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Abstract 

Biological volatile organic compounds (Bio-VOCs) play crucial roles in living 

organisms such as plants, microbes, and the animals. Sub-ppm level of Bio-VOCs could 

work as indicators to provide information about metabolism or hormones to facilitate 

different stages of growth in an organism. For example, less than 25 ppb of ethylene can 

reduce flowering time, increase seed weight and promote ripening of plants. Thus, there 

is a need for sensitive detection to provide valuable information for in situ monitoring of 

biological ecology, as well as for environmental controlling and managing. 

In situ monitoring of Bio-VOCs requires highly sensitive detections (at mostly sub-

ppm concentration level) using portable and accurate sensors, which is extremely 

challenging for most analytical methods currently available. This work examines the 

feasibility of an intensified capture and detection strategy for detection of trace amounts 

of Bio-VOCs, with the sensor unit suitable for miniaturized design for eventually remote 

and unmanned vehicle sensing applications.  

In the first part of the study, activated carbon fibers were developed using a reductive 

reduction procedure, and were examined for pre-concentrating of Bio-VOCs (from ppb-

level raised to ppm-level). We expect the reductive carbonization can effectively remove 

the oxygenated groups from the cellulosic materials, producing fine-tuned electronic 

properties, which promote pi-pi interaction for intensified the adsorption of nonpolar 

VOCs (especially for multiple pi bonds compounds). The such produced carbon fibers 

were examined by XPS (X-ray Photoelectron Spectroscopy), which showed that 53% of 

the carboxylic and hydroxy groups have been successfully removed. The performance of 
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reductive treated carbon fibers as an adsorbent was examined. Three nonpolar VOCs, 

methane, ethylene and benzene, were selected as typical biological and chemical VOCs.    

A sixteen-times increase of benzene (has multiple pi bonds) adsorption can be observed 

in comparison to carbon fibers without reductive treatment.  The unique network 

structure of the reductive treated carbon fibers also provides a fine electrical conductivity 

(6.36 Ωcm), that makes it possible for electrothermal desorption for material 

regeneration. A full regeneration of VOCs was observed in repeated adsorption-

desorption cycles, indicating excellent reusability and stability of reductive carbonized 

carbon fibers. When applied as a pre-concentration absorbent, the carbon fibers 

successfully increased the concentration of typical VOCs from 500 ppb to 3.5 ppm 

(700% increase) within 20 min. 

In order to develop a miniaturized sensor with ultra-high sensitivity and stability for 

in situ monitoring of Bio-VOCs, the electrochemical sensing system was employed 

because it is able to identify and quantify various VOCs with high accuracy and 

sensitivity. However, most of traditional electrochemical sensors have been developed for 

analysis of aqueous samples, they are easily impacted by the evaporation of water 

(changing the concentration of electrolyte) when applied to gaseous samples as 

concerned in the current work. To improve the stability of electrochemical sensing, we 

developed a unique thin film ionic liquid (IL)-gel coated sensor employing ionic liquids 

in poly(acrylamide) hydrogels as a solution-free electrolyte. We assumed the stability of 

the analysis can be improved since the solution of the electrochemical system can be 

locked in a gel phase, minimizing the evaporation. The ion liquids also have been 

selected as electrolyte since the acidity of IL can facilitate the detection of ethylene (one 
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critical Bio-VOCs), preventing the oxidization of the working electrode before ethylene 

oxidization. A series of experiments were conducted to confirm the performance of IL-

gel coating sensor.  The results showed the sensor has an excellent sensitivity and 

linearity of our sensor with low detection limit to 650 ppb and 0.99 of R2 values within 

0~15 ppm. A decent stability was obtained with relative standard deviation below 1% for 

1.5 months of storage. In addition, the strategy of using reductive fabricated carbon fibers 

as a pre-concentrating material and a thin film IL-gel coated sensor as detection unit was 

also examined.  

Overall, our work successfully demonstrated the capture-detection strategy is suitable 

for stable detecting of extremely low (sub-ppb level) concentration of VOCs.  By 

integrating the preconcentration and senor units, we could eventually develop sensors that 

are capable of detecting VOC samples in the order of ppb. This approach is promising for 

building up miniatured Bio-VOCs sensors for in situ monitoring in future applications. 
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Chapter 1: Introduction  

1.1 Generation of VOCs 

Volatile organic compounds (VOCs) are organic chemicals with low boiling point 

resulting in high vapor pressure at room temperature. Based on the definition from 

Environmental Protection Agency (EPA), VOCs are those organic compounds having a 

vapor pressure greater than 10 Pa at 25℃ and a boiling point lower than 260℃ at 

atmospheric pressure [1]. Because they have high vapor pressures, VOCs can easily 

evaporate from the solid or liquid form and disseminate to surrounding air.  

VOCs can be generated via anthropogenic activities or emitted from natural 

ecological systems.  Human activities including the exploitation of different types of 

combustion engines result in the emission of organic compounds such as alkanes, 

alkenes, carbonyls, alcohols, aromatics, amides, and ethers [2][3][4][5].  EPA conducted 

a serious of studies of the overall human-made VOCs from 1990 to 2011. They found out 

that the majority (> 80%) of anthropogenic VOCs in the U.S. is from industrial processes 

and on-road vehicle. ((Figure 1 (a)). For instance, two of industrial processes, coal 

production, and crude oil refinery, produce a huge number of hydrocarbons such as 

methane, ethane, propane, butanes, pentanes, hexanes, heptanes, octanes and 

cycloparaffins [6][7]. In addition to small molecule hydrocarbons, industrial VOCs also 

include more complicated and more hazardous chemicals, especially PAHs (Polycyclic 

Aromatic Hydrocarbons).  PAHs are increasingly concerned for respiratory health issues 

including irritation and lung cancer. People can be exposed to airborne PAHs from site-
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specific sources like tobacco smoke, wood smoke, and smoke from prescribed burning 

sites, or human activities in a more open environment such as vehicles and construction 

of asphalt roads. Most PAH contaminants are generally products of incomplete 

combustion reactions that are well distributed in urban and rural communities, consisting 

over 100 chemical species of varying size and compositions (up to 6 benzene rings fused 

together).  Indeed, 4 of the top 10 most hazardous chemical substances are PAHs 

according to the 2011 ATSDR Priority List of Hazardous Substances.  Minnesota 

Pollution Control Agency has actively involved in monitoring PAHs emission in the 

state, however, there is no effective measures and technologies available for mitigation of 

airborne PHA contaminations [8]. The PHA contaminations are closely related to the 

formation of PM 2.5 (particulate matter with a diameter of 2.5 μm or less). Based the 

study conducted by U.S. Environmental Protection Agency (EPA), some PHAs are 

oxidized by active species such as the hydroxyl radical (OH), ozone (O3), and nitrate 

(NO3) to condense on available particles becoming part of the PM. In the United States, 

around 30 to 35% of PM were produced by PAH [9]. 

Besides human-made VOCs, the living organisms including the plants, microbes, and 

the animals naturally release organic gases into the air as metabolic residues, hormones or 

indicators. We defined those VOCs released as biological volatile organic compounds 

(Bio-VOCs) [10]. Based on the study conducted by EPA, the quantity of Bio-VOCs is 

nearly triple comparing to atherogenic VOCs in U.S [11] ((Figure 1 (b)). 

 Plants synthesize VOCs to facilitate integration with their environment, from 

attracting pollinators and seed dispersers to protecting themselves from parasites, 
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pathogens [12][13]. For example, they emit dioxide, ethylene and complex compounds 

like benzenoids, amino acid, phenylpropanoids, terpenes, and fatty acid derivatives to 

defend themselves [14]. A trace amount of plant VOCs could work as plant hormones; 

less than 25 ppb of ethylene can reduce flowering time, increase seed weight and promote 

ripening of fruits. The study conducted  by Blanke et al. [15] mentioned that the 

accumulation of the ripening gas, ethylene, lead to the decay of ethylene-sensitive 

climacteric fruits such as bananas and tomatoes.  There are over 1.5 million tomatoes and 

1.4 million bananas are wasted daily nationwide due to over-ripeness.  Thus, the 

management of Bio-VOCs is an essential topic to reduce the waste of agricultural 

products. 

 

Figure 1. Statistical data of VOCs emission from anthropogenic and natural ecological 

systems. [11] (a): Anthropogenic VOCs emissions in the U.S. 1990-2011 by source 

category: Fuel combustion (yellow column), other industrial processes (purple column), 
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on-road vehicle (green column), nonroad vehicles/engines (orange column) (b): Relative 

amount of atherogenic and biological VOCs sources in the U.S.  

 

In addition to plants emitted VOCs, micro-organisms such as fungi and bacteria 

produce VOCs as side-products from their primary metabolism (the synthesis of DNA 

and amino and fatty acids) and the secondary metabolism (intermediates of the primary 

metabolism) [16]. In addition, the produced VOCs are greatly affected by microbial 

species, growth phase and environmental conditions such as pH, humidity, temperature, 

and nutrients [17]. Hence, the production of microbial VOCs can be used as indicators to 

detect the cultivation of micro-organisms. For example, Lorenz et al. [18] collected 

indoor air from buildings with SKC sorbent tubes coated with activated charcoal 

(Anasorb®) for 4 hours with a flow rate of 0.5 l/min. They identified 1-octen-3-ol, 

dimethyl disulphide, and 3-methylfuran as the main indicators of microbial growth [19]. 

The study also concluded that a microbial contamination source could be considered 

when the sum of eight microbial VOCs including 1-octen-3-ol, 3-methylfurane, 

dimethyldisulfide, 3-methyl-1-butanol, 2-pentanol, 2-hexanone, 2-heptanone, 3-octanone 

equals or exceeds 500 ng m-3. 

Since human bodies are also living organisms, it has been reported that we can 

analyze the VOCs contents from human breath to monitor the status of human bodies. 

For example, one study showed the concentrations of acetone from the breath was related 

to the dextrose lipolysis and metabolism processes in our body [9]. Another study showed 

that exhaled ethane and pentane concentrations were linked to inflammatory diseases; 
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patients exhaled levels of sulfur-containing compounds were indicated liver failure and 

allograft rejection [19][20][21]. These bio-markers studies provide a promising method to 

recognize and diagnose many complex diseases in the human body. 

 

Table 1. Anthropogenic and Biological VOCs   

  VOC sources Major chemical composition Ref. 

