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ABSTRACT 

Major properties of a series of activated carbons produced from agricultural waste corn cob by 
either chemical activation (activating agents: ZnCl2, KOH, K2CO3) or physical activation 
(gasification gases: CO2, steam-N2 mixture) were discussed and compared in this study. Well 
developed activated carbons with higher specific surface areas and more microporous structures can 
be obtained by using both manufacturing methods and compete with the commercial ones (Calgon 
F400). The resulting activated carbons produced by the latter method possess greater microporosity. 
Potassium salts act like catalyst rather than chemical activating agent although they do alter the 
thermal decomposition behavior during the carbonization. Chemical activation with activating 
agents, such as zinc chloride and potassium salts, combined with CO2 activation has a large yield of 
the resulting activated carbon. Physical activation with steam-N2 mixture at 1173 K not only 
produces superior microporous activated carbon but also matches the cleaner production and 
sustainable environment. 
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INTRODUCTION 
 

Activated carbon is widely applied in the separa-
tion, purification and recovery processes. Any inex-
pensive material with high carbon content, but low 
inorganics, can be used as the precursor to produce ac-
tivated carbon. Numerous researches have been made 
on the precursor materials and preparation methods of 
activated carbon from carbonaceous materials, espe-
cially biomass. Basically, the manufacture of activated 
carbon includes two main methods: the chemical and 
physical activations. For the chemical activation, the 
precursor is impregnated with the chemical agent such 
as zinc chloride (ZnCl2), phosphoric acid (H3PO4), 
and etc. The process is only performed in one step for 
carbonization and activation at temperature range of 
673-1073 K. Previous studies have shown that the op-
timal temperature is around 873 K when ZnCl2 was 
used as the activating agent [1]. On the other hand, the 
physical activation normally involves the carboniza-
tion under inert atmosphere followed by the activation 

of the resulting char in the presence of activating 
agents, such as oxygen, CO2, steam, and the mixture 
thereof [2], at higher temperature range of 1073-1373 
K. The reactivities of the activating agents noted 
above in sequence are oxygen, steam and CO2 [3]. In 
the meantime, a single-stage steam pyrolysis activa-
tion procedure had been investigated, which showed 
the promising results [4, 5].  

The corn cob is one of the agricultural wastes of 
large quantities in Taiwan. The proximate and ele-
mental analyses of corn cob interpret that corn cob is 
very suitable for the production of activated carbons 
due to its high carbon content and low level of inor-
ganic compounds [6]. In order to resolve the problem 
of waste and reach for the goal of resource recovery, 
investigation of both chemical and physical activa-
tions to convert the corn bob into useful activated car-
bon was made by our previous studies [6-11]. How-
ever, the differences and characteristic features of the 
resulting activated carbons produced by these two 
methods have not  discussed  and  compared  yet.  The  
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Table 1. Proximate and elemental analysis of corn coba. 
Proximate analysis (wt. %) Elemental analysis (wt. %) 

Moisture 4.3 C 46.8 
Volatile 78.7 H 6.0 

Fixed carbon 16.1 N 0.9 
Ash 0.9 O (balance) 46.3 

a Reference of Tsai et al. [7]. 
 

objective of this work is to present an overview on the 
characteristics of a series of resulting activated car-
bons prepared by corn cob, comparing the perform-
ance of both activation methods, and offering com-
prehensive understanding for the activated carbon 
production from corn cob. 

