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Portable Micro-Gas Chromatography with Multidimensional Com-
pound Identification Analysis

Arjun Sharma

(ABSTRACT)

Gas Chromatography (GC) is an analytical technique in the chemistry field widely used

to separate compounds present in a sample mixture. Conventional GC systems are an ex-

tremely versatile and powerful tool to perform complex separations. However, these systems

come with the cost of being bulky and requiring a high amount of power for operation. With

considerable research for over 40 years, the advent of Micro-Gas Chromatography (�GC)

made it possible for miniaturized, compact, low-power, and field portable GC systems. This

thesis presents a portable �GC system that enables real-time analysis of complex compound

separations, made possible with the use of multiple separation columns and a novel multi-

dimensional compound identification algorithm. The system architecture and the software

design with multiple features enabling portability of the �GC system are discussed. A

set of microfabricated separation columns (�SCs) and photoionization detectors (PIDs) are

integrated to realize a fully functional �GC system that is tested with different types of

complex compound mixtures. An in-depth analysis of processing the output chromatograms

obtained from the setup for signal filtering and peak detection is described in this thesis. A

multidimensional analysis for compound identification in complex mixtures is presented.



Portable Micro-Gas Chromatography with Multidimensional Com-
pound Identification Analysis

Arjun Sharma

(GENERAL AUDIENCE ABSTRACT)

Volatile organic compounds (VOCs) are generally chemicals that have high vapor pressure

and low boiling points used and produced in the processing of petroleum products, paint,

refrigerants, pharmaceuticals, and adhesives. VOCs are emitted as gases from certain solids

or liquids, some of which may have short- and long-term adverse health effects even with

minute exposure. Gas Chromatography (GC) is a common analytical technique used to

detect, identify, and quantify VOCs in the environment, and conventional GC Systems have

been utilized for this purpose. The separation of compounds occurs inside an analytical

column that has selective interaction between the column and the analytes passing through.

However, these systems are expensive, bulky, consume high power, and require expertise

to operate. Recently, advancements in the Microelectromechanical systems (MEMS) field

has paved the way to create Micro-Gas Chromatography (�GC) systems with improved

performance when compared to traditional systems. Active research is ongoing to improve

the portability of �GC systems for reliable and quick on-field analysis. In this thesis, we

present a �GC system that has a robust and scalable design that allows the development of

a portable �GC system. The compound separation of complex mixtures is showcased using

the portable �GC system setup. The output chromatograms obtained from the �GC system

are pre-processed, which involves noise filtering and peak detection, followed by an analysis

using a multidimensional compound identification algorithm.
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The foundation for the development of gas chromatography (GC) began in the early 1950s af-

ter the introduction of liquid-gas chromatography. At the time, gas chromatography quickly

gained acceptance as the demand for improved analytical controls boomed in the petro-

chemical industries. Since then, gas chromatography analysis has matured into a widely

used analysis technique for separating and analyzing most organic compounds relevant to a

wide range of industries and areas of the research study [11].

The GC process typically involves introducing vapors of a sample mixture into an analytical

column which is coated with a specific type of stationary phase. As the mixture travels

through the analytical column, the components get separated based on the interaction with

the stationary phase. The compounds eluting from the column are detected, and a chro-

matogram is generated. The chromatogram can be further analyzed to obtain quantitative

and qualitative information about the compounds detected in the sample mixture [6].

In this section, we briefly describe the working principles of a conventional GC system.

Further, we introduce the �GC system and describe its components in detail.
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A conventional GC system typically has several components, such as the injector, separation

column, detector, and data analysis software, as shown in Figure 1.1 [23].

The injector is used to introduce the sample into the system. There are several types of

injectors, such as split/splitless, on-column, and programmed temperature vaporizers. The

split/splitless injector is the most common type of injector used in GC systems which has two

operational modes. In the split mode, it introduces a small portion of the sample into the

column and discards the remaining portion, while in the splitless mode, it allows the entire

sample to be injected into the column. The injector is an important component in the GC

system that determines the quality and reproducibility of the analysis. It must be carefully

maintained and operated to ensure minimal contamination to obtain accurate results.

