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bstract

Polyacrylonitrile precursor fibers prepared using a solvent-free coagulation process were stabilized, carbonized, and physically activated by
arbon dioxide into activated carbon fibers (ACFs). The activation temperature varied from 600 to 900 ◦C while the activation time was 1 h. Atomic
orce microscopy was used to observe the surface morphology, as well as the surface roughness of the ACFs. Higher pyrolysis temperature formed
ougher surfaces, and increased the pore sizes. Meanwhile, Fourier transform infrared spectroscopy revealed more conversion of oxygen containing
unctional groups to carbonaceous materials as the activation temperature increased. Moreover, the microstructure properties were thoroughly
haracterized by the X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) studies. XRD analysis showed that the activation
f the ACFs shrank the ordered structure, reducing the D-spacing from 0.358 to 0.347 nm for the fibers prepared at activation temperatures of
00 to 900 ◦C. Meanwhile, XPS analysis concluded that that the oxygen containing functional groups were still retained even at high activation
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emperatures while the nitrogen containing functional groups were reduced during the high temperature activation in the CO2 atmosphere.
ll Rights Reserved © 2016 Universidad Nacional Autónoma de México, Centro de Ciencias Aplicadas y Desarrollo Tecnológico. This is an
pen access item distributed under the Creative Commons CC License BY-NC-ND 4.0.
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.  Introduction

Activated carbon fibers (ACFs) can be prepared from var-
ous precursors namely polyacrylonitrile (PAN), coal, rayon,
henolic resins and pitches (Tsai, 1994). Different precursors
ill give different properties of ACFs and the pore texture
f the ACFs significantly depends on the nature of the pre-
ursors (Chiang, Lee, & Lee, 2007). Among ACFs based on
any different precursors, PAN based ACFs have attracted
uch attention of many researchers due to its high adsorption

erformance when compared to other counterparts. However,
he organic solvents such as dimethylformamide (DMF) and
imethylacetamide (DMAc), which were often employed in the
∗ Corresponding author.
E-mail address: norhaniza@petroleum.utm.my (N. Yusof).
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tem distributed under the Creative Commons CC License BY-NC-ND 4.0.
onventional coagulation bath in the fabrication of PAN fibers,
ould cause cancer after a long period of exposure due to its car-
inogenic effects (Ismail, Rahman, Mustafa, & Matsuura, 2008;
usof & Ismail, 2012a; Yusof, Ismail, Rana, & Matsuura, 2012).
herefore, in an attempt to reduce the hazardous effects, we

nvestigated the properties of PAN/acrylamide (AM) fiber using
 solvent-free coagulation bath in hollow fiber spinning of the
olymer dope. It is known that the micro-structure of the ACFs
nally obtained depends not only on the nature of the precursor
ut also on the conditions of activation that follows the precursor
ollow fiber spinning, such as the activation temperature and the
ctivation time (Sedghi, Farsani, & Shokuhfar, 2008). Neverthe-
ess, there have been no detailed studies until now to know how
he activation procedure affects the surface structure of PAN-
ased ACFs, particularly when the precursor PAN hollow fibers

re spun in the solvent-free coagulation bath. It should be noted
hat the presence of pores on the rayon-based ACFs surface was
ecently confirmed using AFM (Wang et al., 2011; Zhao, He,
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iang, Li, & Li, 2007). It seems therefore very interesting to
pply the AFM and other characterization methods to investi-
ate the effect of activation conditions on the surface structures
f the newly developed ACFs.

Therefore, the objectives of this study are to investigate the
anipulation of the activation temperature toward the enhance-
ent of micro porous structure of PAN/AM-based activated

arbon fibers prepared using a solvent-free coagulation bath.
n pursuit of this goal, the fibers were extensively characterized
y means of atomic force microscopy (AFM), Fourier trans-
orm infrared (FTIR) spectroscopy, wide angle X-ray diffraction
XRD), and X-ray photoelectron spectroscopy (XPS). With
he aid of these analysis methods, it is expected that this will
e helpful for us to understand the relationship between the
orphological behavior and chemical structure of PAN-ACFs

repared by different activation conditions. The results obtained
rom this study were also compared to the trends reported by
revious studies.