 
 

PRECURSOR MATERIALS 
 

Precursor corn cob mainly contains four parts: 
pitch of 2 wt.%, woody ring of 60 wt. %, coarse chaff 
of 34 wt.% and light chaff of 4 wt. % [12]. The main 
parts of corn cob for activated carbon production are 
the portions of woody ring and coarse chaff. The corn 
cob was ground and sieved to the size of 12-16 mesh 
and dried at 378 K overnight as the pretreatment. In 
addition, the wind force was used to remove the light 
parts of the samples during the pretreatment procedure. 
A typical analysis of corn cob is shown in Table 1. 
The results show that corn cob has high carbon but 
low ash content, which is very suitable for the produc-
tion of activated carbon. Compared with other bio-
mass such as soft/hard wood, lignin, nutshells and 
moringa oleifera, the carbon content of corn cob is 
similar to those of others while the volatile of that is 
the highest among all [2, 4-5]. After pretreatment, the 
samples were ready for physical activation. The sam-
ples for chemical activation were prepared as follow-
ing with zinc chloride (ZnCl2) or potassium salts 
(KOH or K2CO3) as activating agents. Corn cob of 
fixed amount was mixed with one of these agents in a 
glass flak, filled of 200 cm3 solution of various con-
centrations, in order to obtain various impregnation 
ratios based on mass percent (wt. %). The impregna-
tion was carried out at around 353±5 K on a hot plate 
with boiler-reflux condenser for 1-2 hours. The solid 
samples were prepared well after filtrated and dried at 
383±10 K overnight. 

 
 

EXPERIMENTAL APPARATUS AND 
PROCEDURES 

 
The experimental apparatus to produce activated 

carbon is shown in Fig. 1. After completing the prepa-
ration for carbonization and chemical/physical activa-
tion, the stainless steel crucible loaded with the sam-
ple of 10 gram was put into the reaction net. The heat- 

  
Fig. 1. Schematic diagram of experimental system for the 

preparation of activated carbon. 1. CO2 cylinder; 
2. N2 cylinder; 3. three-way valve; 4. molecular 
sieve; 5. mass flow controller with PIC; 6. fast 
connectors; 7. thermocouple; 8. reaction net; 9. 
thermocouple; 10. heating furnace; 11. tubular 
fixed-bed reactor; 12. temperature recorder; 13. 
temperature controller; 14. cycle water system; 
15. oil collector; 16. vent to hood; 17. mixture 
device; 18. water syringe; 19. quartz column; 20. 
heating belts. 

 
ing rate and temperature were controlled, monitored 
and recorded by  the  temperature  controller,  thermo-
couple and temperature recorder, respectively.  

The gases of N2 (purity of 99.99 %) and CO2 
(purity of 99.99 %) from the steel cylinder was sup-
plied by the commercial company (Ching-Feng-Harng 
Co. Ltd. in Taipei, Taiwan). The flow rates of gases 
were controlled by mass flow rate controllers (Model 
HFC202, Hastings Instruments). The steam-N2 mix-
ture was produced by the use of water syringe pump 
(Model 355, Sage Instruments) combined with heating 
belt (HT353, Electrothermal Engineering Ltd.) and the 
commercial N2 gas, as reported previously [11]. For 
characterization measurements, the resulting chars and 
activated carbons were mixed with 3 N HCl to free the 
organic and mineral residues attached to the surface 
and hid in the pore of the particles. After filtration, the 
samples were washed with deionized water and then 
dried in a vacuum oven at 378 K overnight. 

 
 

CHARACTERIZATION MEASUREMENT 
 

The physical characteristics, such as specific sur-
face areas and pore volumes, of the resulting chars 
and activated carbons were determined by means of 
N2 gas adsorption at 77 K with an  automated  adsorp- 
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Fig. 2. Thermogrvimetric analysis diagram of corn con 

under N2, gas stream of 60 cm3/min at a fixed 
heating rate of 10 K/min. ---: original sample 
without impregnation. —, and ——: impregnated 
with weight ratios of 15 wt. % KOH for1 hour, 
and 175 wt. % ZnCl2 for 2 hours, respectively. 

 
tion instrument (ASAP 2000, Micromeritics). Prior to 
measuring the physical  characteristics,  samples  were 
degassed for 24 hrs at 573 K in a vacuum of about 10-

