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Abstract: Two kinds of typical activated carbons (coal based AC and coconut shell based AC) were modified in a 
flow of N2 gas has been carried out using a microwave device operating at 2450 MHz and different input power, 
instead of a conventional furnace. The samples were analyzed by means of low temperature N2 adsorption, 
elemental analysis and Boehm titration. The results show that microwave heating is an effective means of activated 
carbon modification. The temperature of activated carbon increases rapidly under microwave heating and then 
gradual increase to a quasi-stationary temperature. The pore texture of activated carbon changes slightly after 
microwave treatment and the two activated carbons still keep rich pore structure. The oxygen functional groups 
decompose and evolve with the form of CO and CO2. This in turn gives rise to a significant decrease in oxygen 
content. These changes of oxygen contents increase as the microwave input power increases. During microwave 
treatment, a gradual decrease in the surface acidic functional groups is observed. More important, with the removal 
of the surface acidic groups, the number of the basic group increased gradually, the activated carbon with oxygen 
functional groups become basic properties material. 
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INTRODUCTION 

 
Activated carbon is widely used as adsorbents and 

also as catalysts as well as catalyst supports for gas-
phase and liquid-phase application, due to its extensive 
surface area, well-developed micropore structure and the 
presence of functional groups of different types on the 
surface (Nilgun et al., 2008; Nestor et al., 2004). The 
physical and chemical characteristics of activated carbon 
can be controlled by the selection of precursors and 
activation methods and also achieved by post-treatment 
(Josefa et al., 2010; Hui-Hsin et al., 2006). Thermal 
treatments in different gaseous environments are 
performed in order to adjust pore structure and surface 
chemistry (Lisovskii et al., 1997; Daley et al., 1997; 
Ohkubo et al., 2000; Boudou et al., 2003).  

Microwave heating has been successfully applied 
for the preparation and regeneration of activated carbon 
(Foo et al., 2011; Emine et al., 2008). Microwaves 
supply energy to the carbon particles and this energy is 
converted into heat within the particles themselves by 
dipole rotation and ionic conduction. Microwave heating 
has the advantages of rapid temperature rise, uniform 
temperature distribution and saving of energy over 
conventional heating method (Carrott et al., 2001). 
Hence, it is expected that microwave heating will be a 
viable technology for the modification of activated 

carbon. So far, there are relatively few studies in this 
field. Menéndez et al. 1(999) and Liu et al. (2010) have 
reported the surface modification of activated carbon 
and activated carbon fiber by means of microwave 
heating. 

In this study, two kinds of activated carbons（coal-
based and coconut shell-based）were treated in an 
atmosphere of N2 using a microwave device under 
different input power instead of a conventional heating 
system. The effects of microwave heating on the pore 
texture and surface chemistry were characterized and 
analyzed. 

 
EXPERIMENTAL 

 
Microwave treatment: The commercial coal-based 
and coconut shell-based activated carbon manufactured 
by Shanghai Activated Carbon Co. Ltd. Were used as 
starting material (CAC and CSAC). In all experiments 
the particle size used was between 0.83 and 0.88 mm. 
Carbon AC was dried at a temperature of 105°C in an 
oven for 24 h to remove adsorbed water. 

The microwave heating system shown in Fig. 1 
consists of microwave generator and controller, 
multimode resonant cavity, temperature measuring 
system, gas analysis and data acquisition system. The 
magnetron    (model: LG-2M285)  gives   a   continuous
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Fig. 1:  Schematic diagram of microwave heating system 
 
adjustable microwave power between 0 and 3 kW. The 
temperature of the carbon bed during microwave 
treatment was measured using a sheltered type-K 
thermocouple which was inserted into the center of the 
activated carbon bed. A filter capacitor is connected to 
the end of the leading wire of the thermocouple, as 
shown in Fig. 1, in order to eliminate high frequency 
interference from thermocouple induction.  

