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Abstract Activated carbon fibre (ACF) is a nanoporous
material which is useful for various important applications
such as safe biogas and natural gas storage as well as
heavy/precious metals removal and recovery. It is com-
monly produced from synthetic fibres such as rayon,
polyacrylnitrile and pitch mainly derived from petroleum
products, which are less environmental friendly. Besides,
cost of ACF production is high due to the high burnt off
percentage of such expensive raw materials. As an alter-
native, natural fibre of oil palm empty fruit bunch was used
as a raw material for ACF preparation. Thermogravimetric
analysis was carried out with two different gases, i.e.
nitrogen gas and oxygen gas in order to observe pyrolysis
and combustion behaviours in different gases. Carbonisa-
tion temperatures were then identified from the peaks of
derivative thermogravimetry results. Different carbonisa-
tion temperatures (85-200 °C) were chosen to carbonise
the EFB fibre to observe the effect of carbonisation tem-
peratures on the nanoporous characteristics, i.e. surface
area, pore size distribution and pore volume of the ACF
produced. Good nanoporous characteristics such as surface
area up to 2,740 m?>/g of the ACF prepared were observed,
suggesting EFB fibre as an excellent candidate to replace
synthetic fibre for ACF production. The discussion of

W.-C. Tan - R. Othman - F.-Y. Yeoh ()

School of Materials and Mineral Resources Engineering,
Universiti Sains Malaysia, Transkrian Engineering Campus,
Seri Ampangan, Nibong Tebal, Seberang Perai Selatan,
14300 Penang, Malaysia

e-mail: srfeiyee@eng.usm.my

A. Matsumoto

Department of Environmental and Life Sciences,
Toyohashi University of Technology, Tempaku-cho,
Toyohashi 441-8580, Japan

relationship between thermal characteristics and nanopores
in ACF derived from EFB were also included in this study.
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Introduction

Activated carbon attracted the interests from researchers
[1-3]. Activated carbon fibre is a light porous carbon in a
fibre shape. It is a nanoporous material with mainly mi-
cropores in its structure. The large pore volumes of the
ACFs are contributed by their interconnected pores [4]. It
offers short diffusion length with minimum pore diffusion
resistance for adsorbates. It is widely used as a metal
adsorbent and catalyst, safe biogas and natural gas storage,
gas and liquid filtration, antibacterial wound dressings,
disposable gas masks, water filtration and treatment, etc.
Commonly, ACF produced from rayon [5, 6], polyacryl-
nitrile [7, 8] or pitch [9, 10]. Such petrochemical products
are expensive and less environmental friendly. Besides the
environmental concern, due to high burnt off percentages
(more than 80%) of expensive raw materials [11] from
petrochemical products, the cost of ACF remains a large
barrier to be overcome in order to commercialise ACF for
various applications.

Malaysia is one of the largest palm oil producer and
exporter in the world [12]. More than 2.65 million hectares
of land in Malaysia were used for oil palm cultivation [13].
The extraction of palm oil in oil mills left behind numerous
lignocellulosic biomass as agricultural wastes, e.g. empty
fruit bunch (EFB) fibre, palm kernel shell, mesocarp fibre
and palm stone. Malaysia produces EFB fibre in substantial
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amount, i.e. 20 million tonnes per year [14]. This fibre has
very low market value. In fact, EFB fibre has natural pore
channels where allows the access of fluid to nanopore
generated on its pore wall. Thus, EFB fibre could be a good
raw material in ACF production considering its cost,
properties and environmental friendliness.

In this article, EFB fibre was selected as a raw material
for ACF synthesis. Sulphuric acid and carbon dioxide gas
were used as activating agents. The combustion and
pyrolysis behaviours of EFB fibre were investigated by
thermogravimetric analysis. The carbonisation tempera-
tures were determined from thermogravimetry (TG)
results. The effect of carbonisation temperatures on nano-
porous characteristics of ACF was then studied.