Anthropogenic 

VOCs  

Industrial 

process  

Acetone, Ethanol, Propane, 2-hexanone, 

 1,4-dichlorobenzene, 1,2,4-trimethylbenzene, 

PAHs 

 [22], [3] 

Fuel combustion 

Benzene, Toluene, Ethylbenzene, Xylene 

(BTEX)*, Ethyltoluene, Diethylbenzene, and  

Trimethylbenzene isomers 

 [23], [24] on-road vehicle 

Nonroad 

vehicles/engines  

Biological 

VOCs  

Vegetation 
 Isoprene, Monoterpenes, Sesquiterpenes, 

Ethylene 
 [25],[26] 

Microorganisms 

1-octen-3-ol, 3-methylfurane, 

Dimethyldisulfide,  

3-methyl-1-butanol, 2-pentanol, 2-hexanone,  

2-heptanone, 3-octanone  

 [17], [18] 

Animals 
Acetone, Acetophenone, Butanol, Dimethyl 

sulfide, Hexanal, Isoprene 
[27], [28] 

* The concentration of BTEX is often used as an indicator of atherogenic pollution 
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1.2 Detection of Biological VOCs 

The commonly used equipment for qualitative and quantitative analyses of biological 

VOCs is the gas chromatography-mass spectrometry (GC–MS). Several studies utilizing 

GC–MS to investigate the changes in volatiles caused by bacterial, fungal infections and 

human bodies [30][31][30]. However, GC-MS is too expensive and sizable for building a 

network of in situ monitoring sensors that cover large areas such as farmlands or 

orchards. Sensors for in situ monitoring of Bio-VOCs not only need to be highly sensitive 

(at mostly sub-ppm concentration level) but also expect to be low-cost and miniature. 

However, studies show that it is extremely challenging for most current analytical 

methods to develop sensors that meet these features[32]. 

Few different technologies are available for making such gas sensors: (1) infrared 

radiation absorption, (2) photoionization, (3) resistive, and (4) electrochemical sensing 

[32] [33] [34]. (1) Infrared radiation absorption sensors use the optical transducing 

technique to verify different VOCs from their infrared gas absorption spectra. The 

detection range of infrared radiation absorption sensors is from 50 ppm to 5% volume 

ratio. (2) The photoionization method utilizes high energy UV light to excite the 

molecules of the target gas, and then the target gas illuminates corresponded light. The 

emitted photons can be absorbed by molecules and generate electrical-charged ions. This 

electrical current is proportional to the gas concentration. The detection range is of this 

method is from 0.5 to 100 ppm. (3) Resistive sensors measure the changes in resistance 

or conductivity when exposed to different ambient gases. The molecules of gases react 

with the tin oxide, trapping electrons on the surface which increases the conductivity. The 
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detection limit can low to 600 ppb and up to thousands of ppm. These sensors can 

produce signals to nearly all types of volatile compounds, but they are not able to 

distinguish the specific type of VOCs from their signals. (4) The last are electrochemical 

sensors, which are based on electrochemical reactions that happen within the electrodes 

and the gas present in the electrolyte. The electric signals are proportional to the 

concentration of the analytes which present in the vicinity of the sensor. Since different 

VOCs has their distinct oxidation/reduction potential, electrochemical sensors are able to 

identify and quantify VOCs by their oxidation/reduction potentials.  The detection range 

is wide from 50 ppb to thousands of ppm [33]. 

 

Table 2. Portable commercial sensors for monitoring of ambient gas  

 Principle Manufacture Lod Target gas References 

Infrared 

radiation 

adsorption 

sensors 

Detection of the 

infrared gas 

adsorption 

Alfasense 

LTD,  

e2V, 

Mocon 
~50 ppm 

CO
2
, CH

4, C2
H

4
, CH

2
O, 

CH
3
OH 

[39], [32] 

Resistive sensors 

Measurement of the 

resistance changes 

when exposed to 

gases 

Aeroqual, 

AppliedSensor,  

FIGARO USA 
~0.6 ppm 

CO
2
, CH

4
, H

2
, 

NO
2
, CH

2
O 

[33], [40] 

Photo Ionization 

detector sensors 

Excitation of gas 

molecules, detection 

the energy of the 

photons 

Ion Science,  

Baselin-

Mocon, 

Alphasense 

LTD 

~0.5 ppm C
6
H

6
, C

4
H

8 [41], [42], 

[43] 

Electrochemical 

sensors 

Measurement of the 

current of redox 

reaction 

City 

technology, 

Alphasen LTD, 

Membrapor 

AG 

~50 ppb 
CO, CH

2
O, 

C
2
H

4
, CH

3
OH, 

 C
2
H

5
OH 

[33] 



 

8 

 

The electrochemical sensors have several advantages including low cost, short 

response time and the ability of continuous operation. However, most of traditional 

electrochemical sensors have been developed for analysis of aqueous samples, they are 

easily impacted by the evaporation of water (changing the concentration of electrolyte) 

 

Table 3. Oxidation potential for VOCs 
 

  

Oxidation  

potential 

(V) 

Working  

Electrodes 

Reference  

Electrodes 
Electrolyte  References  

Ethylene -1.40 Au 
mercury/mercurous 

sulfate electrode 
0.5 M H2SO4 [34] 

Methanol -0.46 Pd 
Silver chloride 

electrode 
1.0 M KOH [35] 

Ethanol -0.67 Pd 
Silver chloride 

electrode 
1.0 M KOH [35] 

Butanol -0.08 Pt 
Silver chloride 

electrode 
0.5 M H2SO4 [36] 

Propanol -0.08 Pt 
Silver chloride 

electrode 
0.5 M H2SO4 [36] 

1-Propane -0.70 Pd 
Silver chloride 

electrode 
1.0 M KOH [35] 

Formaldehyde -0.34 
Pd NPs/CNTs coated 

electrode 

Calomel electrode 

(SCE) 
2.0 M KOH [36] 

Toluene -1.93 Carbon 
Silver chloride 

electrode 

0.1M lithium 

perchlorate  
 [37] 

4-chlorotoluene -1.75 Carbon 
Silver chloride 

electrode 

0.1M lithium 

perchlorate  
 [37] 

2, 4-

dichlorotoluene 
-1.82 Carbon 

Silver chloride 

electrode 

0.1M lithium 

perchlorate  
 [37] 

Methyl p-

toluene 
-1.96 Carbon 

Silver chloride 

electrode 

0.1M lithium 

perchlorate  
 [37] 

Phenol -0.55 Carbon 
Silver chloride 

electrode 
0.01 M NaOH  [38] 
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when applied to gaseous samples as concerned in detection of Biological VOCs. Thus, in 

chapter 3, we developed a unique thin film ionic liquid (IL)-gel coated sensor employing 

ionic liquids in poly(acrylamide) hydrogels as a solution-free electrolyte to improve the 

stability of electrochemical sensing. We assumed the stability of the analysis can be 

improved since the solution of the electrochemical system can be locked in a gel phase, 

minimizing the evaporation.  

As earlier mentioned, accurate, fast response, continuously portable miniature sensors 

are required to build up a network for real-time detection in a large area. In this study, we 

examined a capture-detection strategy via a two-stage methodology.  In the first stage 

(chapter 2), we develop reductive fabricated carbon fibers to efficiently capture VOCs 

from low concentration samples, and subsequently released the VOCs in concentrated 

forms for detection. In the second stage (chapter 3), the sensor was fabricated to be suited 

for sensitive detection using electrochemical sensors functioning in dry gaseous samples.  
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Chapter 2: Reductive Fabrication of Cellulose-based Active Carbon 

Fibers for Reversible Adsorption of Nonpolar Volatile Organic 

Compounds 

2.1 Synopsis  

The concentration of biological VOCs emitted from living organism is often in sub-

ppm level, which is usually requiring a pre-concentrating process to reach the detection 

limit of gas sensors. To approach this topic, most of the current studies utilize porous 

materials to adsorb gaseous chemicals, and subsequently release the adsorbed VOCs in 

aconcentrated forms. In our study, we examined the feasibility of using reductive 

treatment to enhance the selectivity of adsorption. Through a selective adsorption and 

electrothermal desorption process, not only the detection signals of the target VOCs can 

be enlarged, but the background noises also minimized.  

Herein, we present a one-step reductive fabrication of cellulose-based activated 

carbon fibers (ACFs) with an excellent performance of selectively adsorption of nonpolar 

VOCs. The surface of ACFs was modified by hydrogen treatment to remove oxygen-

containing carbon group. We expected the pre-concentrating material to be able to 

conduct selective adsorption, and subsequently electrothermal desorption of the adsorbed 

VOCs in a much-concentrated form. Through this pre-concentrating process, we can 

increase the accuracy of the measurement of Bio-VOCs via gas sensors. Specifically, we 

examined the feasibility of using a unique reductive carbonization process to produce 

activated carbon fibers from cellulosic materials as a pre-concentration material. We 
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expect the reductive carbonization can effectively remove the oxygenated groups from 

the cellulosic materials, producing fine-tuned electronic properties, which promote pi-pi 

interaction for intensified the adsorption of nonpolar VOCs (especially for multiple pi 

bonds compounds). The such produced carbon fibers were examined by XPS (X-ray 

Photoelectron Spectroscopy), which showed that 53% of the carboxylic and hydroxy 

groups have been successfully removed. The performance of reductive treated carbon 

fibers as an adsorbent was examined. Three nonpolar VOCs, methane, ethylene and 

benzene, were selected as typical biological and chemical VOCs. A sixteen-times 

increase of benzene (has multiple pi bonds) adsorption can be observed in comparison to 

carbon fibers without reductive treatment.   

The unique network structure of the reductive treated carbon fibers also provides a 

fine electrical conductivity (6.36 Ωcm), that makes it possible for electrothermal 

desorption for material regeneration. A full regeneration of VOCs was observed in 

repeated adsorption-desorption cycles, indicating excellent reusability and stability of 

reductive carbonized carbon fibers. When applied as a pre-concentration absorbent, the 

carbon fibers successfully increased the concentration of typical VOCs from 500 ppb to 

3.5 ppm (700% increase) within 20 min.  

Therefore, we demonstrated here not only a simple green synthesis to manipulate 

surface properties of ACFs, but also promising materials for industrial applications such 

as air quality control, gas separation, and fuel storage. 
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2.2 Introduction  

     Adsorption and regeneration processes with activated carbon materials to collect 

volatile organic compounds (VOCs) from gas streams are widely used in purification, gas 

separation, fuel storage, and environmental applications[44][45][46][47]. Among various 

carbon materials, activated carbon fibers (ACFs) received special attention because of its 

advanced adsorption ability, VOCs recovery rate, and usability. Comparing to powdered 

active carbon that tends to pack, integral of ACFs keeps porosity by maintaining the 

frame of a matrix, leading to a larger adsorption surface area to efficiently adsorb of 

VOCs. In addition, the narrow diameters of fibers reduce the pressure drop in the fixed-

bed adsorption column, boosting the flow rate [48]. In addition, benefited from the 

unique continuous structure and electrical properties, ACFs can be handled as a 

conductive material, allowing direct electrothermal desorption process which has higher 

energy efficiency and recovery rate over other methods such as steam[49], warn dry gas 

[50], vacuum [51],[52], and indirect electrothermal desorption [53][54][55][56][57]. 

