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Abstract Sugi (Cryptomeria japonica D. Don)  wood 
powder was carbonized at varying temperatures by a one- 
step process up to 1000~ and a two-step process using 
wood charcoal as the raw material up to 1600~ This study 
was conducted to evaluate the adsorptive properties of 
wood charcoal and discuss the mechanism of its adsorptive 
function in relation to the physical and anatomical 
characteristics of wood after carbonization. Anatomical  
characteristics of carbonized wood materials were directly 
observed under  heating using an environmental  scanning 
electron microscope (ESEM); the cell wall structures were 
analyzed by high-resolution transmission electron micro- 
scope (HRTEM).  The largest weight losses were observed 
at the highest temperatures, in both the one-step and two- 
step processes but leveled off above 800~ Shrinkages in 
the tangential, radial, and longitudinal directions increased 
with carbonization temperature,  peaking at 1000~ Direct 
observations by E S E M  showed distinct shrinkage at around 
400~ The first trial observations by H R T E M  on the 
changes in the ultrastructure of cell wails of wood charcoals 
were done, and it was assumed to affect the formation of 
micropores. Adsorpt ion was found to follow the Langmuir  
isotherm model. With the one-step carbonization process, 
the iodine adsorption capacities of the carbonized wood 
powders increased with increasing carbonization tem- 
perature, peaking at 800~ but decreased at higher 
temperatures. The wood powder carbonized at 1000~ with 
the two-step process showed the highest capacity, but 
further heating up to 1400~ drastically decreased the 
adsorption. The shrinkage of cells was related to the 
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increases and decreases in its specific surface area. Specific 
surface area and total pore volume were evidently related 
to the adsorptive properties. 

Key words Carbonized wood �9 One-step 
process �9 Two-step carbonization process 
Iodine adsorption �9 Specific surface area 

carbonization 
�9 Sh r inkage .  

Introduction 

There are many possible uses of carbonized wood, some of 
which are as fire- and sound-resistant materials, electro- 
magnetic shields, and so on. One of the most important  and 
immediate applications of these materials is for environ- 
mental clean-up. The wood charcoal can be used to adsorb 
unwanted components  in water systems, especially toxic 
substances such as metal and organic compounds�9 The 
properties of charcoal products can be designed by 
controlling the carbonization conditions. In our previous 
studies, sugi (Cryptomeria japonica D. Don)  wood powders 
carbonized at different temperatures were found to remove 
heavy metals such as cadmium, lead, zinc, and mercury. 1-3 
Wood  powders carbonized at 200 ~ 600 ~ and 1000~ 
removed mercury within a concentration range of 1-10 ppm 
but this capacity drastically decreased starting at a car- 
bonization temperature of 1600~ Mercury was preferably 
removed even when mixed with other heavy metals in 
solutions, and the specific surface area of the carbonized 
wood powders was found to play a secondary role in the 
removal of this metal. 

Wood  charcoals carbonized at different temperatures 
were also found to adsorb inorganic element such as iodine, 
one of the most  extensively used adsorbate materials for the 
evaluation of adsorption capacity. Wood  charcoals car- 
bonized at 600~ under nitrogen gas were found to adsorb 
iodine at a faster rate than charcoals carbonized at 
other temperatures. 4-5 High adsorption capacity was also 
observed at carbonization temperatures of 700 ~ , 800 ~ , and 
900~ after longer adsorption times; and it decreased at 



1000~ High specific surface area contributed to the high 
adsorption capacity of these materials. Specific surface 
area of wood carbonized at higher temperatures can be 
improved by high oxygen concentration in the carbonizing 
atmosphere. 6 Adsorptive properties are considered to be 
markedly affected by the microporosities of wood charcoal 
structures, and the chemical characters of the surfaces of 
wood charcoal. 