5 mm Hg to eliminate moisture and other volatiles 
from the sample. The standard BET method applied in 
a relative pressure range from 0.06 to 0.2 was used to 
determine the specific surface area (SB) of the samples. 
The total pore volume (Vt) was obtained by convert-
ing the amount of N2 (expressed in cm3/g STP) at a 
relative pressure of 0.99 into the volume of the liquid 
adsorbate. By assuming that the pores are all straight 
and cylindrical with the same diameter and depth, and 
not interconnected [13], the average pore diameter 
may be calculated by 4Vt/SB. The micropore surface 
area (Si) and volume (Vi) were determined by the t-
plot method. In addition, the mesopore (Ve) and 
macropore (Va) volumes were estimated by Vt and Vi 
combined with the proportion, which is obtained from 
Barrett-Joyner-Hanlenda (BJH) adsorption pore dis-
tribution, of mesopore to macropore volumes. 

 
 

CARBONIZATION 
 

Pyrolysis analyses were examined by a thermo-
gravimetric analyzer (TGA, Du Pont 9900 Thermal 
Analysis System) under N2, gas stream of 60 cm3/min 
at a constant heating rate of 10 K/min from room tem-
perature to 1273 K, shown in Fig. 2. There are three 
obvious stages for unimpregnated corn cob during the 
pyrolysis, which are 298-523, 523-673 and 673-1273 
K. It may be due to dehydration, devolatilization, and 
consolidation of the resulting char obtained from the 
previous stage, respectively [14]. The weight loss 
shape of the sample impregnated with weight ratio of 
15 wt. % KOH for 1 hour is similar to that of the un-
impregnated one before 640 K but has higher residue, 

whereas the derivational weight curves show great dif-
ference between these two preparation ways. Based on 
differential thermogravimetry (DTG) analysis, two 
major and one minor peaks were existed for the unim-
pregnated samples representing the different reactions 
during the carbonization. The samples impregnated 
with weight ratios of 15 wt. % KOH for 1 hour and 
175 wt. % ZnCl2 for 2 hours mainly have one peak at 
about 590 K, and two peaks at 447 K and 772 K [15], 
respectively. For the samples impregnated with weight 
ratio of 15 wt. % KOH for 1hour, when the tempera-
ture is higher than 610 K, the carbonization process 
proceeds slowly so that it provides more time to de-
velop the pore structure, resulting in producing chars 
with more micropores. For the sample impregnated 
with weight ratio 175 wt. % ZnCl2 for 2 hours, its 
weight loss shape is much different from those of un-
impregnated and impregnated samples with KOH. 
Comparing the thermogravimetric behavior of the 
case with ZnCl2 with those of the cases without im-
pregnation and with impregnation with KOH, the py-
rolytic reactions proceed moderately for a wider range 
resulting in a higher yield. The changes of the thermal 
decomposition behavior during the carbonization may 
be due to the utilization of the chemical agents, which 
can reach the interior of the corn cob, generate the hy-
drolysis reactions of various levels during impregna-
tion, and promote the aromatic condensation reactions 
to various extents [16]. In addition, an increase of the 
impregnation ratio of ZnCl2 increases the temperature 
for the appearance of the second peak [15].  

As the heating temperature increases, the organic 
matter of the precursor was firstly destroyed. The con-
solidation process of the precursor was then in pro-
gress to obtain the compact solid product during the 
carbonization. The product is by name of char or the 
resulting char, of which the initial porous structure is 
weak. Its pores are often filled with decomposition 
products and tar, and blocked with amorphous carbon 
[1]. Carbonization was carried out at constant heating 
rate of 10 K/min under inert atmosphere condition un-
til reached the specific final carbonization temperature 
(Tcf) in this series of studies, of which the results are 
shown in Table 2. More detailed information about the 
effects of Tcf on the properties of the resulting chars 
may be referred to the previous studies [6-11, 15]. 