Figure 1.1: Conventional GC system

The carrier gas is used to carry the sample vapors through the separation column. Some
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commonly used carrier gases are Hydrogen, Helium, and Nitrogen. The separation column

is the heart of the GC system. It is a long, narrow tube packed with a stationary phase

that separates the compounds in the sample. The stationary phase is a material that is

packed inside the column that the compounds in the sample mixture interact with. As the

compounds pass through the separation column, the different extent of interaction with the

stationary phase results in varied elution times for the compounds [9], [7]. Different kinds

of separation columns can be used in GC systems, namely, packed columns and capillary

columns. The choice of selecting the separation column is dependent on the resolving power

required for the target application. Additionally, the temperature of the separation column

plays a crucial role in the accurate analysis of the compounds present in the sample mixture.

The detectors placed at the end of the separation columns are used to detect the elution of

the compounds from the column. There are several types of detectors used in GC systems,

such as Thermal Conductivity Detector (TCD), Flame Ionization Detector (FID), Electron

Capture Detector (ECD), Mass Spectrometry Detector (MSD), and Photo Ionization Detec-

tor (PID) [11]. The nature of the compounds present in the sample mixture and the purpose

of analysis determines the choice of detectors to be used in the system. Multiple detectors

can be used to increase the amount of information obtained from the sample.

The data system is responsible for collecting and analyzing the data generated by the detec-

tor. It typically includes a computer and custom software that is used to perform qualitative

and quantitative analysis. Additionally, the software can also be used to control the exper-

imental conditions, such as the temperature of the separation column, the flow rate of the

carrier gas, and settings for the injector and detector. The output generated by the detec-

tors is called a chromatogram, which contains useful information pertaining to the detected

compounds as they pass through the separation column. The software provides the ability

to perform calculations such as peak area, peak height, and retention time. The retention
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time is primarily used for compound detection, and the calculations of peak area and peak

height provide information pertaining to the concentration of a compound in the mixture.

Figure 1.2 displays a sample detector output and the different kinds of information obtained

from a chromatogram.

Figure 1.2: GC detector output

�

Conventional GC systems are accurate and provide high-precision results. However, such

a system requires manual intervention, and the analysis process is often time-consuming.

Moreover, these systems are bulky, power-hungry, and require supervision from trained tech-

nicians for their operation, confining them to laboratory environments.

�GC systems are miniaturized, field-portable, and energy-efficient versions of the conven-

tional GC systems. They use miniaturized versions of components such as preconcentrator-

injector [29], micro-scale separation columns [7], [14], micro-fabricated detectors [13], pumps,

and valves, along with a data logging and analysis system. Their small form factor makes
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them suitable for in-field applications requiring on-site and rapid on-demand analysis.

The �GC system can be used to periodically collect atmospheric samples and analyze them

to generate relevant warnings and alerts against the presence of harmful and toxic gases in

applications concerning environmental analysis, such as in transportation, mining, pharma-

ceutical, and petrochemical industries.

The gas chromatography process involves passing the sample mixture through a single ana-

lytical column and analyzing the chromatogram. While �GC systems exhibit smaller sizes

and increased portability, they suffer from deteriorated functional capacity for separation and

analysis of compound mixtures due to factors like sample injection inefficiency and shorter

column length arising due to miniaturization. It is difficult, tedious, and time-consuming to

separate complex samples like diesel and gasoline, typically comprising more than a thousand

compounds.