Some AC was placed in a quartz reactor, at the 
bottom of which a perforated quartz plate was fixed to 
sustain the samples and the reactor was in turn placed 
inside a multimode resonant microwave cavity. 
Microwave treatment consisted in subjecting the 
samples to microwave heating at different microwave 
power for 15 min (samples were named AC-power). N2 
of 500 mL/min controlled by a mass flow controller 
(Sevenstar CS200) was kept for 30 min before the 
microwave treatment to outgas air and was maintained 
during treatment and cool-down intervals. The 
microwave-treated activated carbons were stored in a 
sealed glass jar, which was purged with N2, in order to 
prevent the samples from being exposed to air. The 
input power of the microwave heating system was set at 
different power (100, 200, 300 and 400 W, 
respectively) and the microwave frequency used was 
2450 MHz. The amounts of CO and CO2 evolved 
during microwave treatment were monitored 
continuously using a Fourier-transform IR spectrometer 
(GASMET, DX-4000). 

Physical and chemical characterization of activated 
carbon: The pore texture of the activated carbon was 
characterized by N2 adsorption isotherms at 77 K using 
a QuadraSorb Station 1 instrument. The specific surface 
area was calculated from N2 adsorption data using the 
BET equation. The total pore volume, micropore 
volume, the average pore width and pore size 
distributions were determined using DFT method.  

Elemental analysis of carbon, hydrogen and 
nitrogen was carried out using a Vario EL III analyzer. 
The ash content was determined according to the 
standard test method for granular activated carbon. The 
oxygen content was determined by difference. 

The analysis of surface functional groups was based 
on the Boehm titration method (Boehm, 1994). The 
basic groups were neutralized with 0.1 mol/L HCl 
solution. The acidic groups were neutralized with 0.1 
mol/L NaOH solution. 

 
RESULTS AND DISCUSSION 

 
Microwave heating: The energy supplied by the 
microwave     generator     is     deposited    directly    in 
activated carbon and the temperature reached will 
therefore depend on the fraction of the supplied energy 
which is actually adsorbed by activated carbon during 
microwave treatment the ability of a carbon material to 
adsorb    microwave    energy   depends on the nature of  

FT-IR spectrometer 

 

N2 
Resonant cavity 

Circulator 
Quartz reactor 

Thermocouple 

Microwave 
controller 

Microwave 
generator 

Data acquisition 
system 

Mass flow 
controller 

Filter capacitor 



 
 

Res. J. Appl. Sci. Eng. Technol., 5(5): 1836-1840, 2013 
 

1838 

0 4 8 12 16
0

200

400

600

800

1000

T
em

pe
ra

tu
re

 (℃
)

time (min)

 100W
 200W
 300W
 400W

 
 
Fig. 2: Temperature-time courses of AC during microwave 

treatment at various input power 
 
carbon as well as the microwave power applied to the 
sample (Haque, 1999). In the present experiments the 
amount of activated carbon, the moisture content, the 
particle size and the nature of activated carbon were all 
the same for all samples. Hence, the differences in the 
temperatures reached by each sample and its evolution 
during the treatment may be a consequence of the 
different microwave input power. 

Figure 2 shows the evolution of the temperature of 
the activated carbon bed during microwave treatment at 
various input power. In all cases heating of the 
activated carbon is quiet fast taking in the initial stage, 
however,  the  temperature  is not constant during the 
15 min of treatment. At the beginning, there is a rapid 
increase in temperature and then gradual increase to a 
quasi-stationary temperature. The larger the input 
microwave power, the more rapidly the temperature of 
activated carbon bed rises and the higher the 
temperature reaches in quasi-stationary stage. When the 
microwave power is as high as 400 W, the temperature 
rises up to 800°C in one min and reaches to the quasi-
stationary stage, about 900°C, around 2 min after 
commencement of the treatment. When the power is 
100 W, the temperature reaches about 500°C in 4 min.  

Carboxyl, lactone, phenol, carbonyl and quinone 
groups, which present different thermal stability, have 
been identified on activated carbon surfaces. Surface 
oxygen functional groups on activated carbon 
Carboxylic acids give CO2 at low temperatures and 
lactones give CO2 at higher temperature. Carboxylic 
anhydrides give both CO2 and CO. Phenols, ethers, 
carbonyls and quinones give CO at different 
temperatures (Figueiredo et al., 1999; Biniak et al., 
1997), decompose upon heating in an inert atmosphere 
by releasing CO2 and CO at different temperature. 