The main purpose of our study was to evaluate the 
adsorptive properties of wood charcoal from sugi 
(Cryptomeria japonica D. Don) and to discuss the me- 
chanism of its adsorptive function in relation to the physical 
and anatomical characteristics of wood after carbonization. 
The adsorptive properties were evaluated and discussed 
mainly from the viewpoint of the microstructure properties 
of wood charcoal. The chemical surface properties of wood 
charcoal were discussed elsewhere] -9 

The formation of micropores and extent of specific 
surface areas were considered to be important factors for 
adsorption, and in this study the formation of micropores 
was considered to play a significant role in adsorption. 
The environmental scanning electron microscope (ESEM) 
and high-resolution transmission electron microscope 
(HRTEM) observations were introduced to discuss the 
formation of micropores in relation to the changes of cell 
shape and cell wall structures. The anatomical chara- 
cteristics of sugi sapwood during and after carbonization at 
various temperatures were directly and dynamically ob- 
served under heating using ESEM, and cell wall structures 
were analyzed by HRTEM. ESEM is a new and useful 
microscopic tool equipped with a special chamber where 
heat can be applied while observing the specimen. 

To improve the properties of carbonized sugi wood, a 
new method for carbonizat ion-  a two-step process - was 
tried. The adsorption properties of sugi wood powders 
carbonized at high temperatures are also described. These 
materials were characterized in terms of specific surface 
areas, pore volumes, and pore size distributions. 
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zation process were used as starting material. They were 
then further carbonized up to 700 ~ 800 ~ 900 ~ 1000 ~ 1200 ~ 
1400 ~ or 1600~ (hereafter called CC700, CC800, CC900, 
CC1000, CC1200, CC1400, CC1600) at the same heating 
rate of 4~ in a nitrogen atmosphere and airflow rate of 
2000ml/min using a furnace. The temperature was kept at 
the target levels for l h  before turning off the heater. The 
materials were cooled naturally to room temperature inside 
the furnace before they were taken out for analysis or 
adsorption experiments. 

The rotary-type kiln and furnace used for the one-step 
and two-step processes can carbonize wood or related 
materials up to 1000~ and 1600~ respectively. The sizes 
of the rotary kiln and furnace are different, but the gas 
atmosphere is almost the same. The volumes of the rotary 
kiln and furnace are 19.635 m 3 and 50.616m 3, respectively. 

Measurement of weight losses 

The weight losses of the carbonized wood powders were 
determined as follows: 

Weight loss (%) = (initial weight - final weight)/ 
initial weight • 100 

Elemental compositions (CHN analysis) 

The carbon (C), hydrogen (H), and nitrogen (N) contents of 
materials were analyzed using a CHNS/O analyzer (Perkin 
Elmer Series II 2400). The amounts of samples analyzed 
ranged from 1.894 to 1.996mg, and analysis was done under 
a pressure of 758.9mmHg. The combustion and reduction 
temperatures were 925~ and 6400C, respectively. 

The C, H, and N values were expressed in weight 
percentages. The percentage of oxygen was calculated as 
follows. 

0 ( % )  = 100 - [ c  + / - / +  ~q 

Materials and methods 

Carbonization process 

The wood powders from sugi (Cryptorneria japonica D. 
Don) passing a 20 mesh (840/~m) sieve were oven-dried at 
105~ for 24h before carbonization. Two carbonization 
processes, one-step and two-step, were used for the car- 
bonization of wood powders. 

With the one-step carbonization process, samples of 
wood powders were carbonized in a nitrogen flow at 400 ~ 
600 ~ 700 ~ 800 ~ 900 ~ or 1000~ (hereafter called C400, 
C600, C700, C800, C900, C1000, respectively) using a 
rotary-type instrument. Nitrogen gas at 100ml/min was 
passed through the materials at a heating rate of 4~ 
The temperature was kept at the target levels for lh ,  then 
the heater was turned off. 

