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Abstract

In this study, activated carbon fibers were treated with oxygen plasma to investigate gas sensing properties of the dimethyl
methylphosphonate (DMMP), which is a simulant gas of the chemical warfare agent, according to oxygen functional group
contents. As the flow rate of oxygen plasma treatment increased, oxygen groups were introduced to the surface of activated
carbon fibers from 6.90 up to 36.6%, increasing the -OH group which influences the DMMP gas sensing properties. However,
as the flow rate of oxygen plasma increases, the specific surface area tends to decrease because etching on the surface of
activated carbon fibers occurs due to active species generated during the oxygen plasma treatment. The resistance change rate
of the DMMP gas sensor increased from 4.2 up to 25.1% as the oxygen plasma treatment flow rate increased. This is attrib-
uted to the hydrogen bonding between DMMP gas and introduced hydroxyl functional group on activated carbon fibers by
the oxygen plasma treatment. Therefore, the oxygen plasma is considered to be one of the important surface treatment meth-
ods for detecting chemical warfare agents at room temperature.
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Table 1. XPS Analysis of the Untreated and Oxygen Plasma-treated
ACFs

Elemental content (Atomic %)

Sample c o O/C (%)
ACF 93.10 6.90 74
020-ACF 72.9 27.1 372
040-ACF 67.9 32.1 47.3
060-ACF 63.4 36.6 57.8
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Figure 1. XPS spectra of the untreated and oxygen plasma-treated
ACFs.
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Table 2. Peak Parameters for Cls Component of the Untreated and Oxygen Plasma-treated ACFs

Concentration (%)

Component Peak position (eV)
ACF 020-ACF 040-ACF 060-ACF
C(1) C-C(sp?) 284.5 81.85 53.57 52.21 51.05
C(2) C-C(sp”) 285.4 11.25 16.16 14.25 12.81
C(3) C-0 286.1 4.76 3.62 4.71 6.01
C(4) C-0-C 287.2 1.79 16.83 17.62 17.87
C(5) Cc=0 288.0 0.29 6.93 7.70 8.11
C(6) 0=C-0 289.0 0.06 2.89 3.51 4.15
Table 3. Specific Surface Area and Porous Parameters of the Untreated and Oxygen Plasma-treated ACFs
Sample Specific surface area (m%/g) Total pore volume (cm’/g) Micropore volume (cm®/g) Micropore/ N
total pore volume ratio (%)

ACF 305.20 0.1501 0.1213 80.8

020-ACF 295.26 0.1184 0.1170 98.8

040-ACF 289.82 0.1171 0.1150 98.2

060-ACF 284.38 0.1256 0.1227 97.7

(a) (b)

Intensity

Intensity

Binding energy (eV)

204 292 290 288 286 284 282 280

294 292 290 288 286 284 282 280
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Figure 2. Cls core level spectrum of the untreated and oxygen plasma-treated ACFs; (a) ACF, (b) O20-ACF, (c¢) 040-ACF, (d) 0O60-ACF.
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st o) 3RS "olxl= AE KAt o)& 217t Az &
SR ARRRE T ost Aolgt dukEcy Mabd AN AS
6.90%0°11A41 Ht 18.36%7H4] Ak} =4 ® Wb, AbanZElznt 22
H A FHo) 36.6%2 AT E9)E o] S vkaAdf W e] -OH Y
o] S7tslGIt) ol 2 3| AbAhEetnt AEE &Pedh7) o
2 DMMPO} 5445 ofal o] 25E o] %2 AFRsES vE
W ZoR AlgEch Ed dbaEetnt Ml AR o
22 DMMP7} A= o] Qlo] &2 W 3|Hof= v Hed Kol
Ao wETh

B AR zAgAN P 58 SEAS BT 040-ACF A=<
t}ekst DMMP 7k %mwel =412 Figure 7(a)°l LFERAIS]
t}l. 100 ppm DMMPOIA 25.1%2] A& s&S 1Sl ¥hd 10, 50
ppmollA 247} 2.83, 6.36%°] AW sE-S Hvk E3 10, 50 ppm
of| A FEAdo] Holxi= R& I = itk ol BdeaidFo
w471 ge A7kt E2bEo] DMMPO thdk Aghiskgo] A
star, o] = <lal 3|4 xEst Aehe Zlojgt det EJ . Figure 7(b)°ll
A= 040-ACF =2 DMMP 7k2of tfsh Aeiids vehdislt
CO, NO, AcH 7}~ A5 3713 A3 74% .02, 6.89, 8.41%=
DMMP 7}2-of tfjgt x| go] 453] %2 3e ilolo}c’ﬂb} DMMP,
NO, AcH RE5F ZAtAhdxlol] 9% S 7P & sk
040-ACF A= tisto] 2 XS Bl 207 Kol AkrEel=
vt AEE F3 ARAAET] 9 B9 AR DMMPE A
How 7IXE &= QA sh= Fo3 muixelgy ek