The utilization of chemical agents (such as KOH 
and K2CO3) is favorable for creating more specific ar-
eas of the resulting chars. Compared with the BET 
specific surface areas (SB) of the resulting chars under 
the various flow rates of N2, gas, the SB values are 
about the same, interpreting that the flow rate of N2, gas 
almost does not affect the carbonization process when 
KOH is used as the chemical agent. As for the results 
at various final temperatures, the SB of the resulting 
char obtained at 1173 K (549 m2/g) is about six times 
more than that at 1073 K (91 m2/g), showing that the 
final temperature of  the  carbonization  is  one  of  the  
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Table 2. BET surface of the resulting chars under various carbonization conditions.a 
 Condition  Specific surface area, SB 
 Precursor Carbonization (m2/g) 
Impregnated with weight ratio of 15 wt. % KOHb N2, gas = 200 cm3/min 369c 
Impregnated with weight ratio of 15 wt. % KOHb N2, gas = 500 cm3/min 327c 
Impregnated with weight ratio of 15 wt. % KOHb N2, gas = 800 cm3/min 348c 
Unimpregnated N2, gas = 200 cm3/min 91c 
Unimpregnated N2, gas = 200 cm3/min 549d 

a: Sole carbonization starting from 298 K while being stopped at final carbonization temperature. 
b: Impregnation time = 2 hours. c, d: Final carbonization temperatures = 1073 K, 1173 K. 

 
Table 3. List of BET specific surface areas of resulting activated carbons with chemical and physical activations. 

Sample Production conditiona 
Specific surface area, SB 

(m2/g) 
Vi/Vt, Vt 

(%, cm3/g) 
4Vt/SB 

Å 
P-1 0 wt. %-0-1073 K-1 hr-CO2

b 608 79, 0.30 19.5 
P-2 0 wt. %-0-1073 K-2 hr-CO2 670 83, 0.34 20.4 
P-3 0 wt. %-0-1073 K-1 hr-steamc 897 75, 0.45 20.2 
P-4 0 wt. %-0-1073 K-2 hr-steam 998 75, 0.51 20.5 
P-5 0 wt. %-0-1173 K-1.3 hr- CO2 1705 51, 0.88 20.7 
P-6 0 wt. %-0-1173 K-0.83 hr-steam 1315 74, 0.66 20.0 
C-1 15 wt. % KOH-1 hr-1073 K-1 hr-N2 608 — — 
C-2 15 wt. % KOH-1 hr-1073 K-1 hr-CO2 1806 61, 0.87 19.2 
C-3 37.5 wt. % K2CO3-2 hr-1073 K-1 hr-N2 506 — — 
C-4 37.5 wt. % K2CO3-2 hr-1073 K-1 hr-CO2 1541 68, 0.74 19.3 
C-5 175 wt. % ZnCl2-2 hr-773 K-0.5 hr-N2 1410 60, 0.70 19.9 

a: Impregnation ratio - impregnation time - final temperature of carbonization - activation time - activating agent. b: The purity of 
CO2 is 99.99 %. c: Steam in N2 with a concentration of 40 vol. %. d: ρs, ρp, εp: true density, apparent density, and porosity of 
particles. e: For C-2, ρs = 2.47 g/m3, ρp = 0.78 g/m3, εp = 0.68; for C-4, ρs = 2.42 g/m3, ρp = 0.86 g/m3, εp = 0.64. 

 
most important parameters of the processes. From the 
previous study [10], the precursor size is  also  an  im-
portant factor in the process. The procedure of im-
pregnation with the chemical agent (e.g., KOH), 
which makes the volatile to evolve earlier and pro-
vides more time to establish the porous structure, 
promotes the development of the SB of the resulting 
chars to a certain extent. In addition, the carries gas 
can be changed from the inert gas (e.g., N2) to any re-
active gases (e.g., steam, for one single-stage steam 
physical activation) for the specified goals. The CO2 
used as the carbonization gas was also investigated in 
the previous study, supporting that it helps the devel-
opment of the microporous structure of the resulting 
char [10].  