Experimental

Empty fruit bunch fibre was obtained from a local palm oil
mill in Penang, Malaysia, while sulphuric acid (H,SO,4)
was purchased from Merck for ACF synthesis. Dried,
cleaned EFB fibre was treated with concentrated H,SO,.
For carbonisation, the H,SOy-treated EFB fibre was then
combusted at different temperatures identified from TG
results. The carbonisation process was carried out in
ambient at 85, 120, 130, 160 and 200 °C for 2 h without
any external gas supply. After the heat treatments, the fibre
was washed with deionised water to adjust its pH value and
dried at 110 °C overnight. The fibre was further activated
with CO, gas. This physical activation process was carried
out by heating the fibre to 900 °C under N, atmosphere at a
heating rate of 10 °C/min, followed by maintaining this
temperature for 1 h under CO, gas stream (with the gas
flow rate less than 1 L/min) and then cooled down to room
temperature under N, atmosphere. Finally, ACF samples
were obtained. The samples’ code was tabulated in
Table 1.

Thermogravimetric analyser (Q500 thermogravimetric
analyser from TA Instruments Inc.) was used to analyse the
thermal behaviours of EFB fibre and determine the car-
bonisation temperatures with heating rate of 5 °C/min in
oxygen or nitrogen atmosphere in this study. The surface
morphology and microstructure of the EFB fibre and ACF

Table 1 Code of samples combusted in oxidative atmosphere

Sample’s code Carbonisation temperature/°C

EC85H2 85
EC120H2 120
EC130H2 130
EC160H2 160
EC200H2 200
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were analysed by using Zeiss Supra 35VP scanning elec-
tron microscope and energy dispersive spectrometer com-
bination instrument. Nitrogen adsorption apparatus, namely
Quantachrome autosorb instrument, was employed to
measure physisorption of samples towards nitrogen at —
196 °C (77 K). The outgas temperature and duration were
set at 300 °C and 3 h, respectively. For comparison with
other works, the pore characteristics, i.e. specific surface
area, micropore volume and pore size distribution of
samples were calculated from the nitrogen adsorption iso-
therms by applying the Brunauer—-Emmett-Teller (BET),
Dubinin—Radushkevich (DR) and Horvath-Kawazoe (HK)
models, respectively.

Results and discussion
Thermogravimetric analysis

The thermal decomposition profile of raw EFB fibre in
nitrogen supply was presented in Fig. 1a. Mass loss due to
raw EFB fibre pyrolysis in nitrogen gas was categorised
into three stages: moisture drying, main devolatilisation
and continuous slight devolatilisation [15]. The moisture
evaporated at temperature lower than 150 °C. No signifi-
cant mass loss was observed in this region (0.06%) prob-
ably due to a low amount of surface adsorbed water by
hydrophobic surface of EFB fibre. Even though most of the
oil content in EFB fibre was rather low after extraction,
there was still some residual oil content remaining in the
EFB fibre. The surface of EFB fibre was rather hydro-
phobic with the oil content that prevented water adsorption
from the atmosphere, hence only little mass loss was
observed. The main devolatilisation regime initiated at ca.
200 °C and persisted to 350 °C with a mass loss of 49.54%.
Beyond 200 °C, the mass decreased rapidly mainly
because of devolatilisation of celluloses and hemicelluloses
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Fig. 1 TG curves for (a) raw and (b) H,SO,-treated EFB fibre during
pyrolysis in N, gas
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accompanied by small mass loss by lignin decomposition.
It was then followed by a slow decrement in mass solely
due to lignin decomposition [16]. Pyrolysis of hemicellu-
loses and celluloses occurred rapidly in the range of
220-315 °C and 315-400 °C, respectively, contributed to a
sharp drop in the TG profile. On the other hand, a gradual
mass loss was observed throughout the TG curve given by
decomposition of lignin (in the range 160-900 °C), which
was more difficult to be degraded [17]. Thus, continuous
slight devolatilisation stage was observed after 350 °C.
There is no obvious mass loss observed beyond tempera-
ture of 550 °C. Overall, the TG curve of raw EFB fibre in
this study agreed well with a typical TG curve of EFB fibre
reported by Idris et al. [18].

