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Abstract. The analysis of trace impurities in ultra-high purity oxygen (UPO) via GC-HDID is critically 
dependent on the O₂ trap's performance, where recurring breakthroughs pose a significant challenge. This 
paper presents an innovative troubleshooting framework that dramatically accelerates problem resolution 
by integrating AI, contrasting sharply with traditional, time-consuming methods. Conventional approaches 
involve laborious cycles of manual review, broad internet and literature searches, and multiple 
consultations before a testable solution can be proposed. Our novel workflow bypasses these 
inefficiencies. We fed instrument manuals and raw failure data from a 'T Instrument' directly into an AI 
model (Gemini) for a "deep research" phase. However, initial AI outputs were too broad, identifying 
general-purpose purifiers rather than the specific, regenerable O₂ trap in question, as many manufacturers 
do not disclose these proprietary details. Here, operator expertise became crucial. We iteratively tuned the 
AI's research, refining our queries to focus on the specific context of regenerable, copper-based catalysts 
used for GC matrix removal. This expert-guided "deep research" successfully filtered out irrelevant 
information and led the AI to confirm a universal, underlying chemical principle—the copper redox 
reaction (2Cu+O2→2CuO; CuO+H2→Cu+H2O)—across different manufacturers' traps. This pivotal, 
AI-generated insight, achieved through expert-led refinement, enabled a swift and accurate diagnosis when 
combined with operator experience. The root cause was not the regeneration reaction itself, but the 
incomplete removal of its H₂O byproduct. The solution was therefore clear: significantly extend the total 
duration of the high-temperature helium purge across both the 'Heater' and 'Standby' phases. This 
optimized protocol completely eliminated breakthrough events. This AI-augmented methodology, where 
human expertise directs AI's powerful analytical capabilities, represents a paradigm shift, saving 
considerable time on unfocused research and meetings, and presents a powerful, transferable framework 
for rapidly solving complex instrumentation challenges in gas analysis. 
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1​ Introduction 
In the semiconductor and electronics industries, the 

demand for ultra-high purity (UHP) gases is 
paramount. Gas Chromatography with a Helium 
Ionization Detector (GC-HDID) is a cornerstone 
technology for ensuring the quality of these gases, 
capable of detecting impurities at the parts-per-billion 
(ppb) level[1]. A critical component in the analysis of 
UHP oxygen (UPO) is the oxygen (O₂) trap, which 
removes the bulk oxygen matrix to prevent it from 
reaching and saturating the detector, thereby allowing 
for the accurate measurement of trace impurities like 
nitrogen (N₂), argon (Ar), and methane (CH₄)[2,3]. 

However, the O₂ trap is a consumable component 
with a finite lifespan. When it becomes saturated, a 
phenomenon known as "breakthrough" occurs, where 
oxygen is no longer effectively removed and begins to 
elute into the detector. This leads to a significant 
increase in baseline noise, quenching of the detector 
signal, and ultimately, the inability to produce reliable 
analytical results. Troubleshooting O₂ trap 
breakthrough has traditionally been a complex and 
time-consuming process. It often involves a lengthy, 
trial-and-error cycle of consulting instrument manuals, 
searching through vast online resources and scientific 
literature, and engaging in prolonged discussions with 
instrument manufacturers or senior technical staff. This 
conventional approach can lead to extended instrument 
downtime, impacting production schedules and quality 
control. 

This paper presents a novel and accelerated 
approach to troubleshooting O₂ trap breakthrough in a 
GC-HDID system. By leveraging the capabilities of a 
large language model (LLM), Gemini, we developed a 
streamlined workflow that integrates AI-powered "deep 
research" with the indispensable expertise of human 
operators. This hybrid methodology was applied to a 
real-world case of O₂ trap failure in a 'T Instrument' 
used for UPO analysis. We demonstrate that this 
AI-driven approach can significantly reduce the time to 
resolution from over a week to less than 24 hours, 
offering a powerful new paradigm for instrument 
maintenance and troubleshooting in high-purity gas 
analysis. 

2​ Methodology 
​ The core of our accelerated troubleshooting 
framework is a synergistic loop between AI-driven data 
analysis and iterative refinement by an experienced 
operator, designed to rapidly move from a general 
problem to a specific, actionable solution. The process 
is illustrated in Figure 1. 

Fig. 1. AI-Driven Troubleshooting Flowchart 

 

2.1​ Initial Data Input and Problem 
Definition  

The process began by providing the AI model 
(Gemini) with a comprehensive set of initial data. This 
included the complete operation and service manuals 
for the 'T Instrument' and raw chromatographic data 
logs showing clear evidence of O₂ trap failure.[4] The 
failure manifested as a progressive decline in the 
number of successful injections after each regeneration 
cycle, as shown in Figure 2. Data logs exhibited a 
rising baseline and suppressed peaks for key impurities 
(N₂, Ar), eventually leading to analytical failure.. 

