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Abstract. Self-activation takes advantage of the gases emitted from the pyrolysis process of biomass to
activate the converted carbon. Therefore, a high-performance activated carbon is obtained with no addition
of activating agents. In this study, kenaf fiber was self-activated into activated carbon. The Brunauer—
Emmett-Teller (BET) specific surface area (SAggr) of nonactivation and self-activation pyrolyzed at
1100°C for 2 h was analyzed and obtained as 252 and 1280 m?/g, respectively, with 408% difference. The
results showed that the highest SAggr (1742 mz/g) was achieved when a kenaf fiber was pyrolyzed at
1100°C for 10 h. A linear relationship was shown between the In(SAggr) and the yield of kenaf fiber—based
activated carbon through the self-activation process. The study also showed that the produced activated
carbon with a 9.0% yield gave the highest surface area per gram kenaf fiber (80 m?/g kenaf fiber) and those
with the yields between 7.2 and 13.8% produced 95% of the greatest surface area per gram kenaf fiber
(76 m?/g kenaf fiber).
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INTRODUCTION Poulopoulos 2006). Activated carbon was first
produced on an industrial scale in the early part
of the 20th century in Europe. In the early stage,
activated carbon was in the form of powder, called
powdered activated carbon (PAC). Recently, many
types of activated carbon, eg granular activated
carbon and pelletized activated carbon, have been
developed. The Swedish chemist von Ostreijko
obtained two patents, in 1900 and 1901, covering
the basic concepts of chemical and physical—
thermal activation of carbon, with metal chlorides
and with carbon dioxide and steam, respectively
(Sontheimer et al 1988). In 1909, a plant named
Chemische Werke was built to manufacture, for
the first time on a commercial scale, the PAC

Activated carbon is a crude form of graphite with a
random or amorphous structure. It is highly porous
with a large internal surface area (Hamerlinck
et al 1994). Activated carbon exhibits a broad
range of pore sizes from visible cracks or crevices
to slits of molecular dimensions. Generally, acti-
vated carbon has a specific surface area of greater
than 500 m?/g as determined by the gas adsorption
technique. In the adsorption analysis, nonpolar
gases, eg N,, CO,, Ar, and CHy, are usually used.
N, adsorption at 77 K is widely used (Mohan and
Pittman 2006).

The use of carbon can be traced back to ancient

times. The earliest known use of carbon in the
form of wood chars (charcoal) was in 3750 BC
by the Egyptians and Sumerians (Inglezakis and
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Eponit from wood, adopting von Ostrejko’s gasi-
fication approach (Dabrowski 1999). Mozammel
et al (2002) reported that activated carbon sales in
the world market were estimated at 375,000 tons
in 1990, excluding the sales in eastern Europe and
China. If eastern Europe and China were considered,
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total sales could be more than 450,000 tons. By
the late 1990s, the world market was estimated
at about 700,000 tons/yr, with a market growth
of about 4-6%/yr. The global activated carbon
market was about $1.8 billion in 2011 and is
estimated to reach $3.0 billion by 2016. Accord-
ing to a recent report, the worldwide activated
carbon demand is expected to increase more than
10% per year to 1.9 Mt by 2016 (The Freedonia
Group 2012).

Currently, the methods of activation include
physical-thermal and chemical activation (Wikipedia
2015). Physical-thermal activation uses a mild
oxidizing gas, eg CO, and water steam, to elimi-
nate the bulk of volatile matter, followed by partial
gasification during pyrolysis (Rodriguezreinoso
et al 1995; Zhang et al 2004; Hameed and
El-Khaiary 2008). Greater porosity and surface
area can be obtained from the physical-thermal
activation method. In chemical activation, chem-
icals are used to increase the surface area (Lua and
Yang 2004; Aber et al 2009; Xu et al 2010; Zhang
et al 2010; Shi et al 2015). Prior to activation, raw
materials are impregnated with certain chemicals
(ZnCl,, KOH, NaOH, K,HPQ,, etc) and then are
processed by the activation steps.