N

\.1

Lo
=
L
b
it
L

4.4 B
B AgolME AnTetzut A fdel et Gl el A
2EetEnRE AAEIoH, o uhE DMMP 7k HSEAS vl

Bryeloit). ol AbAEelnt XE] 72 717} 20, 40 4 60 scem
OF AAEI o, AbEetErt A 5] 40 scemd W 100 ppm
DMMPoI|A] 25.1%2] # il A Ws-&S BT} o]& AtaZel=r}
] Al Be S Edel] =% -OH2 DMMP £212] O=P 2}
FaAgto 7 Qlate] Ax7F DMMPOY SAEALAGZ o)%s) &
ARt o] e WEr} FHaste] AghHsgkgo] Sk AR AL
E¥th ¥ CO, NO, AcH 7h4o] ti3k 73548 vlw Hrle) 2

A3k DMMPIA 7k 7H§ AEldo] $5:3-8 Selg 4 9lgik. of
e Al AR DMMPE A8 Hew e - At 3
28 TAAY P F AL BAT F A

236t Ml 30 & M 6 &, 2019

References

. M. D. Ganji, Z. Dalirandeh, A. Khosravi, and A. Fereidoon,

Aluminum nitride graphene for DMMP nerve agent adsorption and
detection, Mater. Chem. Phys., 145, 260-267 (2014).

. K. T. Alali, J. Liu, K. Aliebawi, P. Liu, R. Chen, R. Li, H. Zhang,

L. Zhou, and J. Wang, Electrospun n-p WOs/CuO heterostructure
nanofibers as an efficient sarin nerve agent sensing material at
room temperature, J. Aollys Compd., 793, 31-41 (2019).

. J. Jun, J. S. Lee, D. H. Shin, J. Oh, W. Kim, W. N. and, Fabri-

cation of a one-dimensional tube-in-tube polypyrrole/Tin oxide
structure for highly sensitive DMMP sensor applications, J. Mater.
Chem., 33, 17335-17340 (2017).

. Y. C. Quintero and R. Nagarajan, Molecular and dissociative ad-

sorption of DMMP, sarin and soman on dry and wet TiO,(110) us-
ing density functional theory, Surf. Sci., 675, 26-35 (2018).

. T. Alizadeh and L. H. Soltani, Reduced graphene oxide-based gas

sensor array for pattern recognition of DMMP vapor, Sens.
Actuators B., 234, 361-370 (2016).

. M. J. Kim, S. Lee, K. M. Lee, H. Jo, S. S. Choi, and Y. S. Lee,

Effect of CuO introduced on activated carbon fibers formed by
electroless plating on the NO gas sensing, J. Ind. Eng. Chem., 60,
341-347 (2018).

. M. J. Kim, K. H. Kim, X. Yang, Y. Yu, and Y. S. Lee, Improve-

ment in NO gas-sensing properties using heterojunctions between
polyaniline and nitrogen on activated carbon fibers, J. Ind. Eng.
Chem., 76, 181-187 (2019).

. J. S. Lee, O. S. Kwon, S. J. Park, E. Y. Park, S. A. You, H. Yoon,

and J. Jang, Fabrication of ultrafine metal-oxide decorated carbon
nanofibers for DMMP sensor appliciation, ACS Nano, 5, 7992-8001
(2011).

. R. Yoo, S. Yoo, D. Lee, J. Kim, S. Cho, and W. Lee, Highly se-

lective detection of dimethyl methylphosphonate(DMMP) using
CuO nanoparticles/ZnO flowers heterojunction, Sens. Actuators B,
240, 1099-1105 (2017).

. J. S. Im, S. C. Kang, B. C. Bai, T. S. Bae, S. J. In, E. Jeong, S.

H. Lee, and Y. S. Lee, Thermal fluorination effects on carbon nano-
tubes for preparation of a high-performance gas sensor, Carbon,
49, 2235-2244 (2011).

. S. C. Kang, J. S. Im, and Y. S. Lee, Hydrogen sensing property

of porous carbon nanofibers by controlling pore structure and de-
positing Pt catalyst, Appl. Chem. Eng., 22, 243-248 (2011).

. S. Lee, M. S. Park, M. J. Jung, and Y. S. Lee, NO gas sensing



13.

14.

15.

16.

17.

18.

19.

20.

21

Aol =8 AHEI7E F54d setaeAl Sl miAlE 9%

of ACFs treated by E-beam irradiation in H,O, solution, Trans.
Korean Hydrogen New Energy Soc., 27, 298-305 (2016).