      An ideal material for adsorption VOCs has a high specific surface area for advanced 

adsorption capacity and appropriate surface chemistry[58]. Cellulose-based ACFs is a 

strong candidate due to its large micropore volume, mechanical flexibility, high thermal 

conductivity and a high affinity to VOCs[59],[60]. Comparing to commonly used 

polyacrylonitrile (PAN)-based and mesophase pitch (MP)-based ACFs, cellulosic-based 

carbon fibers can be generated from biomass and are easy to be modified.     

     For manufacturing petroleum based (PAN, NP) ACFs, the oxidization treatments both 

aqueous and non-aqueous are unavoidable processes to manufacture the carbon fibers 
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which incorporated oxygen in form of phenolic hydrogen, quinone, and carboxylic acid 

group [60][61]. These procedures are not only heavily consuming water resources to clean 

up base and acid residues, but many of micropores on the surface of the carbon fibers are 

blocked out by oxygen-containing surface functional groups [62][63].  

Some post-treatment studies have been conducted  to control the oxidative/reductive 

properties [64][65]. Most of the works focus on oxidative processes to enhance the 

adsorption of polar VOCs such as methanol, carbon dioxide, and acetaldehyde. For 

example, Bai et al. [64] utilized hydrofluoric acid to introduce oxygen on the surface of 

polyacrylonitrile carbon fibers to enhance the adsorption of carbon dioxide.  

     Baur et al.[66] oxidized phenolic based carbon fibers by nitric acid, increasing surface 

concentration of O-containing groups, resulting in higher adsorption capacity toward 

acetaldehyde (polar) but lower one towards toluene (nonpolar). Fewer recently studies on 

reductive processes have been conducted  by Hu et al. [67] and Wu et al. [68]. They 

confirmed that the hydrogen treatment can enlarge surface areas of activated carbon at 

700℃ for the improvement of specific capacitances for energy storage, but the effeteness 

to adsorption after surface chemistry changed haven’t been discussed. These previous 

works inspire us to study the effeteness of reductive fabrication for improving the 

adsorption of nonpolar VOCs. 

Herein, we present a straightforward and environmentally friendly route to produce 

activated carbon fibers from cellulose via a hydrogen treatment and a nickel-hydrogen 

catalysis process for developing pre-concentrating materials. The hydrogen treatment and 
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the nickel-hydrogen catalysis were applied to remove O-containing surface functional 

group and increase surface area, respectively. Oxygen removal and the modification of 

surface morphology was confirmed by surface characterization. The adsorption 

improvement was investigated the at room temperature by adsorption isotherms of 

nonpolar VOCs at different molar concentrations. Furthermore, the regeneration 

efficiencies for adsorption and desorption behaviors of green-activated carbon fibers were 

also measured. The pre-concentration experiment of VOCs was performed. 

 

2.3 Experimental   

2.3.1 Materials  

      Methane and ethylene were purchased from Gasco (Oldsmar, FL) with a certified purity 

higher than 0.9999 volume fraction. Benzene was purchased from Sigma-Aldrich (St. 

Louis, MO). Cotton samples are Bulkee Ⅱ gauze rolls from Medline Industries, Inc. 

(Northfield, IL). Nickel acetate tetrahydrate (Ni(AC)2) were purchased from Arcos 

(Columbus, OH). Methanol as a solvent in Ni(AC)2 methanol solution (2 w/w%) was 

purchased from Sigma-Aldrich (St. Louis, MO). Hydrogen and Argon gases were 

purchased from U market stock (Minneapolis, MN) were used without further purification.  

2.3.2 Carbon Fibers Synthesis Methods 

      Pyrolysis of all carbon materials was performed in a high-temperature tubular furnace 

(Sentro Tech., Model STT-1200-3.5-12, Cleveland, OH). Preparation of nickel-hydrogen 
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treated activated carbon fibers (Ni-H2-CFs) was demonstrated as follows [69][70][71][72]: 

3 ml of Ni(AC)2 methanol solution (2 w/w%), was dropped on 6x4x2 cm3 cotton substrates 

(3 g/piece) and then heated up to 250°C for 3 h in Argon flow of 500 ml/min to remove 

solvent residue. The temperature then ramped up to 650°C for 4h with both H2 gas at a rate 

of 150 ml/min and argon gas as a carrier gas at a rate of 450 ml/min were introduced to the 

chamber to reduce Ni(AC)2 into nickel nanoparticles to catalyze the pyrolysis of carbon 

fibers. Then, hydrogen injection was stopped (argon flux continued), and the chamber was 

heated up to 850°C for 30 min to thoroughly carbonize cotton substrates. Afterward, the 

chamber was cooled down to room temperature.  

      Hydrogen treated activated carbon fibers (H2-CFs) and Carbon fibers (CFs) were 

prepared with the similar heating procedure but in the case of making H2-CFs, we prepared 

without dropping Ni(AC)2 methanol solution. For preparing CFs, we remove the processes 

of dropping Ni(AC)2 methanol solution and hydrogen injection. The carbonization process 

starts with heating up the cotton substrates to 250°C for 3 h in Argon flow and continues 

as identical as Ni-H2-CFs.  

2.3.3 Molecular Structure Characterization 

      Untreated and reductive treated carbon fibers were subjected to X-ray Photoelectron 

Spectroscopy (XPS, Physical Electronic, Inc. Model PHI 5000, Chanhassen, MN) and 

Scanning Electron Microscopy (SEM, JEOL USA, Inc., Model JEOL 6500, Peabody, MA). 

Samples were attached to high-purity conductive double-sided adhesive carbon tape. XPS 

measurements were carried out in a VersaProbe Ⅲ scanning microprobe with an Al Kα 
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radiation source (1486.6 eV). Wide scan data were obtained using pass energy of 280ev 

and high-resolution scans were collected using pass energy of 55 eV. SEM investigations 

were performed with 5 kV operating voltage in 10 mm working distance with a Field 

Emission Gun.  

2.3.4 Experiment Setting for Adsorption and Electrothermal Desorption 

The experiments were designed and established in a customized closed chamber 

(200ml). The chamber customized with two connectors and one airtight sampling port. The 

connectors attached to an amperemeter, a voltmeter, and a power generator (Figure 2). 

 

Figure 2.  Experimental setup for Adsorption and electrothermal desorption 
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The sampling port is designed for injecting the VOCs and sampling of the specimens 

for GC analyses. We applied 250 mg of surface-treated carbon fibers in different 

experiments. The two ends of carbon fibers were attached to the copper wires with copper 

tapes. The top of the chamber was blocked with a rubber stopper and sealed with a parafilm. 

The adsorption isotherm studies for different surface-treated carbon fibers were carried 

out at room temperature (24℃) in 1 atm at various initial concentrations of VOCs. A 30 

min of equilibrium time was chosen based on other works [48] and our preliminary results. 

Blanks were also accomplished to determine initial concentration. All equilibrium tests 

were performed in triplicate. The adsorption capacity of the substrate, amount of VOCs 

adsorbed at equilibrium, 𝑞𝑒 (mg/g), can be calculated using the following formula [73]: 

𝑞𝑒 = (𝐶0 − 𝐶𝑒)
𝑉

𝑚
     (1) 

  

Where C0 is the initial concentration of VOCs (mg/l), Ce is the equilibrium 

concentration of absorbent that found in experiments (mg/l), m is mass of the adsorbent 

(g), and V is the total volume of the chamber (l). 

Adsorption and electrothermal desorption were investigated with similar adsorption 

process using fixed initial concentration (100 ppm) for different VOCs. The surface-

treated carbon fiber, Ni-H2-CF, was used in this study for the investigation of adsorption-

desorption property of reductive treated carbon fibers. After 30 min of adsorption, we 

applied constant voltages (5, 20 volts) with various electric current (~ 0.2 amps) to 

carbon fibers for electrothermal desorption. The cycles of adsorption/desorption were 
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repeated for 3 cycles via electric sequential on and off to determine the electrothermal 

behaviors of surface-treated carbon fibers. An infrared thermometer was used to record 

temperatures of the carbon fibers during experiments. 

2.3.5 Analysis of Concentrations of VOCs (GC-FID & MS) 

     To analyze the concentration of VOCs, A Gas Chromatograph (GC) with Flame 

Ionization Detection (FID) and a Varian Saturn 3 Mass Spectrometry (MS) were employed 

for the analysis of the composition of the gas phase (Varian, Inc., Model Varian 3900, Lake 

Forest, CA). The GC was equipped with an RTX-5 column (Shimadzu Scientific 

Instruments, Inc., Columbia, MD). The investigation was conducted by the injection of 1ml 

of gas samples into an injector chamber at 200ºC. A nitrogen gas was purged with a flow 

rate of 5 ml/min with 5.0 psi column head pressure. For detecting methane and ethylene, 

an initial temperature of the column was set to 50ºC and hold for 3 min. For detecting 

benzene, the initial temperature was set to 100ºC and hold for 2 min. After detections, the 

column temperature was then raised up at 10ºC/min to 220ºC to clean the column before 

the next injection. 

2.3.6 Pre-concentration Experiment Setting  

The experiments were designed and established in a closed cylinder (4500ml) and a 

closed chamber (200ml). We applied 250 mg of hydrogen treatment carbon fibers in each 

experiment. The carbon fibers were attached to the copper wires with copper tapes, thus 

we can fix carbon fibers in the center of the cylinder. The openings were sealed with 

paraffin to prevent gas leaking.  Then, we applied a calculated amount of benzene solvent 
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into the closed cylinder (4500ml) to prepare 500 ppb of initial benzene gas. After 

designated equilibrium time, we collected carbon fibers sample from the cylinder and 

moved to the closed chamber for desorption. For releasing VOCs, we applied 20 voltages 

of electric current for regeneration of adsorbates. After 1 min of electrothermal 

desorption, the gas samples were collected for further analysis by GC-MS. 

 

2.4 Results and Discussion  

2.4.1 Carbonization and Characterization of Fibrous Cellulose  

      Carbonization processes were performed as reported previously [69][70][71]. The 

theoretical carbon yield from the molecular stoichiometry of (C6H10O5)n is 44.4 %, but 

the actual carbon yields from other literature are between 10~30%. It is because of the 

depolymerization of macromolecular chains and the elimination of carbon by oxygen, 

forming of carbon monoxide, carbon dioxide, aldehydes, organic acid, and tars [60]. In 

this study, we obtained 14% yield for CFs, 11.3% yield for H2-CFs and 4.3% yield for 

Ni-H2-CFs. The production yield of H2-CFs is lower than CFs since the hydrogen 

treatment removed the oxygen by the reductive reaction. Ni-H2-CFs, as our expectation, 

has the lowest production yield because the nickel nanoparticles can catalyze the surface 

carbon atoms into methane gas (CH4), creating cavities to extend the adsorption surface 

area [74][75].   