The self-activation process of biomass described
in this study takes advantage of the gases emit-
ted from the biomass during the carbonization
process to serve as the activation agent. There-
fore, the carbonization and activation are com-
bined into one step (Shi and Xia 2014; Xia
and Shi 2016). The literatures show that the
pyrolysis gases from the biomass mainly contain
H,, CO, H,0, CO,, and CH, (Yang et al 2007;
Crombie and Masek 2014; Mukarakate et al
2014). Among them, CO, and H,O have been
widely used as activating agents in the activated
carbon manufacturing (Zhang et al 2004; Mohan
and Pittman 2006). Thus, the pyrolysis gases,
CO, and H,0, may serve as activating agents
to activate the carbon. In our recent research,
the activated carbon fabricated through the self-
activation process using a kenaf core presented
great specific surface area (up to 2432 m?/g)
(Xia and Shi 2016). In this study, kenaf fiber
was used for the self-activation process, and

the greatest specific surface area obtained was
1742 mz/g, which is comparable with that manu-
factured using the conventional activation pro-
cesses (up to 1926 m*/g for physical activation
and 1642 m?/g for chemical activation) (Yahya
et al 2015). Compared with conventional acti-
vated carbon manufacturing, using self-activation
saves the cost of activating agents and decreases
the environmental impact, compared with con-
ventional activation processes. Physical activa-
tion using CO, and chemical activation using
7ZnCl, are two common methods in the conven-
tional activation process. Both processes intro-
duce additional CO, (Mohan and Pittman 2006)
or ZnCl, (Zhang et al 2010), from which both the
CO, emission (the main emitted gas is still CO,)
from the activation process and the zinc com-
pound removal by acid from the follow-up pro-
cess cause environmental concerns. However,
the exhausting gases (mainly CO and H,) from
the self-activation process can be used as fuel
or as feedstock for methanol production with
further synthesis.

In this study, the self-activation process of kenaf
fiber was investigated. The parameters of self-
activation, including temperature and dwelling
time, were evaluated, and the effect of changes
of specific surface area on the yield were eluci-
dated. In addition, the effective use of kenaf
fibers for producing the greatest total surface area
is discussed.

MATERIALS AND METHODS
Self-activation Process

A high-temperature versatile box furnace (STY-
1600C, Sentro Tech Corp., Strongsville, OH)
was used for the experiment (Fig 1a). The box
furnace had a type-k thermocouple with a data
logger (TC101A, MadgeTech, Inc., Warner, NH)
for detecting internal temperature and a digital
pressure gauge (ADT680W-25-CP15-PSI-N,
Additel Corp., Yorba Linda, CA) for measuring
the pressure of the furnace chamber. Kenaf fiber
was obtained from Ken Gro Corp., Charleston,
MS. The MC of the fiber was 11.7% based on
the procedure described in American Society for
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Figure 1. (a) Box furnace and (b) the internal pressure and
temperature as a function of time in three pyrolysis periods:
A) ramping of 10°C/min; B) dwelling for 10 h; and C)
controlled cooling of 10°C/min and then self-cooling to
room temperature.

Testing and Materials (ASTM) D 4442 standard
(ASTM 2010). A self-activation process was con-
ducted on the kenaf fiber. The following proce-
dures were carried out:

1. The kenaf fiber was placed into the box fur-
nace chamber.

2. A vacuum was applied to the furnace for about
2 h to reach a pressure of —97,906 + 34 Pa
(96.6% vacuum), and then all the values of the
furnace were turned off to keep a closed system.

3. The temperature of the furnace was increased
in three steps (Fig 1b): A) ramping with 10°C/
min, B) dwelling, and C) cooling with no more
than 10°C/min to room temperature.

Nonactivation

A comparative experiment was designed and
carried out for examining the difference between
self-activation and nonactivation (Fig 2a). For the
specimens with self-activation, the kenaf fiber
was placed inside the furnace with no cover,
which allowed the gases generated from the bio-
mass to flow through the converted carbon mate-
rial. For the specimens with nonactivation, the
biomass was put in a crucible and a cap was used
to cover the container, allowing limited gases to
access the biomass materials. The biomass in the
crucible (volume about 0.5 L) was pyrolyzed to
generate gases, which flowed out of the crucible
to the furnace. When the pressure reached a bal-

(b)

Figure 2.  Self-activation vs nonactivation: (a) kenaf fibers
in the furnace and (b) SAggT values.

Self-activation

Non-activation

ance inside and outside of the crucible, the gas
exchange stopped. Thus, only a small amount
of gases, 1.4% (0.5 L/350 L, crucible volume/
furnace volume) remained in the crucible, which
provided limited gas activation opportunity for
the material. It was considered nonactivation.

Characterization

Prior to characterization, the activated carbon
products were crushed into a powder by an ultra-
fine pulverizing machine (RT-UF26, Rong Tsong
Precision Technology Co., Taichung City, Taiwan).
According to ANSI/AWWA 2010, the require-
ments for the particle size distribution of PAC
are not less than 99% of the activated carbon
shall pass a no. 100 sieve, not less than 95% shall
pass a no. 200 sieve, and not less than 90% shall
pass a no. 325 sieve. The activated carbon sample
was labeled as PAC (pyrolysis temperature,
dwelling time), eg PAC (1000°C, 10 h).