For the two-step carbonization process, the wood 
powders carbonized at 600~ during the one-step carboni- 

pH values 

A 1-g aliquot of each of the carbonized wood samples was 
added separately to 20ml distilled water and stirred for 
90min. The pH values of the mixtures were measured using 
a pH meter. 

Dimensional shrinkage determination 

Sugi blocks measuring 100mm (longitudinal, L) • t 0 m m  
(radial, R) • 10mm (tangential, T) were cut from the same 
annual rings of sugi sapwood. These blocks were oven-dried 
at 105~ for 24h. 

For the one-step process, separate wood blocks were 
carbonized in a nitrogen flow at 200 ~ 300 ~ 400 ~ 500 ~ 600 ~ 
700 ~ 800 ~ or 1000~ For the two-step process, wood 
blocks were carbonized up to 1400 ~ or 1600~ Three repli- 
cates were prepared for each carbonization temperature. 
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The dimensional shrinkages in the tangential, radial, and 
longitudinal directions of the carbonized specimens were 
determined as follows: 

Dimensional shrinkage (%) = (Io - I f ) / I f  • 100 

where Io a n d / f a r e  the lengths in the radial, tangential, and 
longitudinal directions of the specimens after oven-drying 
and after carbonization, respectively. 

ESEM observations 

Small specimens (2 • 2 • 2mm) were cut from the same 
annual rings of sugi sapwood. The specimens were soaked 
in distilled water under vacuum for total saturation of the 
specimens before cutting. The specimens were then dried at 
60~ for 24h before microscopic observations. 

The wood specimens were placed inside the special 
chamber of the ESEM equipped with a heating apparatus. 
The samples were vacuum-treated at 200Pa without any 
coating and then observed at an environment of increasing 
temperature using a mixture of 99% N2 and 1% H 2 gases. 
The temperature inside the chamber was increased from 
20~ to 1000~ at three heating rates (4 ~ 20 ~ 50~ for 
separate samples. Video coverage was provided, and ESEM 
pictures of the dynamic changes in the specimens were 
obtained to compare the microstructures of the specimens. 
After the maximum temperature of 1000~ was reached, 
the temperature change was reversed; that is, the materials 
were cooled in the chamber at the same rate of temperature 
change (4 ~ 20 ~ 50~ 

For observation of the two-step heating process, wood 
charcoal carbonized at 600~ was cut into small specimens 
(same size as described above), which were placed in the 
ESEM chamber with the same conditions described above 
for direct observations at a heating rate of 20~ The 
wood and charcoal specimens were observed at 15kV, and 
the images of specimens were magnified at 400-500• 

H R T E M  observations 

Cylinder-like specimens with diameters of 30mm and 
lengths of 60mm were cut from sugi logs and then car- 
bonized at 700~ using a laboratory-scale electric furnace. 
The temperature was increased at a heating rate of 4~ 
in an argon atmosphere. The temperature was kept con- 
stant at the target level for 30 min and then allowed to cool 
naturally. 

Specimens for H R T E M  were prepared using a Precision 
Ion Polishing System (Gatan, model 691). The micro- 
structures of the wood charcoal were analyzed by H R T E M  
(Philips-CM200) operated at 200kV. An objective aperture 
eliminated reflections that resulted from d-spacings less 
than 0.144nm. The thickness of the sections observed by 
H R T E M  was estimated to be less than 60rim. The resolu- 
tion of this imaging mode was estimated by gold crystal as 
0.20 nm for point resolution and 1.4 nm for line resolution. 
The high-resolution image of the microstructure of wood 
charcoal was obtained with a tranmission election micro- 

scope (TEM) (Philips-CM200) equipped with an objective 
lens having a spherical aberration constant Cs = 1.2mm. 

Measurement of porous structure 

Specific surface areas (SN), total pore volumes (VN), and 
average pore diameters (DN) of the carbonized sugi wood 
powders were determined using N2 gas by gas sorption 
analyzer (NOVA 1200, Quantachrome Corp.) at the tem- 
perature of liquid nitrogen (77~ The samples were out- 
gassed in a vacuum atmosphere at 200~ for 4h before 
analysis. 