The selectivity and resolution of an analytical column enable the separation of compounds

from a complex compound mixture. Using multiple analytical columns with different sta-

tionary phases effectively improves the compound separation capability of a �GC system

[15], [14]. Additionally, in a complex compound mixture, two or more compounds can elute

at similar times from the analytical column of a particular type of stationary phase. Such

compounds are called coeluting compounds and a single analytical column is insufficient to

separate these compounds [12]. With the use of a stationary phase that has different selec-

tivity, these compounds could be separated distinctly. Thus, combining multiple separation

columns and their outputs can aid in the identification of coeluting compounds. Addition-

ally, the result of multiple separation columns that can separate a particular compound

5
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present in the test mixture is a useful approach to assert the presence of hazardous com-

pounds of interest. Detection in multiple stationary phases acts as a measure of confidence

to assert the presence of such a compound within the test mixture.

The objective of this thesis is to develop a system that uses multiple separation columns

to analyze a sample mixture, along with the development of an analysis mechanism for

identifying compounds based on the results obtained from the multiple separation columns.

The major contributions of this thesis are listed below:

• Implement a robust and scalable software design to enable the development of a

portable �GC system.

• Preprocessing and conditioning the output chromatogram obtained from the �GC

system by performing noise filtering, baseline correction, and subsequent peak identi-

fication as a part of the analysis system.

• Implemented a compound detection algorithm that can identify compounds from the

output chromatograms of a multidimensional GC separation.

This chapter reported the background of Gas Chromatography systems and the motivation

for the developed system. The rest of this thesis is organized as follows:
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Chapter 2 describes the detailed hardware architecture of the �GC system along with a brief

description of all the hardware peripherals interfaced with the �GC system.

Chapter 3 reports the software design of the portable �GC system and the Graphical User

Interface (GUI) used to interact with the �GC system. A detailed description of the software

features and firmware of the �GC system is provided in this chapter.

Chapter 4 presents the integration of the hardware and software components to realize a

functional portable �GC system with dual parallel separation columns. The chapter also

discusses the results obtained from the setup, along with a thorough analysis of output

chromatogram processing for peak detection and retention time calculation.

Chapter 5 presents a multidimensional analysis that utilizes information from the output

chromatograms of multiple analytical columns to detect and identify compounds in a complex

mixture.

Chapter 6 concludes the thesis work.

7



This chapter discusses the hardware specifications of the components used to perform the

gas chromatography experiments. A brief description of all the hardware peripherals used in

the system is provided. This chapter also discusses the hardware specification of the modular

�GC stack in detail at the end of the chapter.

The equipment used to perform gas chromatography experiments comprises of the modular

�GC system and a set of different peripherals actuated in various phases of an experiment.

Figure 2.1 displays the entire set of hardware peripherals that can be interfaced with the

system.

Gas flow control is needed to implement different GC experiment phases such as loading,

injection, analysis, and cleaning, which is explained in detail in Section 4.2. This is facilitated

through the use of multi-way valves.

Figure 2.1a shows a miniature 3-way latching solenoid valve (LHLA0521111H, The Lee Co.)

that was selected due to its characteristic features of low fluidic resistance and low leakage

8
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�

Figure 2.1: Peripherals used in the �GC System
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rates. The valve can be operated between two states by applying a 5V DC pulse, wherein

the polarity of the pulse controls the valve’s position.

Pumps are needed in �GC systems to control the flow of carrier gas and to maintain a

constant pressure within the system. It enables the sample to move through the analytical

column for the chromatographic process to occur. Additionally, pumps can provide flow

rate control, which directly influences the resolution and efficiency of the separation process.

Figure 2.1b shows the 5V low-power DC pump that was chosen for the �GC system.

The �GC system uses micro-fabricated heaters during the analysis phase of the GC experi-

ment, where the separation column is heated with defined temperature programming profiles

to enable fast and reliable compound separation.

Resistive temperature detectors (RTDs), such as Pt1000 [22], shown in Figure 2.1d, are used

to sense the temperature of the heater device and provide feedback to the microcontroller to

enable temperature control in a closed loop. Figure 2.1c shows an example of a micro-heater

housed in a 3D-printed manifold along with a Pt1000 RTD embedded in it. This device is

used to heat a micro-fabricated separation column during the experiment process.

