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Abstract To identify the decomposition characteristics of trimethylamine (TMA) by

electron beam (EB), we conducted an experiment based on process parameters, including

absorbed dose (2.5–10 kGy), background gas (air, O2, N2 and He), water content (1,200,

14,300, and 27,500 ppm), initial concentration (50, 100, and 200 ppm) and reactor type

(batch or continuous flow system). Air background gas showed a maximum TMA removal

efficiency of 86 % at 10 kGy and that was the highest efficiency of all background gases.

Energy efficiencies were higher when the absorbed dose was lower (e.g., 2.5 kGy).

Decomposition efficiencies of all initial TMA concentrations were approximately[90 % at

10 kGy. Removal efficiencies increased up to 30 % as water vapor increased. As a by-

product, it is observed that CH3 radical formed by EB irradiation was converted into CH4 by

reaction with residual TMA, (CH3)2NH, and H. These results suggest that EB technology

can be applied for TMA treatment under low concentration and high flow rate conditions.

Keywords Electron beam � Trimethylamine � By-products � Odorous

compounds � CH3 radical

Introduction

Odorous compounds are emitted from various sources and are easily detected at extremely

low concentrations (below ppb levels) in ambient air because the threshold value is low
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[1]. Trimethylamine (TMA) is an odorous compound generated from dead animals, and,

particularly, when fish decompose. Anthropogenic TMA is generated from diverse sites

such as dye and waste water treatment facilities, livestock farms, fish processing plants,

and landfills [2].

Trimethylamine can affect humans by irritating and damaging not only the eyes and

respiratory organs but also the liver and spleen [3]. Thus, TMA concentrations in working

environments in Korea where human exposure can be high have been set at a time-

weighted average (TWA) of 10 ppm and a short-term exposure limit (STEL) of 15 ppm.

Furthermore, levels set by the American Conference of Governmental Industrial

Hygienists are more strict with a TWA and STEL values of 5 and 15 ppm, respectively.

Conventional technologies for removing odorous compounds include absorption,

adsorption, incineration and biofiltration [4, 5]. However, these methods have disadvan-

tages such as high operating and maintenance costs [6, 7]. Advanced technologies such as

plasma, photocatalysts, and electron beam (EB) have been studied to solve these problems

[8, 9]. Especially, an EB is useful for sources emitting low concentrations and high-volume

flow because the reaction produces free radicals and ions in 10-8–10-1 s [10, 11]. In

addition, an EB can be operated at ambient temperature without additional equipment [12].

Most studies on removing odorous compounds using advanced technologies have

focused on some compounds such as toluene, xylene, and sulfur compounds. However, no

studies on TMA decomposition characteristics or removal efficiency using advanced

technologies have been published.

This study was carried out to understand TMA removal efficiencies and characteristics

based on process parameters, including absorbed dose, background gas, water content,

initial concentration and reactor type. The by-products generated by EB irradiation were

also identified.

Experimental

Batch and Flow System

An experiment was conducted in batch and continuous flow systems to study TMA

removal characteristic by EB. A 1 MeV EB accelerator (maximum power 40 kW, ELV-4

type, Korea Dyeing Technology Center, Korea) was used.

First, the batch system was used to investigate basic decomposition characteristics by

influencing the removal factors such as background gas, water content, and absorbed dose.

The reactor used in the batch system was a 1 L Tedlar bag (SKC, Inc., USA), which is

relatively stable for EB irradiation. This reactor was passed under the irradiation window

of the EB accelerator at a velocity of 10 m/min via a conveyor system.

Second, a continuous flow test was performed under similar conditions to the actual site

to confirm TMA removal efficiencies at initial concentrations (50–200 ppm) and absorbed

doses (2.5–10 kGy). A 250 L/min volume compressor (NCP01, AM TECH, Korea) was

used to supply air flow in a continuous flow control system, and silica gel, purafil, and

activated charcoal scrubbers were used to remove moisture and air pollutants (VOCs, SOx,

and NOx) so that zero air flowed inside the system. During this period, the retention time

inside the round-shaped stainless steel reactor (70 mm diameter, 55 mm high, and

0.212 L) was 0.85 s. A TMA generator comprised of a standard gas (TMA 1 %/N2, Rigas,

Korea) and a mixing chamber were used to produce consistently low TMA concentrations

(50–200 ppm).
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A cellulose triacetate film dosimeter (FTR = 125, Fuji, Tokyo, Japan) was used to

measure the absorbed dose in the reactors. Detailed information regarding the reactors and

absorbed doses was published previously [13].