.  Experimental

.1.  Materials  and  fabrication  of  PAN  fibers

Polyacrylonitrile (PAN) in powder form was obtained from
ldrich, USA. Meanwhile, acrylamide (AM) purchased from
igma–Aldrich, Germany was used as an additive. Dime-

hylformamide (DMF) purchased from Merck, Germany was
mployed as the solvent. The method to prepare uniform spin-
ing dope of PAN and AM in DMF was reported earlier (Ismail
t al., 2008; Yusof & Ismail, 2012a; Yusof et al., 2012). Eighteen
eight percent of PAN/DMF solution was prepared, into which
% of AM was added. The slurry was heated continuously at
0 ◦C until a highly viscous dope solution became ready for the
pinning process. Then, the homogeneous dope was degassed
n an ultrasonic bath (Branson Ultrasonics) for 24 h to remove
he gas bubbles present in the dope. The dry-jet-wet spinning
echnique was used to produce PAN fibers. The high interest
egarding environmental issues has resulted in the development
f PAN fiber fabrication in a solvent-free coagulation process
sing 100% tap water in the coagulation bath (Ismail et al., 2008;
usof & Ismail, 2012a; Yusof et al., 2012). The spinning con-
itions used in this study are listed elsewhere (Yusof & Ismail,
012a). The AM/PAN fibers have a round shape cross-section
ith a fiber diameter around 100 �m.

.2.  Pyrolysis  process

The stabilization process was carried out under tension in
n air flow condition by heating at a rate of 2 ◦C/min until
75 ◦C, before constant heating carried on for 30 min. This is an
mportant step in preparing the fibers so that they can withstand
igher temperatures without decomposing during the carboniza-

ion treatment by further orienting and then cross-linking the

olecules (Sedghi et al., 2008; Yusof & Ismail, 2012b). The
uality of the resulting activated carbon fibers depends strongly
pon the degree of stabilization (Yusof & Ismail, 2012b).

1
R
d

Fig. 1. Heat treatment protocol for preparation of ACFs.

The carbonization process was carried out without tension
n a high-purity nitrogen stream with a flow rate of 0.2 L/min
t a heating rate of 3 ◦C/min until 600 ◦C was reached. Then
he temperature was kept at 600 ◦C for 30 min, which is known
s the soaking time. The activation step of the fibers was done
ith the introduction of carbon dioxide gas with a flow rate of
.2 L/min at a heating rate of 5 ◦C/min and at various activa-
ion temperatures of 700, 800 and 900 ◦C for 1 h of activation
ime. The fibers made at the activation temperature of 700, 800
nd 900 ◦C are named as ACF 700, ACF 800, and ACF 900,
espectively. For the case of ACF 600, the fiber is made at the
00 ◦C activation temperature for 1 h in the carbon dioxide gas
tmosphere. It is noted that neither tension nor load was applied
o the fiber during this process. The details of the heat treatment
rotocol can be illustrated in Figure 1.

.3.  Characterization

.3.1.  Observation  of  surface  and  surface  pores  by the
tomic force  microscopy  (AFM)

The surface morphology and roughness (Ra) of the ACFs
ere observed by atomic force microscopy (AFM). The samples
ere washed in ethanol to remove all traces of glycerol. Small
ieces were cut from each fiber, fixed onto magnetic disks by
sing double side adhesive tape and then attached to a magnetic
ample holder, located on top of the scanner tube. In order to
nalyze the fibers internal surface, the fibers were cut longitudi-
ally by means of a sharp razor (Hallmark Blades Ltd., Sheffield,
K). Samples intended for observation of the internal surface
ere sectioned on the bias so that their cylindrical shape was

etained and not strained during observation.
The laser beam of the AFM was focused on a preselected spot

f the surface prior to the engagement of the cantilever. AFM
as operating in a tapping mode at the surface of the ACFs.
urface scanning was done at an ambient temperature under the
ir environment using a NanoScope III AFM equipped with a