Typical GC experiments involve different types of temperature control varying from isother-

mal profiles to having defined temperature programming profiles. The temperature of the

10
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system is varied across a huge range for the desired separation of the compounds. Fans are

utilized to expedite the cool-down process and bring the heaters back to room temperature.

Figure 2.1e displays the 5V DC axial fans (F251R-05LLC, Digikey) that were selected due

to their small form factor and low power consumption.

The sensors used for the detection of effluents have a significant impact on the output

chromatogram obtained from the system. Typically, a sensor with high sensitivity and

voltage output is required to detect minuscule traces of effluent coming out of the separation

column.

The �GC system can interface with Photoionization Detectors (PIDs) for the detection of

compounds, as shown in Figure 2.1f. This detector requires a voltage supply of 5V and has

an output voltage range of 0-2.5V. The small size and good Signal-to-Noise ratio (SNR)

make it a good choice to be used in the system.

�

The modular �GC stack is an electronic stack comprising 4 functional PCB modules. Figure

2.1g shows an image of the modular GC stack used for experimentation in this thesis, and

Figure 2.2 shows a diagrammatic representation of the functional parts of this stack [20].

The function of each of the 4 modules is listed as follows:

• This board accepts unregulated voltage in the range 18V-36V and

converts it to regulated 3.3V, 5V, and 7.5V, which are supplied to different parts of

the system. Additionally, this board also houses the heater control circuitry.
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• This board contains the microcontroller (Texas Instru-

ment’s TM4C129DNCPDT) and is responsible for issuing control signals for peripheral

actuation and reading sensor data. This board also houses the Wi-Fi communication

module and operates on 3.3V.

• The sensor board contains Analog-to-digital converters (ADCs),

which are used to interface the sensors and detectors with the microcontroller board.

The ADCs (Analog Devices AD7793) communicate with the microcontroller over a

Serial Peripheral Interface (SPI) channel.

• The valve control board uses motor driver circuitry (TB6612FNG

Dual Motor Driver IC), which accepts digital input from the microcontroller board to

actuate the valves, pumps, and fans interfaced in the system.

Table 2.1 summarises the specifications of the modular �GC stack.

Table 2.1: Modular �GC Stack Specifications

Input Voltage 18V - 36V
Output Voltages 3.3V, 5V, 7.5V, 18V

Resistance Temperature Detectors 5
Photoionization Detectors 5

Heaters 4
Valves / Pumps / Fans 6

12
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Figure 2.2: Modular �GC stack hardware architecture
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This chapter describes the software architecture implemented in the �GC system. The

simple software design allows any user to develop various GC configurations as long as it

is compatible with the GC hardware setup. Figure 3.1 shows an overview of the software

components used in the portable �GC system. The first section of this chapter describes the

firmware implemented in the embedded system and showcases some of the capabilities and

features that enable a portable �GC system. The second section of this chapter describes

the Graphical User Interface (GUI) tool used to interact with the modular �GC system.

Figure 3.1: Software components of portable �GC system
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The firmware implementation of the embedded system is described in detail in this section.

A �GC system can be assembled with various different configurations involving the usage

of distinct hardware peripherals, some of which were described in Chapter 2. However,

a fundamental sense of control of the peripherals is needed for the desirable execution of

the �GC system. With most of the peripherals requiring electronic control, the �GC system

forms an embedded system in which the micro-controller governs the operation of the system.

Typically, for small-scale systems, the software running on the microcontroller is a bare-

metal program that is dedicated to running a single application. However, �GC systems

can comprise multiple peripherals performing different kinds of actuation simultaneously,

thereby increasing the complexity of controls required for the correct execution of the system.

Real-Time Operating System (RTOS) is an application that allows multiple tasks to run

concurrently, which is more suited for �GC systems. As a part of this thesis, the embedded

software for the �GC system was developed using Texas Instruments’ TI-RTOS application

[17], [18]. TI-RTOS provides different threading, timing, and synchronization modules that

were utilized for controlling and actuating the hardware peripherals interfaced with the

embedded system. One of the primary objectives of this thesis is to develop a portable �GC

system that can be deployed for on-field analysis. In this section, we discuss the embedded

software features that enable portability while maintaining the high performance of the �GC

system.