      As it is shown in photographs and scanning electron microscope (SEM) analysis, 

surface textures changed dramatically after catalysis. Figure 3 (a) shows a photo of 
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untreated, surface-treated carbon fibers. As seen the fibers of Ni-H2-CFs is wrinkled and 

rumpled, comparing to CFs and H2-CFs. SEM images (Figure 3 (b)(c)(d)) show that Ni-

H2-CFs surface has folded unevenly, while CFs and H2-CFs both have a smooth surface. 

The wrinkled and rumpled feature on carbon fibers’ surface provided extra surface areas 

for VOCs adsorption. 

       

Figure 3. A surface feature of the CFs, H2-CFs, and Ni-H2-CFs. (a) A Photograph of CFs, 

H2-CFs and Ni-H2-CFs substrates. SEM images of (b) CFs, (c) H2-CFs (d) Ni-H2-CFs 

 

     In our study, a hydrogen treatment was introduced to reduce the content of O-

containing groups on carbon surfaced, as a promotion for nonpolar adsorption. The O-
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containing functional groups are known to hamper the adsorption by reducing the 

available surface areas, blocking pore entrances and localizing free electrons of carbon 

basal planes [76]. In other words, if we can remove those functional groups, the specific 

surface area and electrostatic interaction (pi−pi interactions) can be enhanced, improving 

the adsorption of nonpolar VOCs. The removal of O-containing functional groups was 

probed by XPS analysis.  

     Figure 4 (a) is the XPS total survey of CFs, H2-CFs, and Ni-H2-CFs. There are two 

distinct peaks in the XPS spectrum, corresponding to C1s and O1s. A small peak of Ni2p 

can be found in Ni-H2-CFs, indicating there is a trace amount of Ni on the on the surface 

of carbon fibers. The summary of chemical compositions is shown in Table 4.  

 

Table 4. Relative surface chemical composition of different carbon fibers  
  Samples Chemical composition of surface (%) 

  C1s O1s Ni O1s/C1s 
CFs 90 10 0 11.1 

H
2
-CFs 94.4 5.6 0 5.9 

Ni-H
2
-CFs 94.9 4.7 0.2        5 

  

   Comparing H2-CFs and Ni-H2-CFs to CFs sample, the oxygen/carbon ratio dropped 

significantly after hydrogen treatment from 11.1% to ~5%. This indicates that the 

hydrogen treatment in high temperature (650℃) can effectively clean up O-containing 

functional groups on the surface. 
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    The further investigations were provided by detail analysis of C1s and O1s from XPS 

profiles. Fitting Gaussian curves for C1 spectra (Figure 4 (b)(c)(d)), two major peaks 

corresponding to aliphatic/aromatic carbon groups (C-C/C=C, ~284.5 eV), C-OH (~285.6 

eV), and two minor peaks C-O-C (~286.4 eV), and COOH (~289.7 eV) in each sample 

were demonstrated respectively [77][78][79].

 

 

Figure 4. XPS investigation of CFs, H2-CFs, and Ni-H2-CFs. (a) XPS overall profile, 

(b)(c)(d) original data and peak deconvolution of the C1s XPS spectra  
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     Fitting of O1s spectra for all three samples (Figure 5) show two major peaks 

corresponding to oxygen one is COOH (~253.2 eV), and another is a combination of C-

OH and H2O  (~536.6 eV) [67]. In addition to these two peaks, Ni-H2-CF has a peak of 

529.0 eV showing a presence of NiO in the sample [80]. In the fitting of C1s spectra, we 

can see an increase in the percentage of aliphatic/aromatic carbon groups from 53.6 to 

63.8% and decreases in the percentage of C-O-C and COOH groups from 10.7 to 5.3%, 

20.2 to 18.1%, respectively. 

 

Figure 5. Original data and peak deconvolution of the O1s XPS spectra of (a) CFs (b) 

H2-CFs and (c) Ni-H2-CFs 

 

     These analyses further proved the advanced degree of the graphitization and removal 

of O-containing groups after hydrogen treatments. From the structural analysis mentioned 

above, we proposed the schematic illustration of the hydrogen treatment and nickel-

hydrogen treatment in carbon fibers depicted in Figure 6. 
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Figure 6. Illustration of the H2 treatment and H2+NiNP treatment on the surface of the 

carbon fibers 

 

2.4.2 Adsorption Isotherm of Nonpolar VOCs 

          The Langmuir adsorption model was used to study the interaction between surface-

treated carbon fibers and nonpolar VOCs. The Langmuir model assumes (1) the surface 

of adsorbent has homogenous sites for adsorption, (2) there is no strong interaction 

among adsorbed species, and (3) the adsorbent is saturated after the formation of 

monolayer adsorbed molecules on the surface [73][81].  

𝑞𝑒 =
𝑄0𝑏𝐶𝑒

1+𝑏𝐶𝑒
    nonlinear form  (2) 

𝐶𝑒

𝑞𝑒
= (

1

𝑄0𝑏
) + (

1

𝑄0) 𝐶𝑒  linear form (3) 
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𝑞𝑒 is the amounts of adsorbate adsorbed per unit weight of adsorbent (mmol/g), Q0 

stands for monolayer adsorption capability (mmol/g), Ce is the indicates the equilibrium 

concentration of adsorbate (mmol/L), and b is the Langmuir adsorption constant related 

to the energy of adsorption (b ∝ e-∆G/RT).  

The isotherm experiments were conducted at the same temperature and pressure 

(24℃, 1 atm) with methane, ethylene, benzene which have different structures and 

numbers of pi bonds. Figure 7 (a)(b)(c) shows the isotherms by plotting of the 

relationship between the amounts of VOCs adsorbed per unit weight of adsorbent (qe, 

mmol/g) and the equilibrium adsorption amount of adsorbate (Ce, mmol/L). Generally, 

the isotherms have a steep slope in low concentration (low Ce) indicate a higher 

percentage uptake in the diluted concentration range, comparing to have a plateau in the 

high concentration range (high Ce). The equilibrium data were then fitted to the 

Langmuir isotherm equations (Equation (2) & (3)).  

     The corresponding parameters and the linear fitting correlation coefficients were listed 

in Table 5. The high R2 values indicate the Langmuir model provides a decent fitting in 

the present study. Thus, the adsorption behavior of nonpolar VOCs onto carbon fibers is 

similar to a monolayer adsorption process, following the assumption of the Langmuir 

model. Same results were found by Janvier et al. [82], who studied the adsorption of 

dichloromethane, m-xylene, n-hexane, and toluene onto activated carbon. Since the 

adsorbed molecules were directly attached to the surface during the formation of a single 

layer, the importance of surface chemistry was pointed out.  
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Figure 7. Adsorption isotherms and Langmuir adsorption isotherms diagrams for (a)(d) 

methane, (b)(e) ethylene, and (c)(f) benzene on CFs (black square and line), H2-CFs (red 

circle and line), and Ni-H2-CFs (blue triangle and line).  
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     The effect of the changes in surface functional group content and the specific surface 

area can be both confirmed by the adsorption isotherms and the fitting of the Langmuir 

model. From adsorption isotherms of methane, ethylene, benzene, the carbon fibers show 

a higher adsorptive capacity after the reductive fabrication, and the highest adsorption can 

be observed after the nickel-hydrogen catalysis process in all concentration range. The 

adsorption yield when the initial concentration at 1 mmol/L can be obtained from the 

calculation of isotherm data: for methane is 8.9 (CFs), 11.4 (H2-CFs) and 12.4% (Ni-H2-

CFs), for ethylene is 17.2 (CFs), 18.7 (H2-CFs) and 20.8% (Ni-H2-CFs), for benzene is 

28.6 (CFs), 39.1 (H2-CFs) and 56.0% (Ni-H2-CFs). We can observe a moderate increase 

after surface treatments in the absorption of methane, ethylene (1.5~2.5%,) and a huge 

yield enhancement in the absorption of benzene (10.5~27.4%).  

     From the Langmuir adsorption model, an important parameter, the monolayer 

adsorption capacity of nonpolar VOCs onto surface-treated carbon fibers can be obtained. 

Figure 8 shows the results of comparisons. It is observed that the monolayer adsorption 

capacities increased significantly after hydrogen treatment (5.8 times) and nickel-hydrogen 

catalysis (7.9 times) for benzene adsorption. For methane and ethylene, we obtained a 
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moderate enhancement of adsorption (<1.1 times) after surface treatment. These results 

correspond to the previous finding from isotherms. 

     The adsorption capacity with nonpolar VOCs for each series of surface-treated carbon 

fibers obey the following order: Ni-H2-CFs > H2-CFs > CFs (Figure 8). Compared H2-CFs 

with CFs, the advanced adsorption performance of H2-CFs is related to the reduction of O-

containing functional groups by hydrogen gas in the rising temperature; The hydrogen 

facilitated a better degree of the graphitization and removal of blocked adsorption sites of 

carbon samples, increasing pi-pi interaction and the active sites for adsorption [67]. 

Compared Ni-H2-CFs with H2-CFs, nickel-hydrogen treated carbon fibers have an even 

better performance of adsorption due to their surface area be extended by nickel 

nanoparticles in addition to the reductive fabrication of hydrogen at high temperature.  

     Comparing adsorbates between methane, ethylene, and benzene, the later shows a larger 

quantity has been adsorbed by reductive treated carbon fibers. This difference of adsorption 

behaviors can be explained by the pi-electron rich regions in ethylene and benzene, having 

a greater impact after interaction have been boosted via the removal of O-containing groups. 

In addition, as we know, the interaction of adsorbate and adsorbent is favored by a similar 

chemical behavior of the surface and the adsorbate [62][83]. In the case of benzene, the 

interaction is largely enhanced due to the similarity of the oxygen-reduced graphene layers 

of the carbon fibers and the aromatic rings. 
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Figure 8. Monolayer adsorption capabilities (Q
0
) of carbon fibers in methane, ethylene, 

and benzene on CFs (black), H2-CFs (red), and Ni-H2-CFs (blue) 

 

2.4.3 Adsorption and Electrothermal Desorption Cycles 

     For the desorption of the adsorbed VOCs, the network structure of the reductive 

treated carbon fibers provides a fine electrical conductivity for direct electrothermal 

desorption. We measured the electrical resistivity for Ni-H2-CF is 6.36 Ωcm, H2-CF is 

3.49 Ωcm, and CF is 1.54 Ωcm. These resistivity values are in the same order of 

magnitude as those found by Mochidzuki et al.[84] and Kwon et al.[85], for caronized 

biomass.   