533D scanner (Digital Instruments, Santa Barbara, CA). The
a was measured by visual inspection of the line profile from
ifferent areas of the carbon fiber using the NanoScope software.
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Fig. 2. AFM micrographs of

.3.2.  Fourier  transform  infrared  (FTIR)  spectroscopy
Fourier transform infrared (FTIR) spectroscopy was used

o observe the presence of functional groups and chemical
tructure transformation of PAN/AM fibers prepared under
ifferent heat treatment stages of the fiber. The FTIR Nico-
et Magna-IR 560, with potassium bromide (KBr) pellet, was
sed to identify and classify the chemical structure transforma-
ion of PAN/AM fibers prepared under different heat treatment
tages. An IR source at 45◦ incident angle was employed.
oth the top and bottom layer of the asymmetric fiber sur-

ace samples were mounted with facing the crystal surface.
he spectra were measured at room temperature in transmit-

ance mode over a wave number range of 4000–600 cm−1

t a resolution of 4 cm−1 and averaged over 16 scans per
ample.

.3.3. X-ray  diffraction  (XRD)
X-ray Diffraction (XRD) Rigaku Rint 1200 with nickel-

ltered Cu K�  radiation (λ  = 0.154056 nm) at 40 kV and 20 mA
as performed on the PAN fibers in order to observe its crys-

alline related properties. The diffractogram was scanned with a
canning rate of 2◦ min−1 in a 2θ  range of 5–40◦ at room tem-
erature. The data was corrected for Lorentz and polarization
ffects, and finally normalized to a convenient standard area.
he crystallinity of the samples was calculated according to this
q. (1):

rystallinity = Ac

Ac +  Aa

×  100 (1)

The interplanar distance (D-spacing) measurement can be
btained from the peak which appeared in the XRD pattern. The
-spacing of the fibers was calculated by the well-known Bragg

quation, Eq. (2) as follows
-spacing = nλ

2Sinθ
(2)

p
A
n
t

recursor fibers: 2D and 3D.

The stacking size (Lc) was calculated by the Scherrer for-
ula, Eq. (3):

c = kλ

βCosθ
(3)

here k is the apparatus constant (=1), λ = 0.154056 nm and β  is
he half-value width in the radian of X-ray diffraction intensity
s. 2θ  curve.

.3.4. X-ray  photoelectron  spectroscopy  (XPS)
The elemental composition at the surface of the fiber was

etermined by X-ray photoelectron spectroscopy (XPS, Kratos
xis HS X-ray photoelectron spectrometer, Manchester, UK).
ach random fiber was cut into samples of 1 cm from the car-
on fiber. Monochromatized Al K� X-radiation was used for
xcitation and a 180◦ hemispherical analyzer with a three chan-
el detector was employed. The X-ray gun was operated at
5 kV and 20 mA. The pressure in the analyzer chamber was
.33 ×  10−4–1.33 ×  10−5 Pa. The size of the analyzed area was
bout 1 mm2. All of the carbon fiber surfaces were analyzed for
pecific element content at a take-off angle of 0◦ which corre-
ponded to the X-ray penetration depth of 6.3 nm. The angle
etween the normal to the sample and detector is the take-
ff angle (θ). At �  = 0◦ (i.e. sample was perpendicular to the
etector), the maximum sampling depth is achieved which is
.3 nm.

.  Results  and  discussion

.1.  Morphological  structure  properties

The fiber surface topographies of top view and 3-D images
ere observed using AFM. The high peaks that are seen as bright

egions in the AFM images characterize the nodules, while the

ores are seen as dark depressions. As shown in Figure 2, the
FM images revealed that the surfaces of the precursor fiber had
odule like structures and the nodule aggregate was formed at
he surface of the fiber. As can be appreciated, there is a gradual
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ig. 3. AFM micrographs of the ACFs at various temperatures: 2D and 3D of 

00.

ransformation of the precursor fiber depicted in Figure 2 into
he final activated carbon fiber as shown in Figure 3.