Sampling Method

Trimethylamine has a significantly low threshold value (approximately 0.032 ppb).

Therefore, sampling and analysis of trace TMA gases are important. Two hard glass

impingers with 20 ml sulfuric acid were used in series to absorb the TMA. The system for

sampling was composed of lines, pumps, and flow meters.

The sample obtained by the impinger was analyzed using the headspace method. The

sample (4 ml) was mixed with KOH solution (5 ml) in a vial and was reacted in a sonicater

for 20 min. Then, TMA eluted into the gas phase of the vial was adsorbed by a solid phase

microextraction fiber (SPME; polydimethylsiloxane/divinylbenzene, 65 lm, Supelco,

USA) and analyzed by gas chromatography/nitrogen phosphorus detection (GC/NPD) (HP

7890 Gas Chromatograph, Hewlett Packard, USA).

Analytic Method

Gas chromatography/nitrogen phosphorus detection was used to conduct a quantitative

analysis before and after EB irradiation, and DB-1 (50 m 9 0.32 mm 9 0.52 lm, Hewlett

Packard, USA) was used in the column. The TMA was reacted at 50 �C in 2 min and adsorbed

by the SPME fiber over 15 min to extract the TMA using the headspace method. The sample

extracted by the SPME fiber was desorbed at 250 �C in 400 s and analyzed. The linear

correlation between the injected mass and the GC/NPD response was high (r2 = 0.995).

A non-dispersive infrared CO/CO2 measuring device (Gas Data PAQ, Gas data Ltd.,

UK) was used to measure carbon monoxide and carbon dioxide concentrations. Moreover,

an ozone analyzer (model 49C O3 Analyzer, Thermo Electron Corp., USA) was used to

measure ozone concentrations.

Results and Discussion

Background Gases

N2, O2, and air (99.999 %) were used as background gases to compare TMA removal

efficiencies among the different background gases. Additionally, He was used to confirm

only the primary electron effects excluding secondary activated species such as OH�, HO2
� ,

O�, and N�. Primary electrons generated by EB irradiation generally react with N2, O2, and

H2O as background gases to form radicals, ions, and secondary electrons [10, 11, 14, 15].

Ranges of the absorbed doses were adjusted to 2.5–10 kGy. Figure 1 shows the TMS

(200 ppm) removal efficiencies depending on the background gas. The relative standard

deviation values of duplicated samples using the GC/NPD were \10 %.

The TMA residual ratio (C/C0 ratio; C: the TMA concentration after EB irradiation, C0:

the initial concentration of TMA) concentrations under the N2, O2, and air background

gases decreased as absorbed dose increased. And, TMA concentrations also declined

continuously in the case of He background gas. However, TMA decomposition efficiency

was lower (43 %, 10 kGy) when He was used as the background gas compared to
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efficiency when the other background gases were used. The reason for this low removal

efficiency was that He is a relatively stable molecule. On the other hand, the air back-

ground gas showed a maximum TMA removal efficiency of 86 % at 10 kGy, where 1 kGy

based on air gas is equal to 1.291 J/L at 0 �C and 1 atm. (1 kGy based on He = 0.179 J/L

at 0 �C and 1 atm.). TMA decomposition efficiencies under the N2 and O2 background

gases were 80 and 82 % under the same absorbed dose condition, respectively.

It is reported that various radical species was generated by an EB irradiation [16] and those

species affect decomposition processes of compounds. In the TMA decomposition reaction,

when N2 was used as a background gas, efficiencies could be increased approximately 35 %

by N radicals such as N�2, N(2D), N(2P), N(4S), Nþ2 and N?. Besides, at O2 background gas, O

radicals (O�2, O(3P), O(1D), O?, O* and Oþ2 ) formed by the primary electron attack could

strengthen approximately 37 % the decomposition effect of TMA.

