry—Perot continuous-wave diode LD laser (Hitachi HL6322G, 80 mA) set
up with aspheric lenses, an anamorphic prism pair that makes the laser beam circular, and two Faraday
isolators (OFR, 30-36 dB isolation each) to remove unwanted back reflections. The optical cavity has two
concave high-reflectivity mirrors, and a variety of other optic parts to optimize the sensitivity of the
instrument. The entire instrument set up can be seen in Figure 5 [48].

. # outlet inlet HL
) I N—

FOA PSM SM
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o

mono- N
chromator > 0 - Mon

Figure S. Schematic of equipment set up by Hippler to achieve a LOD for hydrogen of 140 ppm [48].

Though low limits of detection (<200 ppm) for hydrogen are possible, the high likelihood of corrosion of
the specialized optical pieces in corrosive gas streams necessitate different specialized equipment suited
for this environment. The Tritium Laboratory Karlsruhe (TLK) utilizes Raman spectroscopy for gas
analysis in a corrosive environment. TLK has optimized their equipment to detect hydrogen on-line at low
concentrations (<100 ppm). The TLK Raman set up, seen in Figure 6, is made of stainless steel-lined
hollow glass fibers/capillaries as the Raman gas sample cell. The first implementation of these gas cells
was in a high-pressure (44.8 bar, 650 psig) application by Buric et al. to monitor on-line gas

composition [49, 50].

The robust nature of materials of construction, availability of flow cell technology, and discrete sensing
for multiple gases make Raman spectrometry a potentially useful technique for on-line detection of
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hydrogen in an oxygen-free, corrosive gas stream. Though many of the commercially available
instruments are expensive and may be time-intensive to set up, little maintenance is required once the
instrument is operational. The most sensitive Raman measurements and lowest detection limits are seen in
the custom-built Raman spectrometers and flow cells, which are not commercially available. However,
the use of even commercially available options may provide the sensitivity required for some
applications.
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beam splitter laser line [
filter H
i
1
1

laser focussing = I

edge filter lens
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FIBER BUNDLE
(x-y adjustment)

laser beam I

Figure 6. Schematic of TLK Raman spectrometer.

12



SUMMARY OF COMMERCIAL PRODUCTS

Though not all are viable for an oxygen-free corrosive gas stream, multiple portable and permanent/semi-
permanent options are available for on-line hydrogen detection utilizing various technologies. Table 7
summarizes the products investigated in this report along with important details regarding their viability

in an industrial, corrosive oxygen-free gas stream. The maintenance requirements, lowest limits of

detection, and cost are also relevant when selecting a hydrogen detector and are also given in Table 7. The

results of this investigation indicate that Raman spectroscopy shows promise for on-line hydrogen

quantification at low limits of detection for corrosive, oxygen-free gas streams. Future work will include
experiments testing the various conditions by which the lowest limits of detection may be possible with

Raman spectroscopy.

Table 7. Overview of commercial products

Compatible —
Compatible with with Lower limit of
Sensor patib Maintenance detection/low Cost
corrosives oxygen-free
. range product
sampling
Portable sensors
Hyoptima (710B, 1720, Replace sensor every 2 700 — 10,000 Approx.
2710) No Yes o ppm
. yr. and calibration 6 mo. $10,000
Platinum based sensor
RKI Instrument o Replace sensor every 2 o _
Catalyic Bead S0 No yr. and calibration 6 mo. USILYOIEIE BALD
RKI Instru.ment Metal <59 No Replace sensor every 2 200 — 4000 ~$2000
oxide yr. and calibration 6 mo. ppm
MLTGas K522 Replace sensor every 2 o
TCD No Yes yr. and calibration 3 mo. Ballb% 10,20
PTFE not compatible
MLTGas 1550 with hazardous Yes Replace sensor every 2 0-5% $9.230
TCD . yr. and calibration 3 mo.
environment, no
Gas sensing Model H10- Replace sensor every 2
18 No No place sensot every 10-2000 ppm  $1,700
. yr. and calibration 3 mo.
Electrochemical
Aeuoqual Series 500 Replace sensor every 2
Electrochemical No No yr. and calibration 3 mo. > =300 ppm $1.440
Semipermanent/permanent
No, but can
RC electrochemical Yes add Calibration every 6 mo 100 — 40000 Est
system secondary vy ' ppm $15,000
line
Hiden HPR-200 Thermal Yes, with additional 100 ppm —
gas analyzer mass Yes Unknown o $75,800
purchase 100%
spectrometer
. Dependent on baseline
MarqMetrix Yes Yes Infrequent 100-500 ppm $74,950
Raman spectrometer . .
replacement/calibration
W2 Innovations Raman Dependent on baseline o\ 4100 500 $85,000 -
Yes Yes Infrequent
spectrometer ppm 98,000

