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Properties of Activated Carbon Regulated by Rapid
Cooling Treatment after Pyrolysis

Bing Wang,? Huiyuan Chen,** Yonggang Li,>* Hongyu Si,* Haomin Wei,? Zupeng Guo,?
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Effects of rapid cooling following pyrolysis were studied relative to the
properties of activated carbon using different biomass as the raw
materials. Coconut shell-based activated carbon (CSAC), bamboo-based
activated carbon (BAC), and straw-based activated carbon (WSAC) were
activated via high temperature and subsequently rapidly cooled to below
minus 150 °C. The results showed that rapid cooling effectively increased
the specific surface area, pore volume, and yield of activated carbons.
Compared to natural cooling, rapid cooling increased the specific surface
area of CSAC from 1076 m?/g to 1484 m?/g, increased the pore volume
from 1.46 mL/g to 1.57 mL/g, decreased the average pore size from 2.25
nm to 2.13 nm, and increased the yield from 27.1% to 31.5%. The variation
of the properties of activated carbon after rapid cooling using different raw
materials and process conditions were studied using orthogonal
experiments.
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INTRODUCTION

Activated carbon is processed from carbon-rich biomass including wood, forest,
agricultural, and animal wastes (Maiti et al. 2014). Because of its high specific surface area
and well-developed pore structure, activated carbon has been widely used in gas
adsorption, supercapacitor electrodes, and other fields (Ambade et al. 2013). Phosphoric
acid activation is a common method to prepare biomass-based activated carbons. It is
mainly suitable for wood, bamboo, straw, and other agricultural and forestry biomass that
contain plant fiber cell wall structures (Wang et al. 2018). Phosphoric acid can react with
plant fiber in a series of condensation, cyclization, and cross-linking processes to produce
a large number of hydrolysates and fill the vacancies of plant cell cavities and existing
pipes, resulting in a redistribution of cell wall components (Huang et al. 2015).

The main chemical composition of plant fiber is derived from a complex polymer
composed of a polysaccharide (general name of hemicellulose and cellulose) and lignin
(Han et al. 2014). The hydrolysis of lignin is incomplete due to the lower temperature of
phosphoric acid activation. The lignin residues still have the thermoplastic and glass
transition properties of the polymer and become an important component of activated
carbon (Zhuang and Feng 2016).
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Fig. 1. Experimental setup for the rapid cooling treatment of activated carbons

When the high temperature activation is completed, the lignin residue can be
rapidly changed from the high temperature viscous flow state to the glass state by speeding
up the cooling rate, and the low molecular weight compounds produced by hydrolysis can
be quickly fixed in the pores. Activated carbons, with abundant pores and high specific
surface area, can be obtained after the removal of phosphoric acid and hydrolysate via
washing (Choi et al. 2014). Therefore, rapid cooling treatment can be used as a new method
to improve the specific surface area and adjust the pore volume and size of activated
carbon. However, the properties of activated carbon are also affected by the biomass
species, impregnation ratio, activation time, and temperature (Adinaveen et al. 2015), as
well as the effect of the rapid cooling treatment under different process conditions can also
influence the outcome.

The purpose of this study was to investigate the effects of the rapid cooling
treatment on the properties of activated carbon and its applicability. Biomass from coconut
shell, bamboo, and wheat straw were used as the raw materials. The effects of rapid cooling
treatment on the properties of activated carbon obtained under different processes (biomass
type, impregnation rate, activation temperature, and activation time) were investigated by
orthogonal experiment. The specific surface area, pore volume, pore size, and yield of
activated carbons prepared by rapid cooling (RC) and natural cooling (NC) were compared.

EXPERIMENTAL

Materials
Preparation of activated carbon

Coconut shell, bamboo, and wheat straw with a particle size between 2 and 3 mm
were washed, cleaned, and dried at 110 °C for 12 h. Each raw material was divided into
two equal samples (10 g each), both of which were well-mixed with phosphoric acid
solution for 2 h. The impregnated raw materials were heated to 110 °C at a rate of 10 °C
/min and maintained for 1 h, and then heated to 400 -500 °C in a nitrogen atmosphere.
After activation, one mixture was rapidly immersed in liquid nitrogen and cooled to below
-150 °C. The other mixture was naturally cooled to room temperature under N2 flow.
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Finally, after removing ash from the sample with HCI solution, and washing with boiling
water to neutral, the activated carbon samples were obtained.