The Brunauer-Emmett-Teller (BET) method TM in a 
relative pressure range of 0.01-0.15 was used to determine 
the SN. The VN was derived from the amount of N2 gas 
adsorbed at a P/Po close to unity with the assumption that 
the pores were filled with the liquid adsorbate. The DN was 
computed based on the assumption that the structure of the 
pore is cylindrical. 

Adsorption tests 

Adsorption experiments were done based on JIS K 1474- 
1991 (Test methods for activated carbon using iodine as 
adsorbate). The carbonized wood powders were dried in an 
oven at 105~ for 24h and used as the adsorbent. Weights of 
adsorbents ranging from 0.1 to 4.0g were added to 50ml 
iodine solution in 100-ml sample bins and continuously 
shaken at 20~ 

The effects of the contact time were determined using 
C600 for the one-step process and CC700 and CC1200 for 
the two-step method. Adsorbents weighing 0.5g were 
separately added to 50ml iodine solution and continuously 
shaken for 1, 3, 6, 17, 24, 48, 96, 120, 144, or 168h at 20~ 
The initial and residual concentrations of iodine in the 
solutions were determined using sodium thiosulfate 
solution 0.1 mol/1 as titrating agent. 

The equilibrium data can be fitted using the Freundlich 
equation, as suggested in JIS K 1474-1991 or the Langmuir 
equation. Langmuir equation is as follows. 1~ 

c/q = 1/Q~ + c/Q ~ 

where c is the equilibrium concentration (mg/cm3), and q is 
the amount adsorbed (mg/g), and Q~ and b are Langmuir 
constants related to adsorption capacity and energy of 
adsorption, respectively. Q~ and b values can be determined 
from the slopes and intercepts of the linear plots of c/q 
versus c. The Langmuir equation was used to interpret the 
adsorption data instead of the Freundlich equation because 
the saturation adsorption amount of adsorbents can be 
obtained based on the Langmuir isotherm. 

Results and discussion 

Weight loss after carbonization 

Figure i shows the weight losses of sugi wood powders after 
carbonization. Weight loss of more than 60% of the original 
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Fig. 1. Weight  loss of  sugi wood powders after carbonization. Open 
circles, one-step; filled circles, two-step. One-step: process of  
carbonization of raw wood under  different temperatures;  two-step: 
process of  carbonization of wood charcoal carbonized at 600~ under  
various tempera tures  
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Fig. 2. E lementa l  composit ions of sugi wood powders carbonized using 
one- or two-step process. One-step,  open symbols; two-step,filled sym- 
bols. Triangles, carbon; circles, hydrogen; squares, nitrogen; incerted 
triangles, oxygen 

weight of the materials was observed at 400~ During the 
pyrolysis of wood, hemicellulose breaks down first at 200 ~ 
260~ cellulose at 240~176 and lignin at 280~176 

The rapid degradation of hemicellulose and cellulose is 
believed to be responsible for the high percentage weight 
loss at a carbonization temperature of 400~ Above this 
temperature, weight loss gradually increased because of the 
degradation of the remaining carbonized material14; and at 
1000~ about 70% weight loss was observed. 

When C600 was further carbonized in the two-step 
carbonization process, weight loss at CC700 was 739/0 and 
continued to increase thereafter. The highest values were 
observed at the highest temperatures of C1000 and CC1600 
during the one- and two-step carbonization processes, 
respectively. 

Elemental composition 

The elemental composition of carbonized wood depends on 
the final carbonization temperatures. 15 C contents generally 
increase, whereas H and O contents decrease with 
increasing carbonization temperature. 