Initially, the precursor fiber presents a structure made up of
ong fibrils, approximately parallel to the fiber axis as a reflection
f its molecular conformation shown in Figure 2. Upon the acti-
ation, the fibrils were truncated at several points, losing their
ong range (along the fiber axis) cohesiveness. Upon pyrolysis at
00 ◦C, the anisotropy of the fiber had disappeared completely
nd its morphology consisted of more or less rounded or elon-
ated features arranged in a disorganized way. After activation,
he characteristics of ACFs are significantly altered with the
rooves and striations on the surface vanished while lots of
ores emerged. The changes are mainly caused by activation
Wang et al., 2011). Similar morphological structure properties
ere also observed for ACFs previously studied by researchers

Wang et al., 2011; Brasquet, Rousseau, Estrade-Szwarckopf, &

e Cloirec, 2000).

The images also further indicated that the surface of the fiber
ecomes rougher by the increment of activation temperature as

able 1
ean surface roughness, Ra of precursor fiber and various activated carbon

bers.

iber Surface roughness, Ra (nm)

recursor fiber 1.10
CFs 600 4.16
CFs 700 6.20
CFs 800 10.08
CFs 900 13.42

p
T
F
s
e

t
g
a
(
d
a
i
1

00; 2D and 3D of ACF 700; 2D and 3D of ACF 800; and 2D and 3D of ACF

roven by the AFM images in Figure 3. In line with the physical
bservation, the surface roughness of ACFs was also increased
fter activation. Thus, referring to the data tabulated in Table 1,
he mean surface roughness, Ra of the activated carbon fibers
re increased from 4.16 to 13.42 nm (increment of Ra more than

 times) with the increased activation temperature from 600 to
00 ◦C.

.2.  Chemical  structure  properties

FTIR analysis is a well known and useful method for com-
aring qualitatively either vibrating absorption spectra of fibers
r relative intensities of the respective band (Lv, Ge, & Chen,
009; Ryu, Rong, Zheng, Wang, & Zhang, 2002; Yusof & Ismail,
012a). Figure 4 shows the chemical structure properties of
ctivated carbon fibers prepared under different activation tem-
eratures and heated in CO2 gas stream for 60 min soaking time.
here are two main broad bands in the spectra as shown in
igure 4. The band at 1220 cm−1 is partly associated with C O
tretching and O H bending modes in the functional group (Ryu
t al., 2002).

Meanwhile, the band in the region of 1560 cm−1 is assigned
o an aromatic ring stretching mode or a highly conju-
ated hydrogen bonded C O, analogous to the structure of
cetyl acetone due to the physical activation by CO2 gas
Figueiredo, Pereira, Fritas, & Órfão, 1999; Pradham & San-

le, 1999). As observed in Figure 4, for ACFs with higher
ctivation temperatures (700–900 ◦C), it can be noticed that there
s a decrease in the intensity of the bands at 1220 cm−1 and
560 cm−1 with the increase of the activation temperature from
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From the XRD results, the crystal size decreases with the
increase of the activation temperature. Similar findings were
reported by previous researchers (Lu & Zheng, 2001; Ryu et al.,

Table 2
Structural parameters of precursor fiber and various activated carbon fibers.

Fiber Spacing D002

(nm)
Spacing D10

(nm)
Crystallite size, Lc
(nm)

ACFs 600 0.358 0.226 2.591
ig. 4. FTIR spectra of the ACFs under different activation temperatures.

00 to 900 ◦C. All of the spectra were somewhat similar, and
he main difference was the low intensity of oxygen functional
roups as the activation temperature was increased to 900 ◦C
ndicating that more carbonaceous materials were formed at a
igher temperature.