This result indicates that the decomposition rate due to reactive species such as free

radicals and ozone was higher than that by the primary electrons formed by EB irradiation.

Such results were similar to the removal characteristics of other odorous volatile organic

compounds [5, 12, 13].

Furthermore, the EB process can be applied to increase TMA decomposition efficiency

without the need for an air supply at the actual site, because removal efficiency was highest

when air was the background gas.

Figure 2 shows the G-values, which are an important determining factor for EB tech-

nology. The G-value is the number of atoms and molecules formed or decomposed when

100 eV energy is absorbed and used to assess the economic decomposition efficiency of

pollutants when the EB was irradiated [13]. Hence, it means that pollutants are more

decomposed as the G-value, which is a decomposition quantity by input energy, increases.

The equation of G-value is depicted as follows:

G� value
molecules

100 eV

� �
¼ 9:648� 106 �

Chemical yield mole
kg

� �
Absorbed doseðkGyÞ

The G-value decreased when absorbed doses increased, indicating that energy effi-

ciencies were higher when the absorbed dose was lower (e.g., 2.5 kGy) from the

Fig. 1 Variations in trimethylamine decomposition ratio depending on the background gas

1102 Plasma Chem Plasma Process (2013) 33:1099–1109

123



perspective of energy efficiency, because variances in removal efficiencies per unit energy

were small when the TMA removal efficiencies reached a critical point. The G-value was

lower for He than those of the other background gases because the removal efficiency per

absorbed energy was low. This result was similar to those of previous studies of odorous

compounds such as toluene, ethylbenzene, styrene, and o-xylene [10, 11, 13, 17, 18]

Initial Concentrations

The initial TMA concentration was diluted to 50, 100, and 200 ppm and irradiated using

the EB to confirm TMA decomposition characteristics. Air was used as the background gas

to ensure conditions similar to those used in industry. The EB (2.5–10 kGy) was irradiated

based on the absorbed dose, and Fig. 3 shows the TMA removal efficiencies depending on

the initial concentration. The TMA degradation rates increased as the absorbed dose

increased and initial concentration decreased. The 50 and 100 ppm TMA treatment effi-

ciencies at 2.5 kGy were[80 % and those at 10 kGy were[90 %. Additionally, residual

rates of 200 ppm TMA decreased continuously when the absorbed dose increased, and

removal efficiency at 10 kGy was approximately 86 %. As a result, the decomposition

efficiencies of all initial TMA concentrations at a 10 kGy absorbed dose were approxi-

mately [90 %.

Figure 4 shows variations in the G-value depending on the initial concentration. When

the absorbed dose was 2.5 kGy, the 50 and 100 ppm TMA removal efficiencies were very

similar at 85 and 83 %, respectively. However, TMA decomposition rates per input energy

under the same conditions were significantly different in terms of G-values. The G-values

at a low initial concentration were relatively higher than those at a high initial concen-

tration. When the G-value increased at the same absorbed dose, it means that removal

efficiencies per input energy were more effective. However, at different initial conditions,

the G-value at a high initial concentration would appear at a significantly higher dose,

which was not necessarily related to removal efficiency as the absolute number of atoms

and molecules formed or decomposed per some input energy was estimated regardless of

initial concentration. Consequently, although the G-value was higher, actual decomposi-

tion efficiencies were lower. It is important to determine operating conditions based on the

relationship between the G-value and removal efficiency.

Fig. 2 Variations in the G-value depending on the background gas
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Water Content

The OH radical induced by water vapor plays a pivotal role in the decomposition process

of odorous compounds when using an EB [5, 8, 10, 13, 17]. In this study, the concen-

trations of water in air background gas were adjusted to approximately 1,200, 14,300 and

27,500 ppm in the batch reactors and irradiated with the EB to understand TMA (200 ppm)

removal characteristics by the OH radical. As a result, the removal efficiency at a water

content of 27,500 ppm increased to 10 % compared to that at a water content of 1,200 ppm

when the absorbed dose was 2.5 kGy. Taken together, removal efficiencies increased from

5 to 30 % as water vapor increased.