13
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Dependent on baseline
Yes Yes Infrequent
replacement/calibration

Rxn4
Raman spectrometer

Est. below 500 Est.
ppm >130,000

14



FUNDING ACKNOWLEDGEMENT

This work was supported by the US Department of Energy, Office of Nuclear Fuel Cycle and Supply
Chain, Material Recovery and Waste Form Development Campaign (NE-43).

15



REFERENCES

(1) Soundarrajan, P. S., Frank. Hydrogen Sensing and Detection. In Hydrogen Fuel: Production,
Transport, and Storage, Gupta, R. Ed.; CRC Press, 2009.

(2) Wen, C.; Huang, X.; Wang, W.; Shen, C.; Li, H. Multiple-pass-enhanced Raman spectroscopy for
long-term monitoring of hydrogen isotopologues. Journal of Raman Spectroscopy 2019, 50 (10),
1555-1560, https://doi.org/10.1002/irs.5649. DOI: https://doi.org/10.1002/irs.5649 (acccessed
2023/03/13).

(3) Ramachandran, R.; Menon, R. K. An overview of industrial uses of hydrogen. International Journal
of Hydrogen Energy 1998, 23 (7), 593-598. DOI: https://doi.org/10.1016/S0360-3199(97)00112-2.

(4) Das, L. M. Hydrogen-fueled internal combustion engines. In Compendium of Hydrogen Energy,
Barbir, F., Basile, A., Veziroglu, T. N. Eds.; Woodhead Publishing, 2016; pp 177-217.

(5) Forgacs, E.; Cserhati, T. 9 - Gas chromatography. In Food Authenticity and Traceability, Lees, M.
Ed.; Woodhead Publishing, 2003; pp 197-217.

(6) Varlet, V.; Smith F Fau - Augsburger, M.; Augsburger, M. Indirect hydrogen analysis by gas
chromatography coupled to mass spectrometry (GC-MS). Journal of Mass Spectrometery (1096-
9888 (Electronic)). DOI: 10.1002/jms.3232 From 2013 Aug.

(7) Ruthven, D. M.; Kenney, C. N. A simple chromatograph for the analysis of air, chlorine and hydrogen
chloride. Analyst (London) 1966, 91 (86), 603. DOI: 10.1039/AN9669100603.

(8) Gas Analysis by Mass Spectrometry. In Materials Characterization, 2019; pp 143-152.

(9) Charles, B. Mass Spectrometers, Helium Leak Detectors, and Residual Gas Analyzers. In Vacuum
Deposition onto Webs, Films, and Foils, William Andrew Publishing, 2007.

(10) Schuessler, P. The Effects of Hydrogen On Device Reliability; 1994.

(11) Teja, R. Wheatstone bridge: Working, examples, applications. Electronics Hub, 2021.
https://www.electronicshub.org/wheatstone-bridge/ (accessed.

(12) Hansen, K. C.; Tsao, L.-H.; Aminabhavi, T. M.; Yaws, C. L. Gaseous Thermal Conductivity of
Hydrogen Chloride, Hydrogen Bromide, Boron Trichloride, and Boron Trifluoride in the
Temperature Range from 55 to 380 .degree.C. Journal of Chemical & Engineering Data 1995, 40
(1), 18-20. DOI: 10.1021/je00017a004.

(13) Budiman, H.; Nuryatini; Zuas, O. Comparison between GC-TCD and GC-FID for the determination
of propane in gas mixture. Procedia Chemistry 2015, 16, 465-472. DOI:
https://doi.org/10.1016/j.proche.2015.12.080.