 
 

ACTIVATION 
 

For chemical activation, the precursor was im-
pregnated with the activating agents in the concen-
trated solution by mixing. The goal of impregnation 
with chemical agents is to restrict the formation of tar 
and induce some hydrolysis reactions, which enhance 
the exit of volatiles, weaken the structure, and in-
crease in elasticity of the precursor [14]. As for the 

physical activation, the endothermic reactions (e.g., 
C+H2O→H2+CO; C+CO2→2CO) between the result-
ing chars and activating agents result in a slight loss of 
mass, create more micropores, and subsequently 
widen the microporosity; however, the exact mecha-
nism has not yet fully understood [3]. The SB values 
and some physical properties of the resulting activated 
carbons by chemical and/or physical activation are 
listed and compared in Table 3.  

Compared with the SB values of P-1 (608 m2/g) 
and P-5 (1705 m2/g), the higher temperature has the 
advantage of producing the resulting activated carbons 
with greater SB values and pore structures of better 
development. Regarding the effect of activating agents 
in the cases of P-5 (1705 m2/g) and P-6 (1315 m2/g), 
using low partial pressure of steam (i.e., 40 vol. %) as 
the activating agent may produce a more selective at-
tack on the carbon structure, which contributes greater 
mircroporous structure, compared with the case of us-
ing CO2 as activating agent [11]. Similar results were 
obtained by Rodriguez-Reinoso and Molina-Sabio [14] 
for olive stone.  

When potassium salts are used as activating 
agents for chemical activation, it is necessary to fol-
low up the physical activation to obtain resulting acti-
vated carbons with high SB values, as seen in the cases 
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of C-1 (608 m2/g) and C-2 (1806 m2/g). Among the 
cases of P-1 (608 m2/g), P-3 (897 m2/g), C-1 (608 
m2/g) and C-3 (506 m2/g), using steam-N2 mixture as 
the activation agent is the most effective method to 
produce good resulting activated carbons at 1073 K. 
The use of KOH with N2 does not help in the aspect of 
creating more specific surface areas but the yield.  

Comparison of SB values with P-1 (608 m2/g), C-
2 (1806 m2/g), and C-4 (1541 m2/g), the usage of 
KOH/K2CO3 with CO2 dramatically promotes the 
creation of surface areas. This shows that the potas-
sium salts act like catalyst rather than chemical acti-
vating agent and effectively catalyze the C-CO2 reac-
tion although they do alter the thermal decomposition 
behavior during the carbonization process. The cata-
lytic function of the potassium may take place and be 
restricted within the vicinity of it, which also induces 
the selective attack on the limited surface similar to 
the case with steam-N2 mixture activation [14]. In ad-
dition, compared with Fe catalyst reported by Rodri-
guez and Molina-Sabio [14], potassium salts are the 
better catalysts to produce resulting activated carbons 
with more microporous structure and small pore size, 
and to effectively and subsequently develop the mi-
croporosity. Regarding the chemical activating agent 
of ZnCl2 in the case of C-5, the resulting activated 
carbons are well developed at much lower activation 
temperature. This interprets that ZnCl2 is a very good 
chemical activating agent for activated carbon produc-
tion when corn cob is used as the precursor.  

During the carbonization and subsequent activa-
tion processes, the formation of tar and the porous 
structure are inhibited and created, respectively. The 
more the amount of ZnCl2 is used, the larger the SB of 
the resulting activated carbon is gained. In addition, 
the combination of ZnCl2 with the followed CO2 acti-
vation for producing activated carbon was also inves-
tigated by Torregrosa and Martin-Martinez [17]. Their 
results show that the followed CO2 activation en-
hances the supermicro and mesoporosity of the result-
ing char without causing any important difference in 
reactivity. When the metal salts are used in the pro-
duction process, the acid wash is a necessary proce-
dure because the salts may block the pores resulting in 
reducing about a half of the specific surface areas of 
the resulting activated carbons, as reported by Tsai et 
al. [9]. In the meantime, the recovered chemical agent 
from washing may be reused in the impregnation 
process, achieving the sustainable use. 