The N, gas adsorption capabilities of PAC were
determined by nitrogen adsorption at 77 K with
a surface area and pore size analyzer (3Flex
3500, Micromeritics Instrument Corp., Norcross,
GA). The samples were vacuum degassed at
350°C for 3-5 da using a degasser (VacPrep 061,
Micromeritics Instrument Corp.) and then in situ
degassed at 350°C for 20 h by a turbo molecular
drag pump (EXT75DX 63CF, Edwards Limited,
Crawley, West Sussex, UK). Specific surface
areas were calculated from the isothermal plots
through the instrumental software (3Flex Version
1.02, Micromeritics Instrument Corp.). The
Brunauer—Emmett—Teller (BET) method was used
for the specific surface area analysis. Pyrolysis
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Table 1. Data summary of the pyrolysis products with different parameters.
Pyrolysis temperature Dwelling time Yield SA?ET
Sample [§®)] (%) (m“/g)
PAC (700°C, 10 h) 700 10 17.08 122
PAC (750°C, 10 h) 750 10 16.58 139
PAC (800°C, 10 h) 800 10 15.99 194
PAC (850°C, 10 h) 850 10 15.45 290
PAC (900°C, 10 h) 900 10 13.14 542
PAC (950°C, 10 h) 950 10 8.49 844
PAC (1000°C, 2 h) 1000 2 11.28 681
PAC (1000°C, 4 h) 1000 4 8.96 956
PAC (1000°C, 6 h) 1000 6 7.49 1072
PAC (1000°C, 8 h) 1000 8 6.65 1336
PAC (1000°C, 10 h) 1000 10 3.52 1534
PAC (1000°C, 15 h) 1000 15 3.20 1616
PAC (1000°C, 30 h) 1000 30 291 1540
PAC (1000°C, 40 h) 1000 40 2.06 1558
PAC (1000°C, 60 h) 1000 60 1.34 282
PAC (1050°C, 10 h) 1050 10 2.16 1561
PAC (1100°C, 10 h) 1100 10 221 1742
PAC (1150°C, 10 h) 1150 10 4.58 1460
Ash* 650 12 1.16 34
* Ash content was determined in accordance with ASTM D 2866 standard (ASTM 2011) that kenaf core was pyrolyzed in an air-atmosphere muffle furnace

at 650°C for 12 h.

parameters, yields, and BET specific surface area
(SAggT) are summarized in Table 1.

RESULTS AND DISCUSSION
Self-activation vs Nonactivation

Self-activation and nonactivation were compared
by a comparative experiment (Fig 2a). Both self-
activation and nonactivation were carried out at
1100°C for 2 h. The SAgg of self-activation and
nonactivation were obtained as 1280 and 252 mz/g,
respectively, from which a 408% increase was
calculated with the self-activation compared with
the nonactivation (Fig 2b). It was indicated that
the converted carbon was activated by the emitted
gases during the self-activation process.

Yield vs Pyrolysis Parameters

The effect of different pyrolysis parameters (pyro-
lysis temperature and dwelling time) on the effi-
ciency of the self-activation process was studied.
Pyrolysis experiments were conducted on the
kenaf fiber at different temperatures between

700°C and 1150°C with an interval of 50°C,
dwelling for 10 h. The relationship between yield
and pyrolysis temperatures is shown in Fig 3a.
Four phases can be identified in Fig 3a: A) 700-
880°C, B) 880-1000°C, C) 1000-1080°C, and D)
1080-1150°C. High yields (17.08-15.45%) were
obtained in Phase A, compared with Phase B-D.
As the pyrolysis temperature increased, the yield
decreased and a slow self-activation was pre-
sented in Phase A. In Phase B, as the temperature
increased from 880 to 1000°C, the yield contin-
ued to decrease and the decrease in yield acceler-
ated (0.096%/°C) compared with that in Phase A
(0.011%/°C). In Phase C, the yield reduction rate
decreased to 0.027%/°C, indicating that the tem-
perature had less effect on the yield decrease.
In Phase D, yields increased as pyrolysis temper-
ature increased. The reason could be that the
decomposition rate (gases into carbon) exceeded
the gasification rate of the carbon by the activat-
ing gases during Phase D (Xia and Shi 2016).

Figure 3b shows a relationship between yield and
dwelling time at a pyrolysis temperature of
1000°C. As illustrated in Fig 3b, as dwelling time
increased, yield decreased rapidly at the initial
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time (pyrolysis temperature: 1000°C).

stage and then slowed down until it levelled off.
The process followed this exponential function:

Yield = 1.16% + 33.35%

x dwelling time~'-0%

(1)
where 1.16% is the ash content determined
based on the procedure described in ASTM D
2866 standard (ASTM 2011). The coefficient of
determination (R?) for Eq 1 was 0.8627.