The OH radical is one of the strongest active species generated by an EB and domi-

nantly reacts with various air pollutants. The rate constant of the OH radical

(6.11 9 10-11 cm3 molecule-1 s-1) in the case of TMA is higher than those of O radical

(2.18 9 10-11 cm3 molecule-1 s-1), O2(1Dg) (4.98 9 10-15 cm3 molecule-1 s-1), and

O3 (7.84 9 10-18 cm3 molecule-1 s-1), Therefore, it suggests that the effect of the OH

Fig. 3 Trimethylamine decomposition ratio based on initial concentration

Fig. 4 Variations in the G-value based on initial trimethylamine concentration
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radical should not be ignored in an EB control system [19–22]. TMA decomposition

mechanism by OH radical is expected as following reactions [23];

OH� þ CH3ð Þ3N ! CH3ð Þ2NCH�2 þ H2O ð1Þ

OH� þ CH3ð Þ3N ! CH3ð Þ3Nþ� þ OH� ð2Þ

.

When adsorption and oxidation treatment systems are used for odorous compounds, the

presence of water in the emissions may occasionally induce negative effects [24]. How-

ever, the removal efficiency of TMA using the EB process would increase as the amount of

OH radicals and water content increased.

Continuous Flow System

A continuous flow test was conducted to confirm the applicability of actual industrial

processes. Figure 5 shows the TMA decomposition efficiencies in a continuous flow

system.

The decomposition efficiencies in the continuous flow reactor were similar to those in

the batch reactor. The residual ratio decreased when the initial TMA concentration

decreased and the absorbed dose increased. The removal efficiency of 50 ppm TMA was

[99 % at 10 kGy, and those at 100 and 200 ppm TMA were 81 and 67 %, respectively, at

the same absorbed dose. Removal efficiencies in the continuous flow reactor were lower

than those in batch reactor, indicating that the conversion of EB energy was insufficient

because of the cavitation phenomenon that occurs due to reactor turbulence.

On the other hand, GC/MSD (Agilent 5975, USA) was used to identify by-products

formed by TMA decomposition using EB. As results of quality analysis, residues TMA and

trace CH4 were observed. And, the concentrations of CH4 would also be slightly increased

when the degraded TMA amount was increased. No studies on gaseous TMA decompo-

sition mechanism using an EB have been reported. However, the mechanism would be

expected through previous studies. Deac et al. [25] reported TMA would be a low energy

source for the production of the production of CH3 radicals because the activation energy

of the H3C–N bond cleavage is to have a value of 51–52 kcal/mol, while the same energy

for the C–C bond is between 81 and 71 kcal/mol. And, they reported that generated CH3

Fig. 5 Trimethylamine decomposition ratios in a continuous flow system

Plasma Chem Plasma Process (2013) 33:1099–1109 1105

123



radicals react with hydrogen to produce CH4 in infrared multiphoton dissociation of TMA.

Also, Kozak and Gesser [26] reported that CH4 was formed by CH3 radical react with

TMA in the photolysis reaction. A similar result was found by Bamford and Gesser et al.

[27–30].

Through results by quality analysis in this study and by previous reported studies,

several possibilities of CH4 generated from TMA decomposition were considered. The first

step is that CH3 radicals were formed by the electron attack and it is expected as following

reactions.

CH3ð Þ3N ! CH3ð Þ2N þ CH3 ð3Þ

! CH3NCH2 þ H þ CH3 ð4Þ

! NC2H4 þ H2 þ CH3 ð5Þ

.

Then (CH3)2N was converted into (CH3)2NH and CH3NCH2 by reaction (6) [31]. In this

reaction, some (CH3)2NH were came back (CH3)2N as reported by Bamford [27]. And,

CH3NCH2 was also produced by (CH3)2N react with residual O2 [32].