The adsorption/regeneration of nonpolar VOCs onto surface-treated carbon fibers 

(Ni-H2-CFs) are illustrated in Figure 9 (a) (b).  In the first 30 min, the rapid decrease of 

the concentrations (initial concentration setup at 100 ppm) indicated that the organic 
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gases were quickly absorbed by the carbon substrates. Then, we applied electric current 

to two ends of the samples for 10 min, increasing temperature for electrothermal 

desorption. Within less than 1 min, the fast increase of the concentration of VOCs in the 

reactor showed the regeneration of VOCs. The pattern of regeneration followed the 

increase in temperature.  

In the first study (Figure 9 (a)), we applied 5 volts of electric current (0.2 A) for 

regeneration of adsorbates. The temperature raised 15 ℃ (24 to 39 ℃) when electric 

current applied and dropped back after current stopped. During three cycles of the 

adsorption/regeneration, nearly 100% of methane and ethylene was desorbed, but we 

obtained decreasing yields (85, 70, 58%) of benzene. We assumed this decrease can be 

improved by applying a higher electric power resulting in a higher temperature. Figure 9 

(b) shows the second part of cycles tests. For a full desorption of benzene, we managed 

higher voltages (20V, 0.13 A) with the same procedures to fully desorb the benzene. The 

temperatures were boosted 46 ℃ (24 to 72 ℃) when the current was applied, resulting in 

a full recovery rate of benzene in the first cycle, and 85, 68% rate in the second and third 

cycles. The lower recovery yields of following cycles not because of the oxidization of 

the adsorbent and the adsorbate, but because of the gas leakage of the system at a high 

temperature; The carbon fibers and benzene are stable against thermal-oxidation at the 

temperature < 200 ℃ and regular pressure [86][87][88].  

The higher energy requirement for desorption of benzene can be explained by the 

stronger interaction with surface-treated carbon fibers and a higher enthalpy of 

evaporation. The theoretical heat of evaporation can be obtained by estimating the 
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condensation of heat [89]. The evaporation energy at room temperature for methane, 

ethylene, benzene are 4.7, 10.0, 30.6 kJ/mol, respectively [90]. The heat for evaporation 

of benzene is much higher than methane and ethylene. 

 

Figure 9. Adsorption and electrothermal desorption: (a) Applied 5 voltages and (b) 20 

voltages during 30~40, 70~80, 110~120 min, equilibrium concentration of methane (purple 

square and line), ethane (green circle and line), and benzene (grey triangle and line) on Ni-

H2-CFs and temperature (red line) as functions of time 

 

2.4.4 Pre-concentration Performance of Reductive Fabricated Carbon Fibers  

Nickel hydrogen treatment carbon fibers (Ni-H2-CFs) and benzene have selected as 

an adsorbent and an adsorbate since Ni-H2-CFs has excellent adsorption capacity with 

benzene. The starting concentration was settled up at 500 ppb. By hanging carbon fibers 

at the center of the 4.5 L flask with circulation fan, we anticipated that carbon fibers have 
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a uniform exposure to VOCs. For testing the pre-concentrating performance of reductive 

treated carbon fibers, we moved carbon fibers from 4.5 L flask to test chamber (200ml) 

after adsorbed VOCs. We conducted a direct electrothermal desorption resulting a 

temperature increase of 46 ℃ (24 to 72℃) to release nearly 100% of benzene (examined 

by adsorption and electrothermal desorption cycles). This temperature requirement for 

desorption is much lower than indirect electrothermal desorption (200~250℃) [91]. We 

repeated 3 times of experiment and handled by same person and procedures to minimize 

the handling errors. The concentration of benzene was determined by analyzing gas 

samples collected from the sampling port.  

A steep slope in from 5 to 20 min indicates a rapid adsorption. Then, a plateau of 

concentration was formed after 20 min (Figure 10). In this experiment, 500 ppb benzene 

was prepared as the starting gas. We observed an enrichment factor of almost 700% after 

20 min of adsorption before thermal desorption. These preliminary results can be 

improved after change the system from close system to continuous gas supply system 

since the VOCs’ adsorption may be hindered by the total quantity of benzene. 
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Figure 10. Pre-concentration experiment of benzene by reductive fabricated carbon fibers. 

The initial concentration is 500 ppb of benzene. 

 

2.5 Conclusions 

The reductive fabrication of cellulose-based carbon fibers by hydrogen or 

hypogene/nickel has been studied. The principal of these methods is to removed surface 

oxygen functional groups, enhancing the nonpolar-VOCs adsorption. Results showed that 

the oxygenated groups from the cellulosic materials has been effectively removed, which 

can promote pi-pi interaction for intensified the adsorption of nonpolar VOCs. The 

samples were examined by XPS which showed 53% of the carboxylic and hydroxy group 

has been successfully removed.  

The performance of reductive treated carbon fibers in adsorption was examined. A 

sixteen-times increase of benzene (has multiple pi bonds) adsorption can be observed in 
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comparison to carbon fibers without reductive treatment.  The unique network structure 

of the reductive treated carbon fibers also provides a fine electrical conductivity (6.36 

Ωcm), that makes it possible for electrothermal desorption for material regeneration. A 

full regeneration of VOCs was observed in repeated adsorption-desorption cycles, 

indicating excellent reusability and stability of reductive carbonized carbon fibers. When 

applied as a pre-concentration absorbent, the carbon fibers successfully increased the 

concentration of typical VOCs from 500 ppb to 3.5 ppm (700% increase) within 20 min. 

The promising applications for these cycles include air quality control, gas separation, 

and fuel storage. The insight provided by this study will contribute to the development of 

a separation process by combinedly using reductive (favored polar VOCs) and oxidative 

(favored nonpolar VOCs) fabrication ACFs.    
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Chapter 3: Solution Free Thin Film IL-gel Coated Sensor for 

Electrochemical Detection of Biological VOCs 

3.1 Synopsis   

Sensors for in situ monitoring of Bio-VOCs not only need to be highly sensitive (at 

mostly sub-ppm concentration level) but also expect to be low-cost and miniature. 

However, studies show that it is extremely challenging for most current analytical 

methods to develop sensors that meet these features [32]. Electrochemical sensing is the 

most promising technology due to its high sensitivity and availability for detecting 

various VOCs.  However, most of traditional electrochemical sensors have been 

developed for analysis of aqueous samples, they are easily impacted by the evaporation 

of water (changing the concentration of electrolyte) when applied to gaseous samples as 

concerned in detection of Biological VOCs. Thus, we developed a unique thin film ionic 

liquid (IL)-gel coated sensor employing ionic liquids in poly(acrylamide) hydrogels as a 

solution-free electrolyte to improve the stability of electrochemical sensing. We assumed 

the stability of the analysis can be improved since the solution of the electrochemical 

system can be locked in a gel phase, minimizing the evaporation. The ion liquids have 

been selected as electrolyte since the acidity of IL can facilitate the detection of ethylene 

(one critical Bio-VOCs), preventing the oxidization of the working electrode before 

ethylene oxidization.  

A series of experiments were conducted to confirm the performance of IL-gel coating 

sensor.  The results showed the sensor has an excellent sensitivity and linearity of our 
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sensor with low detection limit to 650 ppb and 0.99 of R2 values within 0~15 ppm. A 

decent stability was obtained with relative standard deviation below 1% for 1.5 months of 

storage. In additon, the strategy of using reductive fabricated carbon fibers as a pre-

concentrating material and a thin film IL-gel coated sensor as detection unit was also 

examined. By integrating the preconcentratin and senor units, we could eventually 

develop sensors that are capable of detecting VOC samples in the order of ppb. This 

approach is promising for building up miniatured Bio-VOCs sensors for in situ 

monitoring in future applications. 

 

3.2 Introduction  

The sub-ppm concentration level could work as environmental hormones, controlling 

all aspects of growth and development of the plant. For example, less than 25 ppb of 

ethylene can reduce flowering time, increase seed weight and promote ripening of fruits, 

and eventually increase the waste of agricultural products [15]. Thus, a highly sensitive 

detection is required for an in situ monitoring sensor.  

The commonly used equipment for qualitative and quantitative analyses of biological 

VOCs is the gas chromatography-mass spectrometry (GC–MS). Several studies utilizing 

GC–MS as investigating devices to evaluate the changes in volatiles caused by bacterial, 

fungal infections and human bodies [30][31][30]. However, GC-MS is too expensive and 

sizable for building a network of in situ monitoring sensors that cover large areas such as 

farmlands or orchards [32]. The sensors for in situ monitoring of Bio-VOCs not only 
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require highly sensitive detections (at mostly sub-ppm concentration level) but also 

expect to be low-cost and miniature which is proven extremely challenging for most 

analytical methods currently available.    

Few different technologies are available for making such gas sensors: (1) infrared 

radiation absorption, (2) photoionization, (3) resistive, and (4) electrochemical sensing 

[32] [33] [34]. (1) Infrared radiation absorption sensors use the optical transducing 

technique to verify different VOCs from their infrared gas absorption spectra. The 

detection range of infrared radiation absorption sensors is from 50 ppm to 5% volume 

ratio. (2) The photoionization method utilizes high energy UV light to excite the 

molecules of the target gas, and then the target gas illuminates corresponded light. The 

emitted photons can be absorbed by molecules and generate electrical-charged ions. This 

electrical current is proportional to the gas concentration. The detection range is of this 

method is from 0.5 to 100 ppm. (3) Resistive sensors measure the changes in resistance 

or conductivity when exposed to different ambient gases. The molecules of gases react 

with the tin oxide, trapping electrons on the surface which increases the conductivity. The 

detection limit can low to 600 ppb and up to thousands of ppm. These sensors can 

produce signals to nearly all types of volatile compounds, but they are not able to 

distinguish the specific type of VOCs from their signals. (4) The last are electrochemical 

sensors, which are based on electrochemical reactions that happen within the electrodes 

and the gas present in the electrolyte. The electric signals are proportional to the 

concentration of the analytes which present in the vicinity of the sensor. Since different 

VOCs has their distinct oxidation/reduction potential, electrochemical sensors are able to 
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identify and quantify VOCs by their oxidation/reduction potentials.  The detection range 

is wide from 50 ppb to thousands of ppm [33]. 

The electrochemical sensors have several advantages including low cost, short 

response time and the ability of continuous operation. However, most of traditional 

electrochemical sensors have been developed for analysis of aqueous samples, they are 

easily impacted by the evaporation of water (changing the concentration of electrolyte) 

when applied to gaseous samples as concerned in detection of Biological VOCs.  