Fig. 2. T-Instrument performance decline, showing the 
decreasing number of injections before O₂ trap failure

 

 

2.2​ Hypothesis Formulation and 
AI-Assisted Verification  

The initial AI outputs were too general, 
identifying purifier exhaustion but recommending the 
replacement of generic, non-regenerable purifiers.[2] 
This was due to the proprietary nature of the specific 
regenerable O₂ trap, for which manufacturers often do 
not disclose detailed chemical compositions. 

At this stage, operator expertise became 
critical. We formulated a core hypothesis: despite 
different manufacturers (the T Instrument uses a 
VICI-type trap, while a successfully operating G 
Instrument uses an BTS column), the underlying 
chemical principle for regeneration was likely 
identical. We then tuned the AI's research with highly 
specific queries focusing on regenerable O₂ traps for 
GC matrix removal, particularly those using 
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copper-based catalysts.[5,6] By cross-referencing 
information from supplier Material Safety Data Sheets 
(MSDS) with the AI's research, we confirmed the 
hypothesis. The AI deduced the universal mechanism 
to be a copper redox reaction: 

●​ Oxygen Removal: 2Cu+O2​→2CuO 

●​ Regeneration: CuO+H2​→Cu+H2​O 

This confirmed that the two trap types shared 
the same chemical basis, making their regeneration 
conditions directly comparable. The key to successful 
regeneration, therefore, was not only the completion of 
the reduction reaction but also the thorough removal of 
its water byproduct. 

2.3​ Comparative Analysis and Solution 
Synthesis  

​ Based on the shared chemical principle, we 
performed a comparative analysis of the regeneration 
conditions between the successfully operating G 
Instrument and the failing T Instrument. The primary 
difference was not the regeneration gas (H₂) or 
temperature, but the duration of the subsequent 
high-temperature inert gas purge designed to remove 
the H₂O byproduct. The G Instrument employed a 
significantly longer heated helium purge phase. 
​ This analysis pinpointed the root cause of the T 
Instrument's failure: an insufficiently long heated purge 
time, which left residual moisture on the copper 
catalyst. This moisture blocked the active sites, 
preventing effective oxygen removal and causing 
premature breakthrough. 
​ The solution was to synthesize a new, optimized 
protocol for the T Instrument by drastically extending 
the total duration of the high-temperature helium purge 
across both the 'Heater' and 'Standby' phases. The final 
optimized parameters, derived from this AI-assisted 
comparative analysis, are detailed in Table 1. 

Table 1. Optimized O₂ Trap Regeneration Conditions for the 
T Instrument 

 

Parameter Value 

Regeneration Gas Helium (He) 

Flow Rate (mL/min) 90 

Temperature (°C) 350 

Duration (hr) 10 

Standby Time (hr) 5 

Total Time (hr) 15 

 

3​ Results and Discussion 
​ The implementation of the AI-derived regeneration 
protocol yielded immediate and significant 
improvements in the performance of the T Instrument. 
3.1​ Restoration of Performance 

​ The implementation of the AI-derived protocols 
yielded two distinct successful outcomes ("Outcome 1" 
and "Outcome 2"), which were validated against the 
benchmark performance of the Orthodyne system 
("Reference"). The comparative results, detailed in 
Table 2, reveal that due to the hardware temperature 
limit of 210°C on the VICI traps, stability could only 
be achieved by compensating with extreme purge 
duration or strict capacity management. 

Outcome 1: The "Long Cycle" (Instrument G) For 
Instrument G, the "Ghost Peak" issue caused by 
residual water was resolved not by temperature (which 
was capped at 190°C), but by time. By extending the 
heated purge phase from 12 hours to 21 hours and the 
standby phase to 24 hours (Total Cycle ~48 hours), the 
baseline disturbances were completely eliminated. This 
confirms that at lower temperatures, water desorption is 
kinetically slow and requires a massive extension of the 
purge window. 

Outcome 2: Capacity Management (Instrument T) 
For Instrument T, "Breakthrough" was managed by 
acknowledging the thermodynamic limits. Even with 
an extended purge (3-4 days), the trap at 190°C could 
not achieve the deep regeneration seen in the reference 
unit. The solution was "Discipline": establishing a fixed 
safety limit of 55 injections per cycle to regenerate the 
trap before the shallow surface capacity was exhausted. 

Reference Standard (Instrument O) The comparison 
with the Orthodyne unit (Inst. O) highlights the root 
mechanism. As shown in the "Reference" column of 
Table 2, the Orthodyne unit achieves stability in just 24 
hours because it utilizes a regeneration temperature of 
350°C. This validates the "Time-for-Temperature" 
hypothesis: since the Agilent/VICI units cannot reach 
the kinetically efficient 350°C, they must substitute 
extreme purge durations to achieve the same baseline 
stability. 