Figure 2 shows the C, H, N, and O contents of carbonized 
sugi wood powders. As the carbonization temperature 
increased, the C contents in the materials increased during 
both the one- and two-step processes. The C contents 
increased to about 82% from 400 ~ to 600~ and continued 
to increase thereafter. During the carbonization of wood, 
the process is almost complete within this temperature 
range, and the C content usually attains about 80%. 16 

Above 600~ little difference in the C content is observed 
in almost all carbonized wood powders, and the same is true 
for those carbonized using the two-step process. 

The O and H contents decreased with carbonization 
temperature, whereas the N content was almost the same 
at all temperatures with both the one- and two-step 
carbonization processes. 

pH values of carbonized wood materials 

Wood charcoals, as with other carbons, can have basic or 
acidic pH values in aqueous solutions. 17 

Figure 3 shows that with the one-step process C400 was 
observed to be acidic, indicating incomplete carbonization 
at this temperature. As carbonization increased from 600 ~ 
to 1000~ the pH value abruptly increased, reaching 10.59. 
With the two-step process, the pH values from carboni- 
zation temperatures of 800 ~ to 1000~ increased or were 
almost the same as those carbonized using the one-step 
process. The pH values of the wood charcoal, however, 
dropped for CC1200 and then increased again starting from 
CC1400. The acidic and basic properties in the carbonized 
sugi wood powders can be attributed to the presence of 
acidic and basic surface groups, respectively. 17 19 

Microscopic observations using ESEM 

The condition of sugi wood during the carbonization 
process can be directly detected by in situ observations 
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through ESEM as shown in Figs. 4 and 5. Figure 4 shows the 
early- and latewood cells when sugi wood was heated under 
nitrogen atmosphere in the ESEM chamber at a heating 
rate of 4~ No distinct differences in the structure of 
early- and latewood cells were recognized starting from a 
heating temperature of 20~ up to 400~ However, shrin- 
kage of cells was detected at about 430~176 especially 
around the earlywood zone. No further shrinkage of the 
cells was observed with a further increase in temperature up 
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Fig. 3. pH values of carbonized sugi wood powders. Open circles, one- 
step; filled circles, two-step 

to 1300~ When the materials were cooled to the original 
temperature of 20~ there were no changes in the 
structures of the cells, which shows that the shrinkage was 
irreversible. As the carbonization temperature is increased, 
the microfibrillar structure of the wood is destroyed, 
resulting from degradation of cellulose and hemicelluloses 
accompanied by rearrangement of carbon into a structure 
approaching that of graphite, z~ As a result, shrinkage may 
become extensive. 

The same trend was observed when sugi wood was 
heated at 20~ but there was little difference in the 
shrinkage of early- and latewood cells or in the anatomical 
characteristics of cell shape and cell wall structure. The 
same trend was observed when wood was heated at the 
most rapid heating (50~ Shrinkage of earlywood 
cells was more prominent than that of wood heated under 
more gentle heating rates of 4~ or 20~ 

Prominent shrinkage, especially in the earlywood cells, 
was observed as a result of the high heating rate. The 
latewood cells were observed to be more stable than the 
earlywood cells. The earlywood cells were sometimes seen 
to be partially collapsed. The greater shrinkage of the 
earlywood cells is attributed to the more open and flexible 
cellular structure of these cells. Latewood cells are believed 
to have better thermostability than earlywood cells, giving 
the whole wood an inherent thermoresistance} 1'22 As a 
result, the latewood cells tend to stabilize the whole wood 
because of their higher stability. 