The CO2 and CO evolved during microwave 
treatment at different input power are shown in Table 1. 
Due   to   different   temperature   rising   rate  and  final 

Table 1: The evolved CO2 and CO during microwave treatment at 
various input power 

Sample CO2 (μmoL/g) CO (μmoL/g)
CAC-100 43.90 8.200
CAC-200 66.70 20.60
CAC-300 107.3 68.10
CAC-400 131.2 122.5
CSAC-100 439.4 99.80
CSAC-200 814.8 161.9
CSAC-300 975.6 640.9
CSAC-400 995.2 732.8

 
temperature under different microwave input power, the 
samples present different extents of decomposition of 
surface oxygen functional groups. The larger the 
microwave power, the more rapid the decomposition of 
surface oxygen groups, the more the amounts of CO2 
and CO evolved during microwave treatment. Small 
amounts of CO2 are desorbed at the power of 100 W, 
indicating that there may be a few carboxylic groups 
which are decomposed at low temperature (Figueiredo 
et al., 1999). The amounts of CO2 evolved increase with 
microwave power increasing, indicating that there may 
be quantities of carboxylic anhydrides and/or lactones, 
which are relatively stable and decomposed at higher 
temperature. There is minimal amount of CO evolved 
during 100 W treatment, which may be originated from 
carboxylic anhydrides or phenols. The amounts of CO 
evolved increase with microwave power increasing, 
indicating that there may be quantities of phenols, 
carbonyls and quinones, which are decomposed at 
higher temperature. 

 
Effect of microwave heating on the pore texture: The 
N2 adsorption isotherms were analyzed by means of 
BETand DFT methods.The pore textural characteristics 
of the samples before and after microwave treatment 
are summarized in Table 2.  

The as-received activated carbon, coal based 
activated carbon, has a well-developed porosity with a 
BET specific surface area of 1090 m2/g. Due to the loss 
of some mesopores during microwave treatments, 
microwave treatments slightly decrease the BET specific 
surface area, pore volume and micropore volume. These 
changes increase as the microwave input power 
increases. During microwave treatment, the activated 
carbons present a sharp temperature rise and this high 
temperature treatment causes the contraction of carbon 
skeleton and changes in pore structure. However, the 
contraction of carbon skeleton has the same effects on 
micropores and mesopores and pores of different width 
are shrinking, so, microwave treatment has little effect 
on the average pore width. 

As to coconut shell based activated carbon, the pore 
volume is 0.3298 cm3/g, in which the micropore volume 
is 0.2755 cm3/g, shows that activated carbons are mainly 
microporous. In general, the textural properties are quite 
similar in the all microwave treated case. The BET 
specific surface area and micropore specific
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Table 2: Textural characteristics of the as-received and microwave-treated activated carbon 

Sample 
BET surface area 
(m2/g)

Pore volume
(cm3/g)

Micropore volume
(cm3/g)

Mesopore volume 
/ (cm3/g) 

Pore width
(nm)

CAC 1090 0.5190 0.2660 0.2530 1.167
CAC-100 1067 0.5100 0.2520 0.2580 1.167
CAC-200 1014 0.4810 0.2500 0.2310 1.167
CAC-300 968 0.4650 0.2250 0.2400 1.167
CAC-400 916 0.4360 0.2000 0.2360 1.167
CSAC 618.1 0.3298 0.2755 0.0543 2.134
CSAC100 641.0 0.3400 0.2866 0.0534 2.122
CSAC200 642.5 0.3440 0.2842 0.0598 2.142
CSAC300 637.0 0.3377 0.2848 0.0529 2.120
CSAC400 646.3 0.3438 0.2871 0.0567 2.128

 
Table 3: Elemental analysis and acid-base groups of as-received and microwave-treated activated carbon 

 
 

Elemental analysis (wt %)
----------------------------------------------------------------------- Acidic groups 