(14) Kitson, F. G.; Larsen, B. S.; McEwen, C. N. Chapter 1 - What Is GC/MS? In Gas Chromatography
and Mass Spectrometry, Kitson, F. G., Larsen, B. S., McEwen, C. N. Eds.; Academic Press, 1996;
pp 3-23.

(15) Practical Raman Spectroscopy; 1989. DOI: https://doi.org/10.1007/978-3-642-74040-4.

(16) Eranna, G.; Joshi, B. C.; Runthala, D. P.; Gupta, R. P. Oxide Materials for Development of
Integrated Gas Sensors-A Comprehensive Review. Critical reviews in solid state and materials
sciences 2004, 29 (3-4), 111-188. DOI: 10.1080/10408430490888977.

(17) Awang, Z. Gas sensors: A review. Sens. Transducers 2014, 168 (4), 61-75.

(18) Phanichphant, S. Semiconductor Metal Oxides as Hydrogen Gas Sensors. Procedia Engineering
2014, 87, 795-802. DOI: https://doi.org/10.1016/i.proeng.2014.11.677.

(19) Korotcenkov, G.; Han, S. D.; Stetter, J. R. Review of Electrochemical Hydrogen Sensors. Chemical
Reviews 2009, 109 (3), 1402-1433. DOI: 10.1021/cr800339k.

(20) Darmadi, I.; Nugroho, F. A. A.; Langhammer, C. High-Performance Nanostructured Palladium-
Based Hydrogen Sensors—Current Limitations and Strategies for Their Mitigation. ACS Sensors
2020, 5 (11), 3306-3327. DOI: 10.1021/acssensors.0c02019.

16


https://doi.org/10.1002/jrs.5649
https://doi.org/10.1002/jrs.5649
https://doi.org/10.1016/S0360-3199(97)00112-2
https://www.electronicshub.org/wheatstone-bridge/
https://doi.org/10.1016/j.proche.2015.12.080
https://doi.org/10.1007/978-3-642-74040-4
https://doi.org/10.1016/j.proeng.2014.11.677

(21) Burke, M. L.; Madix, R. J. Hydrogen on Pd(100)-S: the effect of sulfur on precursor mediated
adsorption and desorption. Surface Science 1990, 237 (1), 1-19. DOI: https://doi.org/10.1016/0039-
6028(90)90515-A.

(22) Darmadi, I.; Nugroho, F. A. A.; Kadkhodazadeh, S.; Wagner, J. B.; Langhammer, C. Rationally
Designed PdAuCu Ternary Alloy Nanoparticles for Intrinsically Deactivation-Resistant Ultrafast
Plasmonic Hydrogen Sensing. ACS Sensors 2019, 4 (5), 1424-1432. DOLI:
10.1021/acssensors.9b00610.

(23) Kim, H.; Kim, W.; Cho, S.; Park, J.; Jung, G. Y. Molecular Sieve Based on a PMMA/ZIF-8 Bilayer
for a CO-Tolerable H2 Sensor with Superior Sensing Performance. ACS Applied Materials &
Interfaces 2020, 12 (25), 28616-28623. DOI: 10.1021/acsami.0c05369.

(24) HY-OPTIMA™ 2700 Series Operating Manual; H2scan, 2019. https://h2scan.com/wp-
content/uploads/2020/09/90000056-r10-model-2700-series-manual-1.pdf.

(25) HY-OPTIMA™ 1700 Series Operating Manual; H2scan, 2017. https://h2scan.com/wp-
content/uploads/2020/10/90000011-r16-model-1700-series-manual.pdf.

(26) HY-OPTIMA™ 700B Series Operating Manual; H2scan, 2017. https://h2scan.com/wp-
content/uploads/2020/09/90000100-r3-model-700b-series-operating-manual.pdf.

(27) Harmon, G. Hy-optima in-line hydrogen sensor selection. Vestal, B., Ed.; 2023.

(28) K522 MTL OEM analyser; NM MTL 130-0168 Rev 8; Eaton, January 2017, 2017. https://www.mtl-
inst.com/product/k522 -

thermal conductivity tcd gas sensor for hydrogen h2 helium_he argona/.