To overcome this drawback, ionic liquids (ILs) were used to constitute an attractive 

alternative to the solvents traditionally applied in electrochemistry since IL exhibit low 

vapor pressure, wide electrochemical windows, and high thermal stability. In previous 

studies, Gȩbicki et al. [92] employed three types of ILs— [BMIM][N(CN)2], 

[OMIM][BF4], and [BMIM][Tf2N] — as electrolytes in a laboratory prototype of an 

electrochemical sensor for measurements of benzaldehyde, methyl benzoate, 

acetophenone. Their prototype of the sensors operated in a reproducible way for 2 months 

with relatively stable sensing signals yielding standard deviation below 8%. Zevenbergen 

et al. [93] designed an electrochemical ethylene sensor that employs a thin layer of ionic 

liquid as electrolyte. An excellent performance of a detection limit of 760 ppb and a 

linear response up to 10 ppm were achieved. Their finding also suggests that protons play 

a significant role in the VOCs detection. Their results show the 60% relative humidity of 

ethylene resulted in a 2.5-time increase of electric signal comparing to 20% relative 

humidity. Thus, maintaining a stable number of protons in the electrolyte also become 

critical for keeping the signal stability of the IL sensing system. These earlier works 
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inspired us to incorporate polyacrylamide gels with ILs to construct a liquid-free IL-gel 

coated sensor. 

In IL-gel coated electrochemical sensor, we expect the stability of the analysis can be 

improved since the solution of the electrochemical system can be locked in a gel phase, 

minimizing the evaporation.  Besides that, conductive polymers also can facilitate 

electron transport across the interface which has a large surface area and diffusion 

coefficients provided by their porosity structures. The flexible functionalization and rapid 

self-assembly of hydrogels make them prominent in the process of detecting vitamins 

[94], glucose [95][96][97], human metabolites [98], cell function [99], hydrogen 

peroxide[100]. peptide[101], tumors[102][103], DNA[104], dopamine [104], and lactate 

[105][106]. To the best of our knowledge, the combination of ionic liquids with 

polyacrylamide gel to sense gaseous samples hasn’t been studied before.    

Herein, we employ ionic liquids and polyacrylamide gels to examine the feasibility of 

building up a liquid-free thin film IL-gel coated sensor which avoids the evaporation of 

electrolyte, increasing the stability of electrochemical sensing. The dependences of the 

detection sensitivity on concentration of ionic liquid and the thickness of IL-gel are also 

been investigated. We further inspect a strategy of using reductive fabricated carbon 

fibers to preconcentrate ppb-level gaseous samples and then detect gaseous samples with 

our nontraditional reaction media sensor. 
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3.3 Experimental   

3.3.1 Materials  

Pure Ethylene with a certified purity higher than 0.9999 volume fraction and 100 ppm 

ethylene in air calibration standard gas were purchased from Gasco (Oldsmar, FL). 

Nitrogen gases were purchased from U market stock (Minneapolis, MN) were used 

without further purification. Acrylamide/Bis solution (37.5:1) 30% liquid, 

Tetramethylethylenediamine (TEMED) liquid, sodium dodecyl sulfate (SDS) powder 

was purchased from Bio-Rad Laboratories, Inc. (Hercules, CA). Acrylamide and N,N’-

Methylenebis(acrylamide) powder were purchased from Sigma-Aldrich (St. Louis, MO). 

Note: Acrylamide has also been found to have neurotoxic effects in humans who have 

been exposed. Please use it cautiously. 1-Butyl-3-methylimidazolium chloride, [BMIM] 

[Cl], was purchased from Fisher Scientific (Coon Rapids, MN), Ammonium Persulfate 

(APS) were purchased from Sigma-Aldrich (St. Louis, MO).   

 

3.3.2 Analysis of Concentrations of Ethylene (GC-FID & MS) 

     To prepare the standard gas for ethylene detection, a Gas Chromatograph (GC) with 

Flame Ionization Detection (FID) and a Varian Saturn 3 Mass Spectrometry (MS) were 

employed for the analysis of the composition of the gas phase (Varian, Inc., Model Varian 

3900, Lake Forest, CA). The GC was equipped with an RTX-5 column (Shimadzu 

Scientific Instruments, Inc., Columbia, MD). The investigation was conducted by the 

injection of 1ml of gas samples into an injector chamber at 200ºC. A nitrogen gas was 
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purged with a flow rate of 5 ml/min with 5.0 psi column head pressure. For detecting 

ethylene, an initial temperature of the column was set to 50ºC and hold for 3 min.  

     Two glass jars were used to prepare the diluted standard gas (8750 ml and 4500 ml). 

We first calculated the required volume of ethylene by the ideal gas equation. Two jars 

were infused with nitrogen to clean the possible residues. Then, the jars sealed with rubber 

stoppers and parafilm. The calculated volume of ethylene then infused to 4500 ml jar. After 

15 min of waiting time for well mixing, we use 50 ml syringe to transfer the diluted VOC 

to 8750 ml jar for second-time dilution. The concentration of standard gas was measured 

by GC-FID & MS in triplicate to ensure the accuracy. 

 

3.3.3 Ionic hydrogel Synthesis Methods 

     The preparation of the hydrogel proceeds as follows. First, we prepared 

Acrylamide/Bis solution, 10 w/w% SDS, 10 w/w% APS solutions. The solution of 

Acrylamide/Bis solution (37.5:1) 30 w/w% was prepared by Bio-Rad Laboratories, Inc. 

For 40 w/w%, 50 w/w% Acrylamide/Bis solution, we used Acrylamide and N, N’-

Methylenebis(acrylamide) powder with the ratio 37.5:1 to prepare with the corresponded 

quantity of distilled water.  

     The distilled water was first added to 20 ml of the clear bottle. Then, the caculated 

amount of Acrylamide and N, N’-Methylenebis(acrylamide) was added and an airtight 

cover has been applied. Then, we gently heat up the solution (70℃) using a hot plate to 
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dissolve all remaining powder. The solution was put in room temperature and saturated 

with nitrogen gas (to remove oxygen, which inhibits the polymerization) by bubbling the 

gas through it for 20 min. Then, an airtight cover has been applied. Nitrogen gas was 

chosen in this study mainly because of its stability in water. Acrylamide and 

bisacrylamide are neurotoxins when in solution. When handling the solutions, we will put 

special attention to avoid direct contact with the solutions and clean up spills.  

     The preparation of the solution of 10 w/w% SDS was weighted 0.5 g of SDS powder 

in 20 ml of the clear bottle. The distilled water was measured 4.5 g and added to the 

bottle. To dissolve SDS quicker, you can gently heat up the solution (60℃) using a hot 

plate or water bath. The preparation of 10% (w/w) APS follows a similar method of 10% 

(W/W) SDS solution. We first measured 0.5 g of APS powder in 20 ml of the clear bottle, 

and subsequently added 4.5 g of the distilled water to the bottle. The APS can be 

dissolved without using a hot plate or water bath.  

The basic ideal of preparing a hydrogel is to maintain the quantity of Acrylamide/Bis 

solution and increase the ionic liquid ([BMIM] [Cl]) to simplify the preparation process. 

The weight ratio of Acrylamide/Bis to SDS, APS, TEMED is also not changing 

(1:0.0083:0.042:0.017) to keep the stability of hydrogel.  Through this way, we do not 

have to prepare several different concentrations of Acrylamide/Bis solution. For example, 

2 ml Acrylamide/Bis solution 30 w/w% with 1.5 g of ionic liquid ([BMIM] [Cl]), 50 ul of 

10% (w/w) SDS, 25 ul of 10% (w/w) APS, and 10 ul of TEMED. The Acrylamide/Bis 

solution and ionic liquid ([BMIM] [Cl]), were first put into a hydrogel mode and make 

sure the ionic liquid was dissolved. Then, a specific amount of SDS, APS, TEMED were 
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added. The mixture was kept in room temperature for more than 1 hr for polyamidation. 

Finally, we poured off the extra solution and rinsed the ionic hydrogel gel with distilled 

water.  

  

3.3.4 Electrochemical Studies of Thin Film IL-gel Coating Sensor 

 

     The electrochemical properties of microelectrodes were tested by using the CHI 760C 

electrochemical workstation (CH Instruments, Inc., Austin, TX) with a three-electrode 

system that adapted from a previously reported protocol of Zhao et al.[107]. A gold 

electrode (CHI101, CH Instruments, Inc., Austin, TX) with 2 mm plate, 3.14 mm2 

surface area, was used as the working electrode. The Ag/AgCl electrode (CHI111, CH 

Instruments, Inc., Austin, TX) and Pt wire electrode (CHI115, CH Instruments, Inc., 

Austin, TX) were used as the reference and counter electrodes, respectively.  

The electrode fixed in the rubber stopper and inserted into a hydrogel at the beginning 

of gel formation to ensure the electrodes perfectly fitted with the hydrogel (without air 

gap). The hydrogel is made by a mold made from a plastic syringe. The mold coved by 

parafilm to prevent leakage. The system arrangement as Figure 12. 
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Figure 11. Three-electrode system setting for electrochemical studies of ionic hydrogel. 

(a) Electrodes setting during hydrogel formation, and (b) Three-electrode system setting. 

 

3.3.5 Experiment Setting of Pre-concentration and Electrochemical Sensing  

In the previous chapter, we already found out reductive fabricated carbon fiber is able 

to use as a pre-concentration material for selecting adsorption and releasing of target 

VOC. In this part of experiment, we combine the pre-concentrating process with ionic 

liquid hydrogel sensor. The 750 mg reductive fabricated carbon fibers first put in an 8 L 

tank with 500 ppb of ethylene for 24 hours to preconcentrate biological VOCs. Then, we 

transfer the saturated carbon fibers to 220 ml testing cell. The ionic liquid hydrogel 

sensor was inserted into the system with a rubber stopper.  For total releasing of adsorbed 

ethylene, a 6 volts electric current was applied to the carbon fibers. The concentration 

will be both determined by GC-MS and the ionic liquid hydrogel sensor (Figure 12).  
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Figure 12. Experiment setting of pre-concentration and electrochemical sensing of 

ethylene. (a) Reductive treatment of carbon fibers were placed in diluted ethylene (500 ppb) 

and (b) Electrochemical sensing by ionic liquid hydrogel after preconcentrated of ethylene. 

3.4 Results and Discussion 

3.4.1 Preparation of IL-hydrogel 

The formation of polyacrylamide hydrogel is a radical polymerization process. The 

initiator (TEMED) and catalyst compounds (APS) first generate the sulfate radical to 

stimulate the chain reaction. In the presence of radicals, acrylamide can readily 

polymerize to long polyacrylamide chains, yielding a highly viscous liquid. To form a 

three-dimensional network, the acrylamide groups of N,N’-Methylenebis(acrylamide) 

molecules further cross-linked between the polyacrylamide chains leading to a gel 

formation. In our study, we examined the feasibility of adding ionic liquid into 

polyacrylamide hydrogel to facilitate the detection of Bio-VOCs.  
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To find the proper recipe of IL hydrogel, the ternary phase diagrams with various weight 

ratios of the ionic liquid, hydrogel, and the polymer was made in Figure 13. Ionic liquid 

ternary phase diagram of water, hydrogel, heterogeneous mixture, Ionic liquid, foam, and 

powder. The translucent hydrogel region is presented in phase diagrams. The center 

region has a heterogeneous mixture with hydrogel solid and ionic liquid. The formation 

of this mixture can be caused by an increased velocity due to the high density of either 

ionic liquid or polyacrylamide, which slow down or even quench the radical polarization.  