(mmoL/g) 
Basic groups 
(mmoL/g)C H N O

CAC 79.43 0.60 0.41 8.52 0.110 1.1200
CAC-100 80.33 0.62 0.43 7.42 0.060 1.1500
CAC-200 81.69 0.55 0.39 5.83 0.010 1.1900
CAC-300 84.33 0.54 0.37 3.42 0 1.2000
CAC-400 86.19 0.59 0.36 1.51 0 1.2300
CSAC 89.02 0.86 0.30 9.81 0.2375 0.5200
CSAC100 94.95 0.73 0.39 3.93 0.1469 0.5732
CSAC200 95.19 0.59 0.62 3.60 0.1500 0.5829
CSAC300 95.82 0.69 0.39 3.10 0.1000 0.6327
CSAC400 97.07 0.65 0.32 1.97 0.0625 0.6710

 
surface area increased about 3%, the pore volume and 
micropore volume about 4% due to the microwave 
activation. So the increased specific surface area and 
pore volume almost concentrated on micro pour. It is 
interesting to note that a microwave treatment of 100 W 
power was sufficient to increase its textural properties. 
High power microwave treatments did not produce any 
further important changes in these parameters. 

As commented above, microwave treatment has 
slight impacts on the textural properties and the results 
are in agreement with a similar lack of significant 
textural changes observed in other conventional 
thermally treated activated carbon (Figueiredo et al., 
1999; Lisovskii et al., 1997; Daley et al., 1997). The 
pore texture of activated carbon changes slightly after 
microwave treatment and the two activated carbons still 
keep rich pore structure. 

 
Effect of microwave heating on the surface 
chemistry: The results of elemental analysis given in 
Table 3 show that microwave treatment results in an 
increase in the carbon content for all microwave-treated 
activated carbons. This indicates an overall reduction in 
the total quantity of heteroatom present in the samples. 
Microwave treatment produces minor changes in the 
contents of nitrogen and hydrogen. In particular, it 
should be noted that the oxygen content is always 
reduced. These changes in the contents of carbon and 
oxygen increase as the microwave input power 
increases. Although the reduction of oxygen present is 
particularly significant in AC-400, the oxygen content of 
CAC and CSAC is still 1.5 and 1.97%, respectively. 

The amounts of the acid and basic surface groups 
on the original and treated activated carbon are shown in 
Table 3. The surface of CAC and CSAC are all 
amphoteric with much more amounts of basic surface 
groups. Microwave treatment enhances the basic 
properties of the activated carbons at the expense of the 
acidic properties. Acidic surface oxygen functional 
groups are more weakly attached to the carbon surface 
than basic ones. During microwave treatment, acidic 
surface oxygen functional groups are released as CO2 
and CO. In particular, AC-300 and AC-400 fail to 
determine the acid surface groups which may be 
completely removed during the microwave treatment. 
However, the oxygen content of CAC-400 and CSAC-
400 are still 1.5 and 1.97%, indicating that at least part 
of the oxygen is very strongly bound to the carbon 
surface in the form of surface functional groups, certain 
CO-yielding groups of a basic nature, which can resist 
temperature as high as 950°C and are not eliminated 
during microwave treatment. 

The basic properties of activated carbons increase 
gradually with input powers increasing. The basic 
property of activated carbons is due to the presence of 
surface groups of a basic nature and to the contribution 
of the delocalized π-electrons of the basal planes which 
would be reinforced when surface oxygen functional 
groups are removed from the activated carbon surface 
(Leony Leon et al., 1992). Microwave heating 
treatment changes the nature and quantity of surface 
functional groups and has significant effects on the 
surface chemistry.  
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CONCLUSION 
 
The results presented show that microwave heating 

in an inert environment is a very effective means of 
modifying the properties of activated carbon to remove 
oxygenated functionalities from carbon surfaces and to 
obtain materials with basic properties. At the beginning, 
there is a rapid increase in temperature and then gradual 
increase to a quasi-stationary temperature. Microwave 
treatment has little effect on the pore texture of activated 
carbon. For the coal based AC, high temperature 
treatment causes the contraction of carbon skeleton and 
the loss of some mesopores. As to coconut shell based 
AC, which is mainly microporous, BET specific surface 
area, the pore volume and micropore volume slightly 
increased under microwave treatment. Depending on the 
characteristics of the carbon sample, microwave-induced 
treatments can remove most of the oxygen-containing 
surface groups, especially those of an acidic nature. 
More important, with the removal of the surface acidic 
groups, the number of the basic group increased 
gradually, the activated carbon with oxygen functional 
groups became basic properties material. 
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