.3.  Microstructure  properties

XRD is a useful tool for understanding the organization of
arbon at the molecular level and provides qualitative and com-
arative assessment of the degree of packing of microstructures.
he most relevant peaks when examining polymer-based car-
on fibers are the (002) and (10) peaks as stated by previous
esearchers (Lu & Zheng, 2001; Ryu et al., 2002; Yu, Bai,

ang, Xu, & Guo, 2007). In this research, the XRD spectra
or the ACFs treated at different activation temperature during
ctivation step are shown in Figure 5. Two broad peaks at low
iffraction angles are observed to correspond to the diffraction
ngles 2�  at 25.5–26.5◦ and 36–43.30◦, which are assigned to the
02 plane and 10 plane (overlapped 100 and 101) of disordered
icro-graphite stacking, respectively (Ryu et al., 2002; Short &
alker, 1963). The (002) peak is commonly used to determine

he crystal length, which can be attributed to the turbostratic
tructure with randomly oriented graphitic carbon layers while
he (10) peak is related to the distance between carbon atoms on
he same plane (Ryu et al., 2002).

All of the ACFs samples showed wide peaks indicated the
egree of amorphousness and appeared very close to the corre-
ponding value for graphite of 0.335 nm with a diffraction peak
ppearing at 26.58◦ (Sutasinpromprae, Jitjaicham, Nithitanakul,
eechaisue, & Supaphol, 2006). It proves that the physical acti-

ation process by CO2 gas stream toward the PAN/AM fibers
repared from the solvent-free coagulation process is a success.
oncerning the plane 002, the diffraction peak appears between
-θ degrees of 25.50–26.50◦ for the prepared ACFs under activa-
ion temperature of 600–900 ◦C, corresponding respectively to a

-spacing of around 0.3578–0.3465 nm. From the D002 spacing
ata tabulated in Table 2, it demonstrates that as the activa-
ion time increases, the graphite like layer spacing (d-spacing)

A
A
A

ig. 5. XRD spectra of the ACFs under different activation temperatures. Error
nalysis is about ±0.01%.

f fibers declines from 0.3578 to 0.3465 nm. The decrease of
he d-spacing as the activation temperature increases was also
bserved for ACFs prepared from physical activation previously
tudied by Su, Ko, and Lin (2008).

Based on XRD spectra on the ACFs prepared at different acti-
ation conditions, it can be concluded that the graphite sheets
ave been constructed in carbon structure during the activation
tep. The activation of the ACFs shrank the ordered structure,
educing the d-spacing from, 0.358 to 0.347 nm, which corre-
ponds to 3.5% contraction, for the fibers prepared at activation
emperature of 600–900 ◦C. Meanwhile, another peak correlated
o the graphite (10) plane, D10 spacing, represents the repeated
romatic ring in the graphitic structure between 2θ  = 43–45.5◦
as observed in all samples of the activated carbon fibers as

abulated in Table 2.
Referring to the crystallite size data in Table 2, all of the ACFs

amples prepared contain disordered graphite micro-crystallites,
ith inter-crystallite and intra-crystallite voids forming the pores
ith the crystallite size of ACFs ranging from 1.286 to 2.916 nm.
CFs 700 0.360 0.220 2.916
CFs 800 0.354 0.218 1.565
CFs 900 0.345 0.218 1.286
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Fig. 7. O1S spectra of the ACFs under different activation temperatures.
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Fig. 6. C1S spectra of the ACFs under different activation temperatures.

002). ACF 900 has the smallest crystallite size (1.286 nm) and
he shortest D002 spacing was observed at 0.345 nm. A small
rystallite size and short range ordering between crystallites
rovides the prerequisites for the realization of high surface
rea activated carbon fibers (Ryu et al., 2002). Thus, a short
onclusion can be made that 900 ◦C is the optimum activation
emperature for the production of high performance adsorbent

edia.
Meanwhile, the chemical composition and binding charac-

eristic at the surface of the fiber was determined by X-ray
hotoelectron spectroscopy investigation. The X-ray photoelec-
ron spectroscopy spectra of the ACFs samples contain three
istinct major peaks due to carbon, nitrogen and oxygen. In
rder to clarify the functionalities and their variation with the
ctivation temperature, curve fitting procedures on the C1S, O1S
nd N1S spectra were investigated. Referring to Figure 6(a–d),
t can be concluded that all of the prepared ACFs samples show
n asymmetrical shape for the C1S spectra extending from 283
o 288 eV.