The region on the majority weight ratios of polymer phase diagram represents the solid 

phase of foam and powder based on visual observation. A liquid region has been 

observed when polymer content is lower than 2%. Base on the diagram, the highest 

weight ratio of the ionic liquid in the hydrogel region is around 58%. The lowest weight 

ratio of water requirement for forming hydrogel is around 52%. More than 64% weight 

ratios of the polymer will become a foam or powder. This ternary phase diagram provides 

us a clear instruction to design proper recipe for forming an ionic liquid hydrogel.  
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Figure 13. Ionic liquid ternary phase diagram of water, hydrogel, heterogeneous mixture, 

Ionic liquid, foam, and powder 
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3.4.2 Detection of Ethylene in Ionic Liquid 

In this part of study, our aim is to sensing ethylene (one of common VOCs) through 

our IL-gel coted sensor. To conduct this study, we need to find out the oxidation potential 

of ethylene in ionic liquid ([BMIM] [Cl]). A relative study conducted by Zevenbergen et 

al. [93]. They employed 1-butyl-3-methylimi-dazolium bis(trifluoromethylsulfonyl)imide 

([BMIM][NTf2]) and 1-hexyl-3-methylimidazolium tris(pentafluoroethyl) 

trifluorophosphate ([HMIM][FAP]) with 20%, 40% and 60% relative humidity to detect 

ethylene. They found that when the sensor was exposed to ethylene, an oxidation wave 

was observed in the potential window of 0.35~0.9 V. No reduction wave was observed, 

indicating that ethylene oxidation was chemically irreversible. These two types of ionic 

liquids are able to work as electrolytes to sense ethylene.  However, since our goal is to 

make ionic liquid hydrogel, we need to use a water-soluble ionic liquid to prepare 

hydrogels which melting points is usually higher than water unmissable ionic liquid. The 

melting point of [BMIM] [Cl] is 70 ℃, and the melting points for [BMIM][NTf2] and 

[HMIM][FAP] are both -4℃. This indicates that if we want to use [BMIM] [Cl] as our 

electrolyte in room temperature, we first need to dissolve the ionic liquid in a solvent for 

preparing the ionic liquid hydrogel.    

Figure 14 show the Current-voltage characteristics of ethylene detection in 43% of 

[BMIM] [Cl] Hydrogel. A clear oxidation wave was observed in the potential window of 

0.8~1.8 V. No reduction wave was observed, indicating that ethylene oxidation was 

chemically irreversible. This phenomenon indicated the working electrode will be fouled 

by reaction products, resulting lower current signal in the long run. 
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The oxidization of ethylene is an irreversible reaction. We can also obtain the same 

conclusion from previous current-voltage characteristics. If the reduction process is 

chemically and electrochemically reversible, the difference between the anodic and 

cathodic peak potentials (ΔEp), is lower than 57 mV at 25 °C. In the case of our study, 

we can observe the oxidation peak and reduction peak appeared separately, indicating the 

reaction rate is slow. This is because the kinetics of the reaction is 'slow' and thus the 

equilibria are not established rapidly.   
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Figure 14. Ethylene detection by IL hydrogel sensor. Current-voltage characteristics 

(cyclic voltammograms, scan rate 0.04 V/s) in the absence (black line) and exposed to 

pure ethylene (red lines). The ionic liquid ([BMIM] [Cl]) has 43% weight ratio in 

hydrogel. 
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3.4.3 Dependence on Ionic Liquid Content  

In the case of sensing ethylene, the acidic electrolyte and protons are required to 

prevent surface oxide formation before the oxidation of ethylene [108]. The sudsy 

conducted  by Jordan et al. [34] reached a 40 ppb sensitivity, and the sensitivity can even 

be improved to 1 ppb by pre-concentrating ethylene onto a silver substrate [109]. They 

noticed that the sensing of ethylene required a strongly acidic electrolyte, such as 0.5 M 

H2SO4, to prevent gold oxide formation prior to ethylene oxidation. However, protons are 

also crucial for ethylene detection.  If the protons acidic electrolyte was replaced by 0.5 

M K2SO4 adjusted to pH 5, ethylene oxidation was also inhibited. To our best of 

knowledge, the detailed mechanism is still under discussion.  

Based on previous studies, [BMIM] [Cl] is a strong acid when the ionic liquid 

dissolved in a solvent [110,111]. The pH values can reach to 3.0 during high 

concentration of [BMIM] [Cl]. Figure 15. shows the sensing of ethylene in an ionic 

liquid hydrogel with various weight ratios of ionic liquid by cyclic voltammetry. The 

pure ethylene was used in this experiment. No ethylene oxidization signal was observed 

when ionic liquid content is 0%. The oxidation signal can be observed in the potential of 

0.8~1.8 V. The maximum current appeared when the potential is around 1.35 V. A 

gradian increasing signals can be observed with increasing weight ratio of ionic liquid. 

This implies that the ionic liquid becomes the reaction control agent of the ethylene 

oxidization in the IL-gel.  
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Figure 15. Current-voltage characteristics (cyclic voltammograms, scan rate 0.04 V/s) in 

the 43% (red line), 21% (blue line),15% (green line), 0% (black line) weight ratios of 

ionic liquid (a) without and (b) with pure ethylene. 

 

3.4.4 Dependence on Thickness  

Previous studies have pointed out that the thickness of the reaction media can directly 

effect the strength of detecting signal, especially within a high-velocity system. Herein, we 

designed an experiment to confirm this phenomenon in IL hydrogel system. Figure 16 

shows current-voltage responses for devices of which the ionic liquid hydrogel thickness 

was varied in a thickness of 0.5, 1.0, 1.5 mm. The percentages of ionic liquid content were 

43% to maximize the current intensity (from the previous experiment). Pure ethylene was 

purged for 15 min to fully stabilize the detecting system. The ethylene signal increased 

from 0, 0.7 to 3.8 mV with the thinner IL-gel membrane (1.5 mm to 0.5 mm). We detected 

nearly no ethylene signal for the thickness 1.5 mm which indicated that the detection signal 

was largely affected by the thickness of ionic liquid hydrogel.  In the study conducted by 

Zevenbergen et al. [93], they also found out the intensity of signal decreased 2 times when 
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the thickness increase from 30 to 63 μm and response time exceeded the function of square 

thickness (L2) in the ionic liquid. In the case of an IL-gel, the thickness effect is even larger 

due to the higher velocity then IL. 

 

Figure 16. Current-voltage characteristics (cyclic voltammograms, scan rate 0.04 V/s) in 

the 1.5 (blue line), 1 (red line), 0.5 (black line) mm thinness of ionic liquid hydrogels with 

pure ethylene.  

 

3.4.5 Diffusion Coefficient of IL-hydrogel 

The diffusion coefficient, also called diffusivity, is an important parameter for membrane 

and hydrogel. It is not only indicatives of the diffusion mobility of VOC but also a critical 

parameter for the kinetic study in the porous media. In this study, we used a cyclic 

voltammetry method to determine this important factor.  
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For the reversible reaction [112], both the oxidation current or the reduction current 

can be used to calculate the diffusion coefficient by Randles–Sevcik expression: 

𝐼𝑝𝑐 = 0.4463𝑛𝐹𝐴𝐶(
𝑛𝐹𝑣𝐷

𝑅𝑇 )1/2    
(6) 

    where Ipc is the cathodic current maximum at the working electrode in amps, n is the 

number of electrons transferred in the redox event (usually 1), F is Faraday’s constant 

(96,485 C/mol), A is the area of the electrode in cm2, C is the concentration of the analyte 

in hydrogel (mole/cm3). 𝑣 is the scan rate in Volts/s, D is the diffusion coefficient of the 

solution in cm2/s, R is the universal gas constant (8.314 J/mol K) and T is temperature (K). 

At 25 ℃, the equation can be simplified as follow:  

𝐼𝑝𝑐 = (2.687 𝑋 102)𝑛3/2𝑣1/2𝐷1/2𝐴𝐶   (7) 

     However, in our study, the electron exchange is slow due to the nature of high velocity 

in the hydrogel and ionic liquids. One of the evidence is the peak maximum of oxidation 

and the reduction peak from cyclic voltammetry spectrum shows a clear shift. Thus, a 

transfer coefficient α (usually assumed to be close to 0.5) need to be considered in order to 

correctly estimate the diffusion coefficient in hydrogel [113].   

                              𝐼𝑝𝑐 = 0.496 (αn)1/2𝑛𝐹𝐴𝐶(
𝐹𝑣𝐷

𝑅𝑇
)1/2   (8) 

    The cathodic peak current, surface area of the working electrode, potential scan rate, 

transfer coefficient and VOC concentration above the ionic liquid surface are known. We 

can determine the diffusion confession by formula (8).   
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The diffusion coefficient was determined using the Randles–Sevcik expression 

[113][114][115].  In order to analyze the kinetic behavior of the ethylene, we analyzed 

the dependence of the cathodic peak current density, (Ipc) on the scan rate (𝑣1/2). If the 

reactions kinetic is controlled by a diffusional step, the oxidation and reduction current at 

the peak should show a linear dependence on the square root of the scan rate. The 

different scan rates 0.04, 0.4, 10, 40, 160 V/s were chosen. We can observe the current 

density steady increased with increasing scan rates (Figure 17 (a)).  

The diagram in Figure 17 (b) show the relationship between Ipc and 𝑣1/2 for various 

scan rates. The high R squares value (99.73) present a linear relationship between both 

variables, indicating the process is controlled by diffusivity in this range of scan rates. 

The oxidization of ethylene is an irreversible reaction.  Thus, we can use c equation 

(Equation 8) for irreversible reaction to obtain diffusion coefficient. The surface area of 

the working electrode, Faraday’s constant, scan rates, and the concentration of the 

ethylene were known numbers. In addition to the slope of Ipc verses 𝑣1/2 and other 

constants, we are able to calculate the diffusion coefficient of ethylene in the ionic liquid 

hydrogel. For 43% ionic liquid hydrogel, the fitted diffusivity is 7.2 x 10-7 (cm2/s) which 

is smaller than the diffusion coefficient of ethylene in water (2 x 10 -5 cm2/s) and ionic 

liquid (~9.8 x 10-6 cm2/s), as expected for the higher viscosity in hydrogel 

[93][116][117][118].  