The implementation of Wireless Fidelity (Wi-Fi) communication mode for the transmission

and receiving of data was one of the remarkable software features for the �GC system.
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The CC3100 Click Wi-Fi Module was integrated with the microcontroller to provide Wi-Fi

connectivity to the modular �GC system. This feature is highly scalable with the infras-

tructure available at the location where the �GC system is deployed. Figure 3.2 showcases

two different network topologies enabled by this implementation:

• Figure 3.2a showcases the current network topology that can be established with wire-

less communication mode implemented on the modular �GC system. The host inter-

face running on a desktop or tablet can interact with the �GC system by connecting

to it within a Wireless Local Area Network (WLAN).

• Figure 3.2b showcases a possible network topology that can be useful in applications

requiring high scalability. The modular �GC can connect to a server using HTTP

over the internet. The end devices such as desktops, smartphones, and tablets can

connect to the server over the internet and interact with the embedded systems. Such

a network topology can be deployed for various environmental analysis applications.

16
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Figure 3.2: Network configurations for �GC systems enabled through Wi-Fi
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The capability to sample sensor output at high frequency enables the detection of minuscule

compounds as they elute from the separation column. The sensor board used in the modular

�GC system houses the AD7793 Analog-to-Digital Converters (ADCs) to interface the RTD

and PID sensors with the microcontroller. The software configures ADCs in continuous

conversion mode (CCM) at an update rate of 123Hz, wherein the ADC samples the sensor

values and stores it in its data register. The microcontroller reads this value from the ADC’s

data register at a frequency of 50Hz (20ms), therefore yielding an effective sensor sampling

frequency of 50Hz.

As described previously in Section 3.1.2, we were able to achieve a sensor read frequency

of 50Hz. However, sending data from the embedded system to the GUI over Wi-Fi at this

frequency can cause an overload on the system, resulting in unexpected behavior. In order to

resolve this mismatch between the sensor read frequency and the Wi-Fi send data frequency,

the sensor data is stored in a ring buffer before transmitting to the GUI.

As shown in Figure 3.3, each detector ADC is associated with a ring buffer, wherein the

data is stored in a First-In-First-Out (FIFO) manner, and the least recently used data is

overwritten in case the buffer is full. With such an implementation, we ensure all the sensor

information is captured and transmitted reliably without overwhelming the system.
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Figure 3.3: Ring Buffer Implementation

The ring buffer capacity can be calculated as shown in Equation 3.1. Therefore, for a desired

sensor frequency of 50Hz and a Wi-Fi transmit frequency of 10Hz, the ring buffer capacity

would be 5 sensor readings.

Ring buffer capacity = fsensor/ftransmit (3.1)

The data communication between the modular �GC system and the host interface is an

important design aspect since the GC experiment involves essential detector outputs that

need to be recorded correctly for any form of analysis.

A fixed packet structure was developed to encompass the information about the current state

of the system (experiment status and event number), RTD sensor information corresponds

to four heaters, and detector information corresponds to five sensors. This information is

obtained from the respective ring buffers. Figure 3.4 shows the format for the fixed packet

structure.
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The definition of a single fixed packet structure streamlined the process of encoding and

decoding information that is exchanged between the �GC system and the host interface. The

unification of all the sensor information into one packet allowed for simple data transmission

using a single data transmit task scheduled at a period of 100ms. The transmitted packet is

then decoded at the host interface for data recording/visualization.

Figure 3.4: Fixed packet structure for the modular �GC system

The modular �GC system can be connected with a total of four heaters simultaneously

at full capacity. Thus, the requirement for actuating multiple heaters in parallel with the

capability of varied temperature programming profiles was necessary. In this section, the

implementation of software PWM and Finite State Machine (FSM) along with various RTOS
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resources utilized to realize the requirement for the actuation of multiple heaters is described

in detail.