Sulphuric acid (H,SO,4) treatment altered the thermal
evolution profiles of EFB fibre. The pyrolysis profiles for
H,SOy-treated EFB fibre were indicated in Figs. 1b and 2,
showing the mass loss of the fibre across different tem-
peratures and their corresponding derivative of the mass
loss (DTG), respectively. H,SOy-treated EFB fibre exhib-
ited three mass losses at temperature less than 250 °C and
an almost flat tailing section at higher temperatures. The
amount of first mass loss below 85 °C (14.35%) contrib-
uted by water vapour evaporation was higher than that of
untreated raw EFB fibre. This is due to a more porous and
hydrophilic surface after acid treatment which, removed oil
content and created pores on the EFB surface by acid
attack. Thermal degradation of the H,SOy-treated EFB
fibre occurred at lower temperatures than that of raw EFB
fibre. According to Valix et al. [19], the intercalation
reactions of sulphuric acid with the fibre caused a signifi-
cant thermal decomposition after 100 °C which led to the
second mass loss of 20.3%. Both intercalation and exfoli-
ation reactions occurred at temperatures beyond 160 °C
[20]. This coincided with the third mass loss (36.61%) for
H,SOy-treated EFB fibre with a significant mass loss at
160 °C. No obvious mass loss was observed after 250 up to
900 °C. This result agreed with the observation reported by
Yang et al. [17], where decomposition of lignin was
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Fig. 2 DTG results for H;SOy-treated EFB fibre during pyrolysis

difficult and occurred gradually up to 900 °C. In other
words, the proposed sulphuric acid treatment had brought
down the pyrolysis temperature from 350 to 250 °C.

Similarly, thermal characteristics of raw EFB fibre and
H,SOy-treated EFB fibre in oxidative atmosphere are
indicated in Fig. 3. Combustion of raw EFB fibre can be
divided into three stages: moisture evaporation, oxidative
degradation and combustion of char [15]. Initial mass loss
(6.29%) at temperature around 100 °C was attributed to the
evaporation of adsorbed water. The subsequence thermal
degradations were due to oxidation of the volatile products
and followed by the oxidation of charred residue [21]. The
oxidative degradation zone of raw EFB fibre occurred in
the temperature range of 200-370 °C. A drastic mass loss
of 59.36% in this zone was due to a combination of total
decomposition of hemicellulose and cellulose, as well as
partial decomposition of lignin [22]. The decomposition of
the remaining lignin and char oxidation persisted to
370-490 °C [23]. The lignin decomposition of raw EFB
fibre proceeded to 900 °C in N, atmosphere as reported by
Yang et al. [17]. In our case, the constant mass loss from
370 °C persisted also all the way to 900 °C. This may be
due to the lignin and char decomposition with the presence
of oxygen. The oxidative reaction contributed to the dif-
ferent mass loss profile beyond 370 °C compared to the
thermal profile of fibre pyrolysed in nitrogen atmosphere
(Fig. 1).

TG and DTG results in Figs. 3 and 4 show three peaks
by major mass losses prior to 250 °C and another signifi-
cant mass loss beyond 450 °C exhibited by H,SOy-treated
EFB fibre. The first mass loss of 13.24% before 85 °C was
attributed to the evaporation of water vapour from the
sample. The intercalation of sulphuric acid caused the
second mass loss of 19.41% occurred within 85-130 °C.
The third major mass loss (38.64%) was due to both
intercalation and exfoliation reactions between sulphuric
acid and the fibre [19, 20]. With the treatment by sulphuric
acid, the end point of volatilisation combustion (370 °C)
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Fig. 3 TG curves for raw and H,SO,-treated EFB fibre during
combustion
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Fig. 4 DTG results for H,SOy-treated EFB fibre during combustion

was shifted towards a lower temperature at 250 °C. At
450 °C, the combustion of remaining lignin and carbon
residues were facilitated by the treatment with sulphuric
acid. As a consequence, the fourth mass loss in chemically
treated fibre occurred at a temperature lower than that of
raw EFB fibre.

As indicated in Fig. 5, both pyrolysis and combustion
behaviours of H,SOy-treated EFB fibre were studied in
nitrogen and air, respectively. H,SOy-treated EFB fibre
exhibited similar thermal degradation profiles at lower
temperatures (7' < 400 °C) in both nitrogen and air atmo-
spheres. The difference in mass loss was significantly
greater at high temperatures (7' > 400 °C) (Fig. 5). From
the comparison of the thermal evolution profiles, carboni-
sation of the H,SOy-treated fibre showed higher mass loss
after 400 °C. Other than continuous lignin decomposition,
oxidative decomposition of carbon residual resulted from
combustion of lignocellulosic materials, on HSOy-treated
fibre surface with oxygen gas in air caused an extensive
mass loss beyond 400 °C. After the cellulosic components
in the fibre were volatilised at 400 °C, porosity in char
increased. Oxygen diffused easily into char to react with
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Fig. 5 TG curves for H,SO,-treated EFB fibre during pyrolysis and
combustion
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the carbon residual components in the fibre during com-
bustion [16], resulted a drastic mass loss which was not
observed in the N, rich pyrolysis. The mass loss difference
between pyrolysed and combusted samples was attributed
to the amount of carbon residual decomposed in such
mechanism.