M. J. Kim, M. J. Jung, S. S. Choi, and Y. S. Lee, Adsorption
characteristics of chromium ion at low concentration using oxy-
fluorinated activated carbon fibers, Appl. Chem. Eng., 26, 432-438
(2015).

S. D. Kim, J. W. Kim, J. S. Im, S. H. Cho, and Y. S. Lee, Surface
modification characteristics of activated carbon fibers for hydrogen
storage, Trans. Korean Hydrogen New Energy Soc., 17, 47-54
(2006).

B. C. Bai, H. U. Lee, C. W. Lee, Y. S. Lee, and J. S. Im, N, plas-
ma treatment on activated carbon fibers for toxic gas removal:
Mechanism study by electrochemical investigation, Chem. Eng. J.,
306, 260-268 (2016).

J. Y. Jeong, J. Park, I. Henins, S. E. Babayan, V. J. Tu, G. S.
Selwyn, G. Ding, and R. F. Hicks, Reaction chemistry in the after-
glow of an oxygen-helium, atmospheric-pressure plasma, J. Phys.
Chem. A, 104, 8027-8032 (2000).

J. Duch, M. Mazur, M. G. Cepa, J. Podobinski, W. Piskorz, and
A. Kotarba, Insight into the modification of electrodonor properties
of multiwalled carbon nanotubes via oxygen plasma: Surface func-
tionalization versus amorphization, Carbon, 137, 425-432 (2018).
M. J. Jung, Y. Ko, K. H. Kim, and Y. S. Lee, Oxyfluorination of
pitch-based activated carbon fibers for high power electric double
layer capacitor, Appl. Chem. Eng., 28, 638-644 (2017).

S. C. Kang, J. S. Im, S. H. Lee, T. S. Bae, and Y. S. Lee,
High-sensitivity gas sensor using electrically conductive and poros-
ity-developed carbon nanofiber, Colloids Surf. A, 384, 297-303
(2011).

M. J. Jung, M. S. Park, S. Lee, and Y. S. Lee, Effect of E-beam
radiation with acid drenching on surface properties of pitch-based
carbon fibers, Appl. Chem. Eng., 27, 319-324 (2016).

E. J. Song, M. J. Kim, J. I. Han, Y. J. Choi, and Y. S. Lee, Gas

22.

23.

24.

25.

26.

217.

28.

29.

30.

725

adsorption characteristics of by interaction between oxygen func-
tional groups introduced on activated carbon fibers and acetic acid
molecules, Appl. Chem. Eng., 30, 160-166 (2019).

S. J. Park and B. J. Kim, Surface characteristics and hydrogen
chloride removal of activated carbon fibers modified by atmos-
pheric pressure plasma treatment, J. Korean Ind. Eng. Chem., 15,
611-617 (2004).

D. H. Kang, M. J. Kim, H. Jo, Y. J. Choi, and Y. S. Lee, Influ-
ence of the micropore structures of PAN-based activated carbon fi-
bers on nerve agent simulant gas (DMMP) sensing property, Appl.
Chem. Eng., 29, 191-195 (2018).

M. J. Kim, M. J. Jung, S. S. Choi, and Y. S. Lee, Effects of the
fluorination of activated carbons on the chromium ion adsorption,
Appl. Chem. Eng., 26, 92-98 (2015).

M. S. Park, K. H. Kim, M. J. Kim, and Y. S. Lee, NH; gas sens-
ing properties of a gas sensor based on fluorinated graphene oxide,
Colloids Surf. A, 490, 104-109 (2016).

S. Lee, M. J. Jung, K. M. Lee, and Y. S. Lee, Nitric oxide sensing
property of gas sensor based on activated carbon fiber radiated by
electron-beam, Appl. Chem. Eng., 28, 299-305 (2017).

N. Hu, Z. Yang, Y. Wang, L. Zhang, Y. Wang, X. Huang, H. Wei,
L. Wei, and Y. Zhang, Ultrafast and sensitive room temperature
NH; gas sensor based on chemically reduced graphene oxide, Na-
notechnology, 25, 1-9 (2014).

S. R. Morrison, Mechanism of semiconductor gas sensor operation,
Sens. Actuators, 11, 283-287 (1987).

H. Gong, J. Q. Hu, J. H. Wang, C. H. Ong, and F. R. Zhu, Na-
no-crystalline Cu-doped ZnO thin film gas sensor for CO, Sens.
Actucators B, 115, 247-251 (2006).

M. J. Kim, E. J. Song, K. H. Kim, S. S. Choi, and Y. S. Lee, The
textural and chemical changes in ACFs with E-beam and their in-
fluence on the detection of nerve agent simulant gases, J. Ind. Eng.
Chem., 79, 465-472 (2019).

Appl. Chem. Eng., Vol. 30, No. 6, 2019