Figure 5 shows that when C600 was further heated to 
1300~ at a heating rate of 20~ no apparent changes in 
the early- and latewood cells were observed; even when the 
temperature was cooled to the original carbonization 
temperature of 600~ there were no changes. During the 
carbonization process, when C600 was further carbonized 

Fig. 4. Environmental scanning 
electron micrographs of sugi 
wood under elevating tempera- 
tures at a heating rate of 4~ 
A 20~ B 430~ C 510~ D 
1000~ 



Fig. 5. Environmental scanning 
electron micrographs of sugi 
wood charcoal carbonized at 
600~ under elevating tempera- 
tures at a heating rate of 20~ 
rain. A 700~ B 900~ C 1300~ 
D 600~ 
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with the two-step process under nitrogen and oxygen 
atmosphere, weight loss increased from CC700 to CC800 
and continued to increase up to CC1000 (Fig. 1). Starting 
from CC1000, however, no further weight loss was 
observed. The difference in weight loss between C800 
and CC800 can be attributed to the presence of oxygen 
in the carbonization process. In the absence of oxygen, no 
difference can possibly be observed between these two 
carbonized materials. Starting from C1000, there was no 
further increase in weight loss; The weight loss during 
the carbonization process can also be correlated with 
the shrinkage of cells observed by ESEM, although oxygen 
was not introduced into the system during ESEM 
observations. A change is possible when oxygen is 
present. 

The observations using ESEM are not considered to 
coincident identically with the changes caused under the 
carbonization process using the one-step and two-step 
processes because of the specimen size, the method of 
holding the specimen, and the ambient conditions in the 
chamber. However, the anatomical characteristics observed 
by ESEM can provide useful information and meaningful 
suggestions on the structural changes of wood cells under 
thermal conversion. ESEM, a direct in situ observation 
method, can analyze structural changes of wood cells with 
changes in temperature. At present, the same conditions 
during ESEM observations and the carbonization process 
are not possible. 

Shrinkage of wood after carbonization 

Figure 6 shows dimensional shrinkage in the tangential, 
radial, and longitudinal directions after carbonization. 
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Fig. 6. Shrinkage in the tangential (T, squares), radial (R, circles) and 
longitudinal (L, triangles) directions of sugi wood after carbonization. 
One-step; open symbols, two-step, filled symbols 

Shrinkages averaged 40%-50% for both radial and 
tangential directions and about 30% in the longitudinal 
direction. Little change was observed at 200~ The shrin- 
kage in the tangential and radial directions was observed to 
increase abruptly at a temperature of 400~ the weight loss 
due to carbonization was more than 60% at 400~ From 
400~ further tangential and radial shrinkage was observed 
with a corresponding decrease in the weight loss rate of 
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wood substances, followed by leveling off to approximately 
70% weight loss for 1000~ The cellular component  and 
microfibrillar structure of lignocellulosic components in 
the original wood material may have delayed or altered 
shrinkage during the low temperature treatment,  although 
degradation of  those components  could o c c u r .  2~ The 
arrangement  and orientation of the cell components may 
have contributed to the large shrinkage in the tangential 
and radial directions around this carbonization tempera- 
ture. The increases in tangential and radial shrinkages were 
greatest and started to level off at 1000~ Among  the three 
directions, least shrinkage occurred in the longitudinal 
direction. 

The shrinkage increased rapidly at carbonization 
temperatures around 400~176 and then leveled off. 
However,  from a carbonization temperature of 600~176 
the shrinkage increased again. At  a carbonization tem- 
perature of 500~ the degradation of wood components  
such as cellulose and lignin increased and around 600 ~ 
700~ rearrangement  of  carbon elements occurred owing to 
shrinkage. That  is, within 600~176 new micropores 
might be formed around onion-like carbon structures and 
the interstices of these microstructures. The spherical 
graphitic particles in wood exhibited concentric fringe or 
onion-like images, as first observed by Hata. 23 These obser- 
vations may have some effect on their porous charac- 
teristics, such as specific surface area and pore volume, as 
shown in Table 1. The specific surface area of carbonized 
wood materials increased abruptly with increasing carboni- 
zation temperatures of C600 to C700 and decreased with 
increasing temperatures of C700 to C800 and thereafter. 

When  carbonized sugi wood at 600~ was further 
carbonized to 1400 ~ or 1600~ in a furnace, the shrinkage 
was almost the same for those of C1000 treated by the one- 
step process. Further  carbonization did not have any 
substantial effect on the dimensional shrinkage of these 
materials. 