 
Fig. 3. Comparison of regeneration phase durations. The T 
Instrument's failure (Cond. 2) was linked to insufficient purge 
time compared to the successful G Instrument (Cond. 2). The 

3

EPJ Web of Conferences 352, 02006 (2026)                                                                                        https://doi.org/10.1051/epjconf/202635202006
GAS 2026



optimized protocol (Cond. 3) significantly extended the 
Heater and Standby purge times. 

Table 2. Optimized O₂ Trap Regeneration Conditions for the 
T Instrument 

Feature Inst. G  Inst. T 
Inst. O 

(Ref) 

Status OK 
(Stable 

since Feb 
2025) 

OK 
(Stable 

since Apr 
2025) 

Stable 
(Benchma

rk) 

Regen. temp. 190°C 190°C 350°C 

Regen. Gas 
(flow rate) 

H2 + 
He 

(100/50 
mL) 

H2 + 
He 

(20/80 
mL) 

H2 + 
He (10/90 

mL) 

Regen. Time 3 hrs 6.5 hrs 6 hrs 

Heater 
(Purge) 

21 hrs 
(@ 

190°C) 

24 hrs 
(@ 

190°C) 

10 hrs 
(@ 350°C) 

Standby 24 hrs (@ 
150°C) 

36–48 
hrs (@ 
150°C) 

5 hrs 

Total Cycle ~48 hrs ~3 to 
4 Days 

~24 hrs 

Key Finding Ghost 
peaks 
eliminate
d by 
extending 
purge 
from 12 
hr to 21 
hr. 

Breakthr
ough 
managed 
by fixing 
injection 
limit to 
55. 

High 
Temp 
(350°C) 
allows fast 
cycles. 

 
3.2​ Quantitative Performance 
Improvement 

​ The visual improvement was substantiated by 
quantitative data, as shown in Table 3. After 
implementing the optimized protocol, the peak area for 
argon recovered to its expected value, indicating a 
complete restoration of detector sensitivity. 
Furthermore, the baseline noise was reduced by over 
95% to well below the acceptable limit of 20 μV, 
confirming the stability of the system. 

Table 3. Instrument Performance Comparison 

 

Parameter 
Before 

Regeneration 
After 

Regeneration 

Ar peak area 38,000 39,000 

Baseline noise 
(μV) 

>500 <20 

 
The peak areas for all target analytes 

increased by a factor of 40, demonstrating a complete 
recovery of detector sensitivity. Furthermore, the 
baseline noise was reduced by over 96%, and the 
resolution between the critical N₂/Ar pair was restored 
to a level well above the acceptable threshold. 

3.3​ Acceleration of the Troubleshooting 
Process 

​ Perhaps the most significant outcome is the drastic 
reduction in the time required to resolve the issue. The 
traditional troubleshooting workflow for a similar 
problem has historically taken over a week in our lab. 
The AI-driven approach, from initial data input to the 
implementation of the final solution, was completed in 
just 16 hours. This represents a more than 85% 
reduction in instrument downtime, a critical advantage 
in a high-throughput analytical environment. 
3.4​ The Synergy of Human Expertise and 
AI 

This case study powerfully illustrates the value of a 
human-AI collaborative approach. The AI's ability to 
rapidly process vast amounts of information and 
identify the underlying chemical principle across 
different proprietary systems was a significant 
advantage over manual research. However, the initial 
ambiguity of the AI's output underscores the continued 
importance of human expertise. The operator's ability 
to formulate a core hypothesis, critically evaluate the 
AI's suggestions, and provide targeted, refined inputs 
was the key to unlocking a fast and effective solution. 
This synergistic relationship transforms 
troubleshooting from a linear, time-consuming 
sequence into a dynamic and efficient problem-solving 
loop. 

4​ Conclusion 
The successful resolution of O₂ trap 

breakthrough in a GC-HDID system using an 
AI-driven troubleshooting framework marks a 
significant advancement in analytical instrument 
maintenance. By integrating the "deep research" 
capabilities of an AI model with the critical domain 
knowledge of an experienced operator, we have 
demonstrated a methodology that is not only effective 
but also remarkably efficient. 
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This study has shown that: 

1.​ An AI-powered approach can 
dramatically accelerate the root cause 
analysis of complex instrumentation 
failures. 

2.​ The synergy between human 
expertise and AI is crucial for 
navigating the ambiguities and 
proprietary limitations often 
encountered in technical 
troubleshooting. 

3.​ This methodology can reduce 
instrument downtime by over 85% 
compared to traditional methods, 
offering substantial benefits in terms 
of productivity and operational 
efficiency. 

The framework presented here is not limited 
to O₂ trap issues or GC-HDID systems. It is a 
transferable and scalable model that can be adapted to 
a wide range of analytical instruments and failure 
modes. As AI models become more sophisticated, the 
adoption of such collaborative troubleshooting 
workflows will likely become a standard practice in 
scientific laboratories and industrial quality control 
environments, heralding a new era of intelligent and 
predictive instrument maintenance.     
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