This chemical shift toward higher binding energies indi-
ates that there are various carbon-based functional groups on
he surface of these ACFs. A major peak at 284 ±  0.5 eV is
ttributed to C C/C H of carbidic/graphitic carbon (Biniak,
zymański, Siedlewski, & Świątkowski, 1997; Jansen & van
ekum, 1995). In addition, a series of chemically shifted peaks

s observed at the high-binding energy side. Several minor peaks
re generally observed, which occur at binding energies at about
86 ±  0.5 eV, 287 ±  0.5 eV and 289 ±  0.5 eV, respectively. They
an be assigned to C O (ether/hydroxyl) and/or C N, C O
carbonyl), and O C O (carboxyl) functionalities respectively

ppeared upon the heat treatment (Biniak et al., 1997; Wang,
ong, & Zhu, 1996).

t
a

The typical O1S spectra in Figure 7(a–d) appear to contain
ainly three chemically shifted peaks. The main peak at a bind-

ng energy of about 531 ±  0.5 eV is attributed to C O groups
ketone, lactone, carbonyl). While the peak at 533 ±  0.5 eV
s probably due to C O in esters, amides, carboxylic anhy-
rides and oxygen atoms in hydroxyls or ethers, while the other
eak at 535 ±  0.5 eV is tentatively assigned to chemisorbed
xygen and/or water. Thus, based on the C1S and O1S spec-
rum analyses, it can be interfered that there are several forms
f carbon-oxygen functionalities present on the surface of the
ber.

Meanwhile, the N1S spectra in Figure 8(a–d) indicates
hat not only does nitrogen exist in various functionalities on
he surfaces, but these nitrogen functionalities vary to some
xtent from activation temperature of 600–900 ◦C (Wang et al.,
996). The N1S spectra contain two major chemically shifted
eaks: isonitriles compound (398 ±  0.5 eV) and aromatic amine
399 ±  0.5 eV) (Ryu et al., 2002). Other assignments of peaks
99.0–400.0 eV could be attributed to amide functionality due
o the addition of acrylamide in the precursor PAN/AM fibers,
nd the peak at 400–401 eV were credited to aliphatic amine,
hile the peak around 400.9–401.7 eV was probably due to pro-

onated primary amine ( NH3
+) (Wang et al., 1996). From the

1S spectra, it can also be observed that the intensity of the lower
inding energy peak gradually decreased when subjected to the
igher activation temperature. This suggested that the elimina-
ion of aromatic amine occurred during these heat treatment

ctivities.
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Fig. 8. N1S spectra of the ACFs under different activation temperatures.

.  Conclusions

The AFM micrographs analysis shows that porosity is
ncreased together with the loss of volatile components through
he activation process. Meanwhile, the success of physical acti-
ation of carbonized AM/PAN fiber using CO2 gas at 900 ◦C
s proved by FTIR, XRD, and XPS analysis. The intensity of
xygen functional groups is lowered as the activation tempera-
ure was increased to 900 ◦C indicating that more carbonaceous

aterials were formed at a higher temperature. The activation of
he ACFs shrank the ordered structure, reducing the d-spacing
rom, 0.358 to 0.347 nm with an increase of temperature. Thus,
ased on the C1S and O1S spectrum analyses, it can be interfered
hat there are several forms of carbon-oxygen functionalities
resent on the surface of the fiber. The N1s results suggested
hat the elimination of aromatic amine occurred during these
eat treatment activities. These observations infer that nitrogen
riginating from PAN, AM and DMF decreases but oxygen con-
aining functional groups remain, while hollow fiber is heated in
O2 atmosphere. In the meantime, d-spacing decreases leading

o more compact structure. It is also proved that the precursor
bers prepared via environmental friendly solvent-free coagu-

ation processes that the micro-porous structure confirmed its
otential to be used as an adsorbent media for gas separation in
he near future.
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