The E S E M  and H R T E M  observations were introduced to 
discuss the formation of micropores. The changes in the 
ultrastructure of the cell walls of wood charcoals observed 
by H R T E M  were assumed to affect the formation of 
micropores. 

The shrinkage observed by E S E M  during the heating 
process influences the physical properties to some degree. 
The porosity of carbonized sugi wood was indirectly imaged 
using H R T E M ,  as shown in Fig. 7. Note the 002 lattice 
fringes (LF) plane parallel to that of graphite crystallites 
showing the randomly arranged structures of sugi wood 
charcoal. The gap of the LF image is within 0.5nm. The 
spherical carbon in the image is the micelle close to the 
graphite, and the porosity can be the contact portion of this 
carbon. 

Cell wall structures in charcoal observed by H R T E M  
provide definite data and represent a characteristic that can 
be correlated with the adsorption functions of this material. 

H R T E M  observations 

The microstructural properties of wood charcoal are 
important, particularly when used in industrial applications. 

Fig. 7. High-resolution electron microscopic image of sugi wood 
carbonized at 700~ for 30min 

Table 1. Specific surface areas, pore volumes, and average pore diameters calculated from 
adsorption isotherms of nitrogen 

Carbonization Specific surface area Total pore volume Average pore 
temperature SN (m2/g) VN (ml/g) diameter DN (nm) 
(oc) 

One-step Two-step One-step Two-step One-step Two-step 

400 0 .56  . . . . .  
600 49.70 - 0.036 - 2.86 - 
700 230.70 441.35 0.113 0.193 1.95 1.76 
800 146.65 471.43 0.085 0.200 2.31 1.69 
900 26.50 562.85 0.017 0.242 2.56 1.72 
1000 33.70 638.77 0.019 0.283 2.30 1.77 
1200 - 424.02 - 0.196 - 1.85 
1400 - 250.80 - 0.120 - 1.91 
1600 - 105.10 - 0.074 2.80 



Although the carbonization condition is different, this 
particular charcoal property can be a useful and meaningful 
observation. 

Pore characteristics 

Table 1 shows the SN, VN, and D N of the carbonized wood 
materials calculated from the nitrogen adsorption mea- 
surement. The specific surface area of carbonized wood 
materials increased abruptly with the increasing carboni- 
zation temperature from C600 to C700 and decreased again 
with the increasing temperature from C700 to C800 and 
thereafter. Among the specimens, C700 had the highest SN 
followed by C800. High SN was due to formation of pores as 
evidenced by the high total pore volume VN. Tars from the 
decomposition of hemicellulose, cellulose, and lignin were 
formed and prevented the formation of pores by blocking 
the already formed pores or impeded the continuity of pores 
at low temperatures (or both), resulting in low total pore 
volumes and specific surface areas. 24'25 The heat energy was 
assumed to be not enough around this temperature zone to 
evolve the volatile matters necessary for pore develop- 
ment. 26 They were probably volatilized at higher tempera- 
tures such that C700 and C800 showed higher SN and V N. 
Most of these materials might have evaporated into gaseous 
substances at the carbonization temperature of 700~ or 
above. The specific surface area decreased at relatively high 
temperatures, around 900 ~ and 1000~ Studies showed that 
low S~ is considered to be due to insufficient carbonization 
at low temperatures and the shrinkage of pores at high 
temperatures. 4'6'26 It is thought that pore apertures constrict 
at high temperatures owing to the gradual thermal trans- 
formation of the carbon structure] 2 