(29) K1550 MTL gas analyser; INM MTL 130-0031 Rev 15; Eaton, March 2021, 2021. https://www.mtl-
inst.com/images/uploads/datasheets/EPS_K1550-H2 Rev_5 500-0024.pdf.

(30) Aeroqual Hydrogen (H2) Sensor Head 0-5000 ppm (HA). GasSensing, https://www.gas-
sensing.com/replacement-sensors/aeroqual-hydrogen-sensor-0-5000-ppm-ha.html (accessed January
2023).

(31) Aeroqual Series 500 Monitor (S-500) with Sensor Head. GasSensing, https://www.gas-
sensing.com/support/gas-information/hydrogen/aeroqual-series-500.htmI#960= (accessed January
2023).

(32) E-Chem Sensor Data Model H10-18, PPM Hydrogen (H2) Smart Sensor; INC., A. T.,
https://www.oxidationtech.com/downloads/manuals/H10-18-H2-PPM-Spec.pdf.

(33) PortaSens IlI Gas leak detector; INC., A. T., https://www.gas-sensing.com/downloads/ati/d16/d16-
portasenslII-information-sheet.pdf.

(34) Beacon 110 Gas Monitor Operator’s Manual; 71-0110RK; RKI Instruments, 1., 2009.
https://envcoglobal.com/files/docs/beacon1 10-manual.pdf.

(35) S2 sensor/transmitter; RKI Instruments, 1., 2012.
https://www.rkiinstruments.com/pdf/S2 _datasheet.pdf.

(36) Pellissier, B. RKI Web Lead. Vestal, B., Ed.; 2023.

(37) Hydrogen EC LEL Sensor Technical Specification; Systems, R.

(38) SampleSmart XP; MM-1049 Rev B; Systems, R.

(39) Teeters, D. RC Systems Contact for Hydrogen Sample. Vestal, B., Ed.; 2023.

(40) Hiden HPR-20 R&D:; https://www.hidenanalytical.com/wp-content/uploads/2021/12/HPR-20-RD-
2021-.pdf.

(41) McMillan, J. Hiden Analytical - HPR-20 R&D atmospheric pressure gas analysis system. Vestal, B.,
Ed.; 2023.

(42) Guo, J.; Luo, Z.; Liu, Q.; Yang, D.; Dong, H.; Huang, S.; Kong, A.; Wu, L. High-Sensitivity Raman
Gas Probe for In Situ Multi-Component Gas Detection. Sensors 2021, 21, 3539. DOI:
10.3390/s21103539.

(43) Technical Information Raman Rxn4; TI01645C/66/EN/01.21; Hauser, E., 2021. https://bdih-prod-
assetcentralapi-assetcentral-rest-
srv.cfapps.eul0.hana.ondemand.com/files/DLLA/005056A500261 EDCIDDF0A68CEC81E4C/TI016
45CEN_0121.pdf.