The hardware connections were designed such that two heater modules are actuated through

PWM outputs, while the other two heater modules are actuated through GPIO outputs from

the microcontroller. The heaters actuated using GPIOs effectively function as operated

using ON-OFF control despite the presence of a PID control mechanism, thus yielding poor

performance.

Software PWM was implemented in the system to provide PID-based temperature control

for all four heaters in the system. The timer module from TI-SYS/BIOS was used to provide

the timing requirement. The appropriate duty cycle is configured using the ON/OFF time

by loading the corresponding timer period values. The state of the associated GPIO is

subsequently switched each time the timer expires.

A Finite State machine (FSM) was developed for the individual heaters to support parallel

temperature programming capability in the �GC system, as shown in Figure 3.5. The

different states of a heater are described as follows:

• This is the initial state for all heaters. In this state, there is no actuation of

the heaters, and the PID control algorithm is effectively inactive. The only transition

is to the state STEP, which occurs when a new user command is provided along with

the set point and required ramp rate information.
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• When a heater transitions to this state, the PID control algorithm is activated.

The input set point and ramp rate information are used to perform the heater tem-

perature ramping. When the temperature set point is reached, the state automatically

transitions to MAINTAIN. The heater can transition to any of the other states on

explicit user commands.

• In this state, the PID control algorithm works on maintaining the latest

provided temperature set point. An explicit user command can trigger a transition to

either OFF or STEP. In case of transitioning to STEP, the user provides the new

setpoint and required ramp rate information.

• A transition to this state is typically required when multiple heaters are

being actuated in parallel. This state is generally used when the current heater needs

to continue its latest operation while another heater requires a change in its FSM state.

In case the latest operation was a STEP, and the desired temperature set point has

been reached, an automatic transition to MAINTAIN occurs. Otherwise, only explicit

user commands can initiate transitions to STEP, MAINTAIN, or OFF.
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Figure 3.5: Heater Finite State Machine

Different heater profiles were tested out by connecting multiple heaters to the �GC system.

Figure 3.6 showcases the different heater profiles achieved for simultaneous actuation of two

or more heaters. Through the implementation of this feature, varied temperature program-

ming profiles for multiple heaters such as temperature ramping of two heaters simultaneously

with similar ramp-rate, temperature ramping of two heaters with different ramp-rate and dif-

ferent actuation instances, and temperature ramping of two heaters with defined ramp-rate

and intermediate setpoints were achieved.
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Figure 3.6: Temperature programming profiles using multiple heaters in parallel
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The design of the TI-RTOS application in the �GC system is based on the idea of having a

centralized scheduler that is responsible for dynamically allocating relevant RTOS resources

to peripheral objects based on the requirements of the experiment configuration. The sched-

uler is also responsible for delegating control action to different peripheral instances based

on the completion of an event.

The �GC system uses a scheduling algorithm that provides precise timing and decision-

making capabilities with the performance of the different aspects of the modular �GC sys-

tem as its primary focus. Figure 3.7 shows the design of the scheduling algorithm, which

incorporates a scheduler task responsible for scheduling the required tasks at a particular

experiment stage. A single experiment is broken into multiple stages, and the start of each

experiment stage acts as a scheduling point. The decision to execute the appropriate tasks

responsible for peripheral actuation occurs at each scheduling point.

The different tasks and handlers that can be scheduled are listed below:

• The scheduler task is responsible for determining and delegating

the scheduling of the appropriate tasks across different stages of an experiment. When

the �GC system is powered on, it schedules the Experiment Fetch Task in anticipation

of a connection to a host interface to fetch the experiment configuration information.

When an experiment is in progress, it determines the appropriate tasks to be scheduled

and dynamically allocates resources that are required for that particular experiment

phase. Once an experiment completes, the scheduler dynamically frees all the RTOS

resources and re-initializes the run-time variables to prepare the �GC system for a new

experiment.

• This task is executed when the �GC system is ready to
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