In short, carbonisation of ACF from EFB fibre could be
carried out through combustion in oxidative environment
(ambient) at lower temperature, compared to pyrolysis in
nitrogen rich atmosphere at higher temperatures. Thus,
further carbonisation of the fibre was decided to be carried
out in an oxidative environment due to lower carbonisation
temperatures. Together with the carbonisation temperatures
suggested by Valix et al. [19], our carbonisation tempera-
tures were also identified at 85, 120, 130, 160 and 200 °C
from the DTG profile upon completion of each DTG peak.

Surface morphological and microstructural analysis

Figure 6a shows the morphology of raw EFB fibre from
cross-section. The cross-sectional image of the raw EFB
fibre revealed that it formed by an enormous amount of
fibrils. The fibrils could subsequently contribute to high
surface area and adsorption sites in the fibre upon
activation.

Microstructures of samples EC85H2, ECI120H2,
EC130H2, EC160H2 and EC200H2 carbonised through
combustions in air are shown in Fig. 6b—f. Numerous
opening of pore channels were observed at the cross-sec-
tional surface of ACF. Such channels were arranged in an
organised two-dimensional structure parallelly similar to
the natural channels formed by microfibrils in EFB fibre
(Fig. 6a). However, the sizes of pore channels seem to be
smaller than that of raw EFB fibre. This may due to the
shrinkage of the fibre because of densification caused by
dehydration and devolatilisation. Smooth cross-sectional
surface of the ACF suggested that the ACF fractured in a
brittle mode failure. However, microfibril observed in pore
opening of raw EFB fibre could not observed at the cross-
section of the ACFs.

Pore characteristics

The pore characteristics of samples EC85H2, EC120H2,
EC130H2, EC160H2 and EC200H2 were further discussed
by referring to the results obtained from nitrogen adsorp-
tion isotherms. The curve of adsorption isotherms provided
qualitative information on the adsorption process and a
general idea on the pore characteristics of the samples. The
isotherms of nitrogen adsorption at 77 K (—196 °C) for
samples EC85H2-EC200H2 which were carbonised at
85-200 °C were shown in Fig. 7. All samples exhibited
characteristics of type-I isotherm associated with
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Fig. 6 SEM images of a cross-
section of raw EFB fibre,

b EC85H2, ¢ EC120H2,
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f EC200H2
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Fig. 7 Adsorption isotherm of nitrogen at —196 °C of samples
EC85H2 (85 °C), EC120H2 (120 °C), EC130H2 (130 °C), EC160H2
(160 °C) and EC200H2 (200 °C)

monolayer adsorption of nitrogen gas. The adsorbed
amount increased immediately up to a relative pressure of
about 0.02 before a plateau was achieved. Very little or
nearly no adsorption was observed after that until the iso-
therms tailed at the end. Large initial nitrogen adsorption
capacity took place at low relative pressure (P/P,) region
indicated that the samples were microporous adsorbents.
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The materials with this typical isotherm normally have an
appreciable adsorption amount even at very low relative
pressure due to presence of enormous micropores. They
had strong interactions in the initial uptake for monolayer
coverage, followed by adsorption by micropores. In gen-
eral, adsorbed amount increased with the increase of
combustion temperature. Higher combustion temperatures
might result in the removal of more volatile organic mat-
ters which generated more micropores.

All samples combusted at temperatures from 85 to
200 °C underwent a carbon dioxide (CO,) activation at
900 °C for 1 h. CO, gas (with kinetics diameter of 3.3 /f\)
was an efficient activating agent to develop microporosity.
This gas caused a steady decrease in the tensile strength to
burn-off without changing the fibre diameter significantly
[9]. Thus, the shrinkage of ACF observed from SEM
micrograph (Fig. 6) was mainly due to carbonisation rather
than CO, activation. All samples produced by combustion
had significant micropores due to such mechanism.