Noting the specific surface areas and pore 
diameters of the resulting activated carbons with 
chemical and physical activations in the cases of P-5, 
P-6, C-2, C-4, and C-5 indicates that the resulting 
activated carbons can compete with the commercial 
ones. These results also illustrate that not only 
chemical activation but also physical activation is a 
very good method to produce activated carbon from 
corn cob. The average pore diameters of the resulting 

near 20 Å for all the cases and slightly smaller than 
that of Calgon F400 (i.e., 24 Å) [11], which shows 
that both manufacturing methods can produce micro-
porous activated carbons. The resulting activated car-
bons obtained from the physical activation possess 
higher proportion of microporous volumes than that 
from the chemical activation, interpreting that the 
metal salts not only effectively create the specific sur-
face areas but also widen the micropores formed. For 
the cases of physical activation using steam-N

activated carbons are near 20 Å for all the cases and 

2 mix-
ture at 1173 K, the superior activated carbon can be 
produced. The method can also avoid the greenhouse 
effect mainly caused by CO2. In addition, the physical 
activation can be employed to replace the chemical 
activation, which causes more pollution problems 
from the metal slats, achieving the goal of clean pro-
duction, which is much friendlier to the environment. 
More detailed information about the application of 
physical and chemical activations and of activation 
agents at various experimental conditions may be re-
ferred to the previous works [6-11, 15]. As for the de-
tailed discussion about the activation mechanism and 
the comparison of using KOH and K2CO3, one may 
refer to the studies of Chang et al. [11] and Tsai et al. 
[8, 9], respectively. 

 
 

CONCLUSIONS 
 

Well developed activated carbons with higher 
specific surface areas and more microporous struc-
tures can be obtained by using both manufacturing 
methods employing chemical and physical activations 
and compete with the commercial ones (Calgon F400). 
The resulting activated carbons produced by the latter 
method possess greater microporosity. The higher 
physical activation temperatures have potential and 
advantage of producing greater microporous activated 
carbons and can overcome the drawbacks of long pe-
riod of activation time to obtain the activated carbons 
with similar specific surface areas compared with the 
those via chemical activation. Potassium salts act like 
catalyst rather than chemical activating agent although 
they do alter the thermal decomposition behavior dur-
ing the carbonation, requiring further subsequent CO2 
physical activation. Chemical activation with activat-
ing agents, such as ZnCl2, KOH, or K2CO3, has a 
higher yield of the resulting activated carbon. Physical 
activation with steam-N2 mixture at 1173 K not only 
produces superior microporous activated carbon but 
also matches the cleaner production and sustainable 
environment. It should be recognized that the agricul-
tural waste corn cob is a suitable precursor to produce 
activated carbon competing with the commercial ones 
by any of the physical activation (e.g., with CO2 or 
steam-N2 mixture), chemical activation (e. g., with 
ZnCl2), and the combination of both (e. g., subsequent 
CO2 activation of KOH/K2CO3 activated carbon). 
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以化學及物理活化法由玉米穗軸製備活性碳 
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摘  要 

本文探討並比較以化學活化(活化劑為：ZnCl2、KOH、K2CO3)及物理活化(氧化劑為：CO2、蒸汽-氮之
混合氣體)兩種方法由玉米穗軸備製所得一系列活性碳之主要特性。應用前述兩種方法都能製得與商用活性
碳(Calgon F400)同級之高比表面積及多微孔結構之活性碳。在兩種方法中，以後者所得活性碳之微孔度較
高。在碳化過程中，鉀鹽不僅會影響熱分解行為，而且有觸媒之功能。將使用 ZnCl2及鉀鹽為活化劑之化學

活化結合使用 CO2之物理活化可製備得到高產率之活性碳。 而以蒸汽-氮之混合氣體於 1173 K 進行物理活
性，不僅可製得好的多微孔性活性碳，同時也符合清潔生產及永續環境之訴求。 

 

 