Micropores have not been developed, as evidenced by 
the low pore volume of C400, which can be attributed to the 
high tar content and the pores filled with the tar. Release of 
a significant amount of volatile matter at low temperatures 16 
remained in C400, blocking the pores. Micropores started to 
develop at C600 and were fully developed at C700; pore 
volume decreased abruptly starting from C900 but were not 
as low as in C400. 
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When C600 was further heated to 700~ by the two-step 
process, the SN increased to about twice that of C700, which 
was carbonized by one-step process. SN increased with an 
increase in carbonization temperature, peaking at CC1000. 
Starting from CC1200, SN decreased again; the lowest value 
was observed at CC1600. The micropores started to develop 
in the starting material, C600, and further developed during 
the two-step process. The formation of initial pore 
structures during the one-step process was followed by 
activation in a nitrogen and air environment. The oxygen in 
the carbonizing atmosphere is considered to activate the 
carbonized wood powders. 6 The activation reaction might 
have occurred because of the slight amount of air purged 
into the charcoal during the second carbonization process. 
At a carbonization temperature of 1400~ the SN 
drastically decreased but was almost equal to that of C600, 
which was the starting material processed to the two-step 
process. The D N of carbonized wood powders in the two- 
step method was generally lower than that of those 
carbonized using the one-step process. 

Adsorption of iodine 

Figure 8 shows the effect of adsorbent-adsorbate contact 
time on the adsorption of iodine using C600, CC700, and 
CC1200 as representative samples for the one-step and two- 
step carbonization processes. The percentage removal 
increased with an increase in contact time. Higher per- 
centage removals were observed with CC700 or CC1200 as 
adsorbent compared to that of C600. The equilibrium 
saturation was attained at 24-48h for CC700 and CC1200 
and at 168h for C600, with more than 44% and 36% 
removals, respectively. The adsorption rate of the latter is 
slower than that of the former. For the subsequent 
experiments a contact time of 168h was employed. 

Representative adsorption isotherms from adsorption 
data fitted in the Langmuir equation showing the adsorp- 
tion of iodine between sugi wood powders carbonized using 
the one- and two-step processes are illustrated in Fig. 9. 
Higher adsorption capacities were observed in wood 
powders carbonized by the two-step process. Table 2 shows 

Table 2. Langmuir isotherm constants 

Carbonization Langmuir isotherm constant 
temperature (~ 

One-step Two-step 

Q~ (mg/g) b (mg/1) r 2 Q~ (mg/g) b (mg/1) 

400 333.3 0.50 0.99 
600 333.3 3.00 1.00 
700 500.0 1.11 1.00 
800 500.0 1.00 1.00 
900 333.3 0.70 1.00 
1000 142.9 0.75 0.99 
1200 - - - 
1400 - - - 
1600 - - - 

F 

r 2, correlation coefficient 
Contact time = 168h 

500.0 6.67 0.99 
500.0 6.35 1.00 
500.0 4.83 0.99 

1000.0 3.33 0.98 
500.0 5.88 1.00 
333.3 1.74 1.00 
90.9 0.55 0.98 
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the Q~ and b values. The Q~ values indicate the adsorption 
capacity for iodine on carbonized wood powders. Q~ values 
were maximum at C700 and C800 for the one-step process. 
The same Q~ values were observed at the same tempera- 
tures, CC700 and CC800, using the two-step process. 
Comparing all adsorbents, the highest adsorption was 
observed in CC1000 followed by CC900, CC800, CC700, 
and CC1200. Further heating of C600 to 1400~ drastically 
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decreased the adsorption to even less than that of C700 or 
C800. The adsorption capacities of C1000 and CC1600 were 
the least among all types of adsorbents. 

This result agrees with the trend in specific surface area 
and total pore volume, as shown in Fig. 10. The increase 
in the specific surface area and/or total pore volume 
enhances the adsorption of iodine using these carbonized 
materials. The reactivity of the carbonized wood materials 
was due to the presence of more active points on their 
surfaces caused by a large specific surface area. Surface 
adsorption occurred primarily during both one- and two- 



step carbonization processes. The formation of pores 
enhanced the ability of the carbonized wood powders to 
adsorb iodine. By the