The corresponding pore size distribution (PSD) of
samples EC85H2-EC200H2 was estimated by employing
HK model [15, 24, 25]. In Fig. 8, the PSD of ACF com-
busted at lower temperature range (85-200 °C) matched
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Fig. 8 Pore size distribution of samples EC85H2, EC120H2,
EC130H2, EC160H2 and EC200H2

type-I isotherm characteristics which showed the presence
of micropores. A uniform pore size of 0.7 nm with narrow
PSD (0.5-1 nm) was observed in all the samples produced
by combustion. The micropore development was suggested
with the intercalation of sulphuric acid into EFB fibre.
With heat treatment during carbonisation, the decomposed
products of the sulphuric acid may intercalate and force the
carbon crystallite layers apart. The internal micropores and
surface functional groups containing oxygen were created
because these layers remained in their new positions even
though the intercalant had been removed [26, 27].

The specific surface area of samples EC8SH2-EC200H2
was calculated from the nitrogen adsorption isotherms by
applying the BET equation [28]. DR equation was employed
to calculate the micropore volume from the N, adsorption
data [29, 30]. The surface area, micropore volume and total
pore volume for all the samples were listed in Table 2.

ACF samples which were carbonised through combus-
tion below 130 °C (EC85H2, EC120H2 and EC130H2)
showed decreasing BET surface areas and pore volumes
(both micropore volumes and total pore volumes).
According to a work which reported the transference of
S0O,, O, gases and water vapour through a column of acti-
vated carbon, by Katagiri et al. [31] in the temperature
range from 50 to 140 °C, sulphur dioxide can be oxidised on

Table 2 Physical properties of samples EC85H2, ECI20H2,

EC130H2, EC160H2 and EC200H2

Samples  BET surface Micropore Total pore
area/m’g ™" volume/cc g~ volume/cc g~
EC85H2 1,528 0.634 0.752
EC120H2 1,188 0.505 0.609
EC130H2 955 0413 0.504
EC160H2 2,743 1.153 1.162
EC200H2 2,184 0.883 0.934

@ Springer

carbon to form sulphuric acid which was then accumulated
in the micropore of carbon. Similarly in our samples, after
sulphuric acid treatment, residual sulphuric compounds
may remain on the char surface and in the pores. As tem-
perature increased during combustion, more formation of
sulphuric acid was promoted from the reaction above, with
the presence of water vapour and O, from the combustion
atmosphere as well as SO, from the dissociation of sul-
phuric source from acid treatment. Higher combustion
temperature, produced more sulphuric acid accumulating at
the micropores, resulted a lower degree of carbonisation
due to limited access of O, gas into the micropores filled up
by sulphuric acid. Lower degree of carbonisation brought
about a lower degree of activation, causing lower surface
area and less desirable pore characteristics.

However, a different mechanism applied when the
temperature was higher than 150 °C. Surface complexes
containing sulphur atoms were formed during sulphuric
acid treatment. Compared to sulphuric acid which was
formed below 150 °C and filled up the micropores, such
sulphuric complexes allowed the access of O, gas to the
fibre surface which gave rise to a better degree of car-
bonisation. It has been proven that the removal of sulphur-
containing surface complexes took place at 900 °C in the
presence of CO, [32]. Through this mechanism, higher
carbonisation temperature gave a higher degree of car-
bonisation, provided a better carbonised surface for a more
efficient activation and resulted in more preferable pore
characteristics. This reaction had possibility to cause the
BET surface area and pore volume of sample EC160H2 to
be higher than previous samples. Sulphuric acid performed
both intercalation and exfoliation reactions beyond 160 °C,
which contributed to the excellent pore structure of sample
EC200H2 [20].

Conclusions

At lower carbonisation temperature (7' < 400 °C), H,SOy-
treated EFB fibre exhibited similar thermal degradation
profiles in both nitrogen and oxidative atmospheres. The
difference in mass loss between pyrolysed and combusted
H,SO,-treated fibre was attributed to the amount of carbon
residual decomposed with the presence of oxygen at higher
carbonisation temperature (7 > 400 °C). The amount of
nitrogen uptake in ACF decreased with increasing car-
bonisation temperatures from 85 to 130 °C. This trend may
caused by the limited access of O, gas into the micropores
filled up by excess sulphuric acid resulting a lower degree
of carbonisation and activation. ACF that synthesised with
higher carbonisation temperature (7' > 150 °C) performed
higher nitrogen uptake than samples EC85H2, EC120H2
and EC130H2.
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