2 CH3ð Þ2N ! CH3ð Þ2NH þ CH3NCH2 k ¼ 3:32 � 10�12 cm3 molecule�1 s�1 ð6Þ

O2 þ CH3ð Þ2N ! CH2 ¼ NCH3 þ HO2 k ¼ 1:48 � 10�6 cm3 molecule�1 s�1

ð7Þ
The second step is that CH3 radicals were converted into CH4 by reaction with H,

(CH3)2NH, (CH3)2N and residual TMA as follows [31, 33–35];

CH3ð Þ3Nþ CH3 ! CH3ð Þ2NCH2 þ CH4 k ¼ 2:54 � 10�24 cm3 molecule�1 s�1

ð8Þ

CH3ð Þ2NH þ CH3 ! CH3ð Þ2N þ CH4 k ¼ 2:13 � 10�18 cm3 molecule�1 s�1

ð9Þ

CH3ð Þ2N þ CH3 ! CH3NCH2 þ CH4 k ¼ 1:31 � 10�11 cm3 molecule�1 s�1

ð10Þ

H þ CH3 ! CH4 k ¼ 2:04 � 10�10 cm3 molecule�1 s�1 ð11Þ
Also, in whole reaction processes, it is expected that C2H2, C2H4, C2H6, (CH3)2NH,

CH2(OH)2 and heavy compounds such as (CH3)2N-CH2-N(CH3)2 and (CH3)2NCH2-C:N

were generated [27, 29]. However, we could not find those compounds in this experiment.

CO/CO2 Formation

The amounts of generated CO and CO2 determine the efficiency of air pollution control

systems [36]. The concentrations formed after EB irradiation in the continuous flow system

were continuously measured, and CO concentrations increased as the absorbed dose and/or

initial TMA concentration increased (Fig. 6). This means that the CO concentration

increased due to incomplete combustion in the reactor. Additionally, the CO concentra-

tions observed at 200 ppm TMA, which contained more carbon atoms than that of other

TMA concentrations, was relatively higher than those at 100 and 50 ppm TMA.
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The CO2 concentration range measured after EB irradiation was approximately

0–150 ppm and rose as absorbed dose increased (Fig. 6). Additionally, CO2 concentrations

at 200 ppm TMA were 30–80 ppm lower than those at 50 ppm TMA. Similar results were

discovered following butane and styrene treatment by EB irradiation [11, 13]. And, the CO

and CO2 concentration range formed by EB irradiation varied according to the compound.

We confirmed that CO and CO2 concentrations rose as absorbed dose increased. This

study was conducted at comparatively high concentrations (50–200 ppm) to decidedly

understand removal efficiency based on initial concentration. When considering the

decomposition efficiency, energy efficiency (G-value), and emission concentration gen-

erated from actual industrial facilities, the EB treatment would be useful for an effective

operation because removal efficiency was high and the amounts of CO and CO2 formed

were significantly lower at 2.5 kGy. However, a more in-depth study about CO and CO2

should be conducted.

Conclusions

This study was carried out to understand the influence of various factors, including initial

concentration, background gas, absorbed dose, and reactor type on TMA decomposition

characteristics. The results are as follows:

• Radicals had a greater influence on TMA decomposition than primary electrons.

• Removal efficiencies increased from 5 to 30 % as water vapor increased.

• The decomposition efficiency at 10 kGy was approximately 99 % in the continuous

flow system when the initial TMA concentration was 50 ppm.

• CH3 radical formed by EB irradiation was converted into CH4 by reaction with H,

(CH3)2NH, and residual TMA.

Although, this study was conducted at relatively high TMA concentrations

(50–200 ppm), it was confirmed that the EB had good TMA treatment efficiency. This

Fig. 6 CO and CO2 concentrations based on absorbed dose (Dotted lines CO; Solid lines CO2)

Plasma Chem Plasma Process (2013) 33:1099–1109 1107

123



means that an EB can be applied to TMA treatment at a low concentration and a high flow

rate. It would be possible to develop a more efficient control system by combining EB with

other control technologies. Odors emitted from industrial facilities are composed of not

only TMA but a variety of odorous compounds. Therefore, a mechanistic study should be

conducted in the future. A more appropriate EB treatment technology must be studied

based on an actual field investigation.
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