  



 

55 

 

Figure 17. Using Randles–Sevcik expression to obtain the diffusion coefficient of ionic 

hydrogel. (a) Current-voltage characteristics in the different scan rate: 0.04 (black line), 

0.4 (red line), 10 (green line), 40 (purple line), 160 (dark yellow line) V/s (b) Cathodic 

current maximum as a function of square root of scan rate 

 

3.4.6 Examination of Limitation of Detection (LOD)  

One critical parameter for the electrochemical sensor is the limitation of detection 

(LOD), which can define the sensitivity of an electrochemical system. The LOD can be 

obtained from linear recreation. A signal to noise ratio of 3 often used in determinization 

and analyzation of LOD [119].  Sensor sensitivity can be obtained from the slope of the 

calibration curve. The value of the limit of detection (LOD) was assessed using a 

dependence described by equation 4 [92]: 

𝐿𝑂𝐷 =
3.3 𝑆𝑥𝑦

𝑏
    (4) 
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 s is the standard deviation (standard deviation of the series of the results obtained for 

the blank sample were used, refer to equation 5), b is the slope of the calibration curve 

(sensor sensitivity). The residual standard deviation can be obtained from equation 5: 

𝑆𝑥𝑦 = √
𝜮 (𝒚𝒊−𝒀𝒊)2

𝒏−𝟐
     (5) 

where yi is the value determined from experiment, Yi is the value calculated from the 

regression equation, n is the number of independent measurements within the designed 

concentration range. 

The current-time response of different ethylene concentration in the ionic liquid 

hydrogel shows in Figure 18. The largest response was obtained from the thinnest 

hydrogel (0.5 mm), 43% of ionic liquid content, and a potential of 1.4 V. Under these 

conditions the diluted ethylene gas was applied in an 8 L tank with the ionic liquid 

hydrogel system for 30 min to reach steady state. After 10 s of oxidization, the current 

densities reached stable and proportional responded to the ethylene concentration (Figure 

18 (a)).   

Figure 18 (b) shows the current and concentration have a clearly linear relationship. 

The slop 0.41 μA/ppm can be obtained by linear regression. Limit of detection (LOD), 

650 ppb, can be determined by Equation 4 &5 based on a signal-to-noise ratio of 3.3. 

The electric signal (slop) is 8 times larger comparing to another study (0.051 μA/ppm) 

using only ionic liquid as detecting media [93]. The possible explanation is that the 

hydrogel provides abundant protons to facilitate the oxidation of ethylene. Several studies 
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support this theory. For example, Jordan et al. [109] experimentally found out, even the 

PH is the same, the protons are necessary for ethylene oxidization. The study conducted  

by Zevenbergen et al. shows that the higher relative humidity has a stronger oxidization 

signal in the ionic liquid.    

 

Figure 18. Determine of the limit of detection (LOD) from the linear regression of 

electric current responds. (a) Current-time response of the ionic liquid hydrogel in 0 

(black line), 3 (red line), 6 (blue line), 9 (green line), 12 (purple line), 15 (dark yellow 

line) ppm of ethylene (b) Calibration curve of the biosensor to different concentration of 

ethylene. The solid line is a linear fit with slope 0.41 μA/ppm. 

 

3.4.7 Stability Examination for Thin Film IL-gel Coated Sensor 

The long-term stable operation is a great challenge for the electrochemical sensor.  

Herein, we conducted a series of experiment to examine the stability of the thin film IL-

gel coated sensor. The same thin film IL-gel coated sensor was repeatedly used to detect 

10 ppm concentration of ethylene for 45 days. Figure 19. shows a decent stability of the 
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thin film IL-gel coated sensor with a relative standard deviation below 1% for 1.5 

months.  A minor decrease of detecting signal (0.015 ppm) can be observed in the first 

ten days, and the detection signals maintained stably in the following 35 days. Our results 

show an advanced stability than the study conducted  by Gȩbicki et al. [86] who only 

employed ILs as electrolytes in a laboratory prototype for measurements, yielding an 8% 

standard deviation. The higher stability may due to the IL-gel phase locked the solution 

in a gel phase, minimized the concentration changes in the electrochemical system. 
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Figure 19. The stability test of thin film IL-gel coated sensor was counducted in 10 ppm 

concentration of ethylene for 45 days.  
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3.4.8 Pre-concentration by Reductive Treatment Carbon Fibers and Detection by 

IL-hydrogel Sensor  

As earlier chapter mentioned, the concentration of ethylene can be preconcentrated by 

reductive treatment of carbon fibers. In this part of study, we want to examine the 

feasibility to preconcentrate ethylene by surface treated carbon fibers, and then detect the 

ethylene concentration using ionic liquid hydrogel.  

Figure 20 (a) shows the current changes during the ethylene desorption. A highest 

current density 9 μA can be found. The ethylene concentration can be obtained using the 

linear regression dates from Figure 18. (b). The highest signals in via GC-MS detection 

is at 720 seconds. For the IL-gel coved sensor, the highest signal is around 910 seconds. 

This delay indicated that the ethylene sensing by ionic liquid sensor need around 3 min 

for transferring the ethylene gas to the electrode surface. This is possible to be improved 

by reducing the thickness of ionic liquid hydrogel. The difference of ethylene 

concentration via GC-MS detection and the ionic liquid sensor detection is only 0.4 ppm.  

This result successfully demonstrates two things. First, the surface treated carbon 

fibers can be used as a pre-concentration material. The 500-ppb ethylene can be 

concentrated to 4.5 ppm which means 9 times increasing. Second, the ionic liquid 

hydrogel system has excellent detecting capability to ppm level of ethylene. The 

detecting results is similar to the results obtained via GC-MS (~0.4 ppm difference). The 

result showed a promising approach to build up a network of miniature sensors to detect 

and management Bio-VOCs. 

 

 



 

60 

 

Figure 20. Examine the capture-detection strategy by detecting 500 ppb of ethylene. (a) 

Current-time response of the ionic liquid hydrogel during the desorption of ethylene from 

carbon fibers (b) Ethylene concentration-time curve measured by GC-MS (black line) 

and ionic liquid hydrogel system (red line) 

 

3.5 Conclusion  

We have introduced a free-standing thin film IL-gel coated sensor that employs the 

ionic liquid to facilitate Bio-VOC detection. The ternary phase diagrams with various 

weight ratios of the ionic liquid, hydrogel, and acrylamide polymer was studied to find 

the proper recipe for IL-gel formation.  

The dependence of detecting signals on ionic liquid content have been studied. The 

ionic liquid has been found promoting the ethylene oxidization, increasing current signal 

strength. Besides, the thinner thickness of the hydrogel has been proven to be beneficial 

for ethylene detection, following the theory of diffusion.  A detection limit of 650 ppb 

and a linear response from 0 to 15 ppm were achieved. The diffusion coefficient of ionic 
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liquid hydrogel was determined to be 7.2 x 10-7 (cm2/s) which is smaller than the 

diffusion coefficient in water and an ionic liquid, as expected for the higher viscosity in 

the IL-gel. Decent stability of the thin film IL-gel coated sensor with a relative standard 

deviation below 1% for 1.5 months was obtained in the stability test.  In addition, the 

strategy of using reductive fabricated carbon fibers as a pre-concentrating material and a 

thin film IL-gel coated sensor as the detection unit was examined. A 500 ppb (sub-ppm 

level) of ethylene can be preconcentrated to 4.5 ppm and detected by the thin film IL-gel 

sensor.  

Overall, our work successfully demonstrated the capture-detection strategy is suitable 

for stable detecting of extremely low (sub-ppb level) concentration of VOCs.  By 

integrating the preconcentration and senor units, we could eventually develop sensors that 

are capable of detecting VOC samples in the order of ppb. This approach is promising for 

building up miniatured Bio-VOCs sensors for in situ monitoring in future applications. 

  



 

62 

Chapter 4: General Discussion and Future Direction 

This thesis examines an intensified capture and detection strategy for the detection of 

trace amounts of Bio-VOCs. The sensor unit is suitable for miniaturized design for 

eventual remote and unmanned vehicle sensing applications. Specifically, we first 

examined the feasibility of using a unique reductive carbonization process to produce 

activated carbon fibers from cellulosic materials. The surface of carbon fibers was 

modified by a hydrogen treatment to remove oxygen-containing carbon group, which 

delocalized free electrons on carbon basal planes. By employing this novel method, the 

pi-pi interaction was promoted, intensifying the adsorption of VOCs. The performance of 

reductive treatment on carbon fiber has already been proved via the adsorption 

experiments. Furthermore, our study examined that a full regeneration of Bio-VOCs can 

be achieved through direct electrothermal desorption. The capture-release strategy for 

concentrated Bio-VOCs can be demonstrated.  

To improve the stability of electrochemical sensing, we developed a unique thin film 

ionic liquid (IL)-gel coated sensor employing ionic liquids in poly(acrylamide) hydrogels 

as a solution-free electrolyte. We assumed the stability of the analysis can be improved 

since the solution of the electrochemical system can be locked in a gel phase, minimizing 

the evaporation. The ion liquids also have been selected as electrolyte since the acidity of 

IL can facilitate the detection of ethylene (one critical Bio-VOCs), preventing the 

oxidization of the working electrode before ethylene oxidization. A series of experiments 

were conducted to confirm the performance of IL-gel coating sensor.  The results showed 

the sensor has an excellent sensitivity and linearity of our sensor with low detection limit 
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to 650 ppb and 0.99 of R2 values within 0~15 ppm. A decent stability was obtained with 

relative standard deviation below 1% for 1.5 months of storage. In addition, the strategy 

of using reductive fabricated carbon fibers as a pre-concentrating material and a thin film 

IL-gel coated sensor as detection unit was also examined. Our work successfully 

demonstrated the capture-detection strategy is suitable for stable detecting of extremely 

low (sub-ppb level) concentration of VOCs.  By integrating the preconcentrating and 

senor units, we could eventually develop sensors that are capable of detecting VOC 

samples in the order of ppb. This approach is promising for building up miniatured Bio-

VOCs sensors for in situ monitoring in future applications. 

Three directions should be pursued in future research. First, the ultralong-term (>6 

months) stability of ionic liquid hydrogel sensor should be studied to provide a more 

convincing date for manufacture a miniature sensor. The loss of water from ionic liquid-

hydrogel should be also recoded to do the further analyzation. Second, the pre-

concentrating of ultra-diluted (1~10 ppb) Bio-VOCs hasn’t been tested. For conducting 

this experiment, the preparation of large quantity of ultra-diluted standard gases will 

become a challenge. Also, after we finish the previously mentioned two possible 

directions, the manufacturing of miniature Bio-VOCs sensor can be examined.  
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