Specific Surface Area vs Pyrolysis Parameters

The effects of pyrolysis temperature and dwell-
ing time on the SAggt of activated carbon were
investigated, and the results are shown in Fig 4.
Changes in SAggr as a function of pyrolysis
temperature (dwelling time: 10 h) are shown in
Fig 4a. In general, SAggt increased as pyrolysis
temperature increased from 700 to 1000°C and
then levelled off. Figure 4b shows that SAggr
increased during the first 10 h and then levelled
off. This phenomenon was consistent with our
previous research on the self-activation for
kenaf core (Xia and Shi 2016), in which SAggt
of produced activated carbon became constant
after 15 h of self-activation (pyrolysis tempera-
ture: 1000°C). However, SAggt suddenly dropped

Yield of the activated carbon as a function of (a) pyrolysis temperature (pyrolysis time: 10 h) and (b) pyrolysis

when pyrolysis time increased from 40 to 60 h, ie
SAggr decreased from 1558 to 282 mz/g. The
reason could be that the yield of the sample with
60-h pyrolysis time was 1.34%, which was very
close to the ash content, 1.16%, at which SAggt
was only 34 m?/g.

Yield-dependent Specific Surface Area

According to the data in Table 1, the surface
area of the produced activated carbon from the
self-activation process could be designed by
controlling the yields. A relationship between
In(SAggt) and yield (Fig Sa) was established as
the following equation (R* = 0.9577):

In(SAper) = —9.8460 x yield + 7.6702 (2)

PAC (700-850°C, 10 h) was excluded in the
analysis because they had relatively lower
SAggT and greater yields. One possible reason
could be that some volatile matter remained dur-
ing the relatively low temperature (700-850°C),
resulting in the blocking of pores (Xia and Shi
2016). The yield of PAC (1000°C, 60 h) was
1.34%, very close to the ash content (1.16%),
causing a dramatic decrease of SAggr. In general,
SAggr of the activated carbon increased as yield
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Figure 4. Specific surface area of activated carbon as a function of (a) pyrolysis temperature (pyrolysis time: 10 h) and

(b) pyrolysis time (pyrolysis temperature: 1000°C).

decreased to a certain point and then SAggr
decreased until the activated carbon turned into
ash. An activation model (Xia and Shi 2016) was
developed to explain the effect of changes of
SAggr on yield. Two steps were included in the
activation model, pore expansion and pore com-
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1 g biomass.

bination. At the initial stage, pore expansion
dominated. The small pores expanded, whereas
specific surface area increased. After a certain
point, pore expansion dominated. Two or more
pores were combined into one pore, whereas spe-
cific surface area dramatically decreased because
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Relationships between yields of activated carbon and (a) In(SAggt) and (b) the total surface area produced by
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of the disappearing wall between the pores. Dur-
ing the final stage, the produced activated carbon
turned into ash.

The efficiency of total surface area generation
from kenaf fiber was analyzed (Fig 5b). The
surface area per gram kenaf fiber was calculated
using the following equation:

Surface area per gram biomass
= SABET X y161d (3)

According to Egs 2 and 3, a relationship between
surface area per gram biomass and yield was
established and shown in Eq 4:

Surface area per gram biomass

— ¢ 98460Xyield+T.6702 o via]q (4)
Data calculated from Eq 4 were plotted, and as
shown in Fig 5b (dashed line), the PAC with a
yield of 10.2% gave the greatest surface area
per gram kenaf fiber (80 m?/g biomass). Yields
between 7.2% and 13.8% produced a surface
area per gram kenaf fiber within 95% of the
maximum (76 mz/g kenaf fiber). These results
provide a guide for taking full advantage of
kenaf fiber to create the maximum surface area
by controlling the yields.

CONCLUSIONS

Self-activation is an effective activation process
for activated carbon from biomass. Kenaf fiber—
based activated carbon was successfully produced
using the self-activation process without intro-
ducing additional activating gases or chemicals.
Comparisons of self-activation and nonactivation
showed that surface area of produced carbon
can be dramatically increased. The relationships
between yields and surface area (SAggt) were
found to have a lineal fitting between In(SAggT)
and yields. In addition, the study of kenaf fiber’s
effectiveness for producing greatest total surface
area showed that a yield of 10.2% received a
maximum surface area per gram kenaf fiber,
and yields between 7.2% and 13.8% were rec-
ommended to obtain an effectiveness of more
than 95% of the maximum.
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