17


https://doi.org/10.1016/0039-6028(90)90515-A
https://doi.org/10.1016/0039-6028(90)90515-A
https://h2scan.com/wp-content/uploads/2020/09/90000056-r10-model-2700-series-manual-1.pdf
https://h2scan.com/wp-content/uploads/2020/09/90000056-r10-model-2700-series-manual-1.pdf
https://h2scan.com/wp-content/uploads/2020/10/90000011-r16-model-1700-series-manual.pdf
https://h2scan.com/wp-content/uploads/2020/10/90000011-r16-model-1700-series-manual.pdf
https://h2scan.com/wp-content/uploads/2020/09/90000100-r3-model-700b-series-operating-manual.pdf
https://h2scan.com/wp-content/uploads/2020/09/90000100-r3-model-700b-series-operating-manual.pdf
https://www.mtl-inst.com/product/k522_-_thermal_conductivity_tcd_gas_sensor_for_hydrogen_h2_helium_he_argona/
https://www.mtl-inst.com/product/k522_-_thermal_conductivity_tcd_gas_sensor_for_hydrogen_h2_helium_he_argona/
https://www.mtl-inst.com/product/k522_-_thermal_conductivity_tcd_gas_sensor_for_hydrogen_h2_helium_he_argona/
https://www.mtl-inst.com/images/uploads/datasheets/EPS_K1550-H2_Rev_5_500-0024.pdf
https://www.mtl-inst.com/images/uploads/datasheets/EPS_K1550-H2_Rev_5_500-0024.pdf
https://www.gas-sensing.com/replacement-sensors/aeroqual-hydrogen-sensor-0-5000-ppm-ha.html
https://www.gas-sensing.com/replacement-sensors/aeroqual-hydrogen-sensor-0-5000-ppm-ha.html
https://www.gas-sensing.com/support/gas-information/hydrogen/aeroqual-series-500.html#960
https://www.gas-sensing.com/support/gas-information/hydrogen/aeroqual-series-500.html#960
https://www.oxidationtech.com/downloads/manuals/H10-18-H2-PPM-Spec.pdf
https://www.gas-sensing.com/downloads/ati/d16/d16-portasensIII-information-sheet.pdf
https://www.gas-sensing.com/downloads/ati/d16/d16-portasensIII-information-sheet.pdf
https://envcoglobal.com/files/docs/beacon110-manual.pdf
https://www.rkiinstruments.com/pdf/S2_datasheet.pdf
https://www.hidenanalytical.com/wp-content/uploads/2021/12/HPR-20-RD-2021-.pdf
https://www.hidenanalytical.com/wp-content/uploads/2021/12/HPR-20-RD-2021-.pdf
https://bdih-prod-assetcentralapi-assetcentral-rest-srv.cfapps.eu10.hana.ondemand.com/files/DLA/005056A500261EDC9DDF0A68CEC81E4C/TI01645CEN_0121.pdf
https://bdih-prod-assetcentralapi-assetcentral-rest-srv.cfapps.eu10.hana.ondemand.com/files/DLA/005056A500261EDC9DDF0A68CEC81E4C/TI01645CEN_0121.pdf
https://bdih-prod-assetcentralapi-assetcentral-rest-srv.cfapps.eu10.hana.ondemand.com/files/DLA/005056A500261EDC9DDF0A68CEC81E4C/TI01645CEN_0121.pdf
https://bdih-prod-assetcentralapi-assetcentral-rest-srv.cfapps.eu10.hana.ondemand.com/files/DLA/005056A500261EDC9DDF0A68CEC81E4C/TI01645CEN_0121.pdf

(44) Odhner, J.; Romanov, D.; Levis, R. Filament-based stimulated Raman spectroscopy. Proceedings of
SPIE - The International Society for Optical Engineering 2010, 7582. DOI: 10.1117/12.842129.

(45) Yang, Y. A message from Breanna Vestal. Vestal, B., Ed.; 2023.

(46) Li, X. Y.; Xia, Y. X.; Huang, J. M.; Zhan, L. Diagnosis of multiple gases separated from transformer
oil using cavity-enhanced Raman Spectroscopy. Chinese Phys Lett 2008, 25 (9), 3326-3329.

(47) Wang, P.; Chen, W.; Wan, F.; Wang, J.; Teng, L. Simultaneously anayze fault characteristic gases
extracted from transformer oil by Raman spectroscopy. In 2016 IEEE International Conference on
High Voltage Engineering and Application (ICHVE), 19-22 Sept. 2016, 2016; pp 1-4. DOL:
10.1109/ICHVE.2016.7800935.

(48) Hippler, M. Cavity-Enhanced Raman Spectroscopy of Natural Gas with Optical Feedback cw-Diode
Lasers. Analytical Chemistry 2015, 87 (15), 7803-7809. DOI: 10.1021/acs.analchem.5b01462.

(49) Buric, M. P.; Chen, K. P.; Falk, J.; Woodruft, S. D. Multimode metal-lined capillaries for Raman
collection and sensing. J. Opt. Soc. Am. B 2010, 27 (12), 2612-2619.

(50) Buric, M. P.; Chorpening, B. T.; Mullen, J. C.; Woodruff, S. D.; Ranalli, J. A. Field tests of the
Raman gas composition sensor. In 2012 Future of Instrumentation International Workshop (FIIW)
Proceedings, 8-9 Oct. 2012, 2012; pp 1-4. DOI: 10.1109/FITW.2012.6378319.

18



19