Methods
Characterization of activated carbon

The specific surface area and average pore size of the samples were measured using
the Brunauer-Emmett-Teller (BET) method. The pore volume was measured using the
Barrett-Joyner-Halenda (BJH) method using an automatic specific surface area and
average pore size analyzer (3h-2000ps4; Bei Shi De Instrument, Beijing, China). Before
the test, the activated carbon samples were degassed at 200 °C for 6 h to remove moisture
and gas impurities.

Orthogonal Experiments

The effects of biomass species, impregnation ratio, activation temperature, and
activation time on the properties of activated carbon prepared by RC and NC were studied
using an orthogonal test system. As shown in Table 1, the orthogonal test table of Lo (3%)
was designed with four different factors and three levels for each factor. There were nine
groups of experiments in total.

Table 1. Factors and Levels of Orthogonal Experiments

Biomass Impregnation Activation Activation
No. Species Ratio Temperature Time
(A) (B) (°C) (©) (min) (D)
1 CSAC 11 400 30
2 CSAC 1.5:1 500 50
3 CSAC 2:1 600 70
4 BAC 1:1 500 70
5 BAC 1.5:1 600 30
6 BAC 2:1 400 50
7 WSAC 11 600 50
8 WSAC 1.51 400 70
9 WSAC 2:1 500 30

RESULTS AND DISCUSSION

Table 2 shows the specific surface area, pore volume, average pore size, and yield
of activated carbon samples obtained via rapid cooling and natural cooling. Figure 2 depicts
the trend of the effect of the rapid cooling treatment on the properties of activated carbon
samples under different factors and levels.

As shown in Fig. 2, when compared with natural cooling, rapid cooling increased
the specific surface area, pore volume, and yield of the activated carbon samples, and
decreased the average pore size. Activated carbons were rapidly placed in liquid nitrogen
after high temperature activation, and the residual lignin was changed from high
temperature thermal deformation to vitrification (Li et al. 2014). Low molecular weight
compounds produced by the hydrolysis of fibers were rapidly frozen and fixed in the pores.
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This cooling method avoids pore shrinkage and blockage, increases the number of pores,
and results in a higher specific surface area and pore volume.

Table 2. Results of Orthogonal Test

No. Specific Surface Area Pore Volume Average pore size Yield
(m?/g) (mL/g) (nm) %

RC NC RC NC RC NC RC NC
1 1237 984 1.35 1.21 1.78 1.86 32.6 30.4
2 1484 1076 1.57 1.46 2.13 2.25 315 27.1
3 1343 1307 1.48 1.45 2.15 2.32 26.3 26.1
4 1325 1207 1.25 1.19 3.03 3.12 23.1 22.7
5 1266 1239 1.17 1.15 3.24 3.37 22.5 21
6 1381 1187 1.19 1.08 341 3.6 24.5 22.4
7 1021 986 1.12 1.14 3.95 3.96 21.5 21
8 1076 1032 1.29 1.27 4.01 4.04 21.3 21.6
9 1184 1201 1.33 1.32 431 4.33 22.6 22.1
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Fig. 2. The effects of rapid cooling treatment on the properties of activated carbon samples under
different factors and levels

The properties of CSAC-RC and BAC-RC prepared with the rapid cooling
treatment changed noticeably. In contrast, WSAC-RC showed no obvious change. The
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property differences for these three active carbons might result from the difference in the
component content and degree of polymerization for the fiber raw materials. For example,
coconut shell is the fruit of woody plants and bamboo is a highly lignified herb (Shrestha
et al. 2017). The content of cellulose and lignin in the coconut shell is higher than that of
bamboo, and the semi-fiber content is lower than that of bamboo (Sun et al. 2016). The
degree of polymerization of hemicellulose is low, and the products are mostly non-
condensable volatiles (Tian et al. 2017). Additionally, the degree of polymerization of
cellulose is higher than that of hemicellulose for coconut shells and depolymerization at
high temperature produces coke, gas, and condensable volatile products (Liang et al. 2017),
which can help maintain the pore structure after a rapid cooling treatment. A higher lignin
content resulted in a stronger ability to fix the pore structure when transitioning from a high
temperature viscous state to a glassy state. Based on the above-mentioned facts, the number
of pores in CSAC after rapid cooling was higher than that of BAC, and the specific surface
area and pore volume increased more obvious.

As a low-lignified herb, wheat straw has higher hemicellulose and cellulose
contents and a lower polymerization degree (Pekala et al. 1998). Phosphoric acid can
penetrate into the raw material fiber relatively quickly, and while the condensable volatile
matter generated during the process of hydrolyzing the fiber raw material is less, the non-
condensable volatile matter is more (Hwang and Hyun 2004). In addition, wheat straw has
a low hardness and low lignin content, making it difficult to provide a skeleton for the
retention of pore structure. Therefore, the effect of the rapid cooling treatment on wheat
straw-based activated carbon was not obvious.

The impregnation ratio had a noticeable effect on the pore size and pore volume
of the activated carbon. At lower impregnation ratios, micropores in activated carbon
develop quickly, while mesopores develop slowly (Fan et al. 2015). After rapid cooling,
more microporous structures were retained in the activated carbon, the specific surface area
and pore volume increased, and the average pore size had no noticeable changes. As the
impregnation ratio increased, the microporous volume of the activated carbon no longer
increased or even decreased, but the mesopores developed noticeably (Souza et al. 2004).
After rapid cooling, more mesoporous structures were retained in the activated carbon, the
average pore size was noticeably reduced, and the specific surface area had no significant
changes.

When the activation temperature was low, rapid cooling markedly increased the
specific surface area, pore volume, and yield of activated carbon. As the activation
temperature increased, the hydrolysis rate of plant fibers increased. However, if the
hydrolysis process is too fast, the produced low molecular compound cannot be condensed
in time and undergoes secondary decomposing at high temperatures to form a non-
condensable gas (Miao et al. 2013). The release of these non-condensable gases led to the
collapse and shrinkage of the pores in activated carbons, resulting in a further decrease in
specific surface area. Even if the temperature was immediately lowered to below -150 °C,
it was still difficult to retain the pore structure formed by the activation. Therefore, when
the activation temperature was higher than 500 °C, the properties of the activated carbon
prepared by rapid cooling showed no obvious change.

When the activation time is short, the hydrolysis of plant fibers is incomplete
(Satoshi et al. 2005), and the properties of activated carbon show no noticeable variation
after rapid cooling. As the activation time is prolonged, the hydrolysis of plant fibers
produces more pore structures, while the small molecule gas produced by hydrolysis
continuously escapes from the pores (Shown et al. 2015). Figure 2 shows that when the
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raw material was activated for 50 min and then rapidly cooled, the specific surface area
and pore volume of the activated carbons were more obviously enhanced. When the
hydrolysis of the plant fiber was completed, a longer residence time resulted in a worse
rapid cooling effect.

CONCLUSIONS

1. Compared to natural cooling, rapid cooling increased the specific surface area of
coconut shell-based activated carbon (CSAC) from 1076 m?/g to 1484 m?/g, increased
the pore volume from 1.46 mL/g to 1.57 mL/g, decreased the average pore size from
2.25 nm to 2.13 nm, and increased the yield from 27.1% to 31.5%. Rapid cooling
treatment had less effect on bamboo-based activated carbon (BAC) and wheat straw-
based active carbon (WSAC) than CSAC, due to the difference of content and
polymerization degree of the fiber raw materials in the biomass. The higher the content
of cellulose and lignin in biomass and the degree of polymerization of fiber structure,
the more obvious will be the effect.

2. The effect of the rapid cooling treatment on the properties of activated carbon was also
related impregnation rate, activation temperature and activation time. When the
impregnation ratio is 1:1, the activation temperature is 400 ° C, and the activation time
is 50 min, the properties of the activated carbon can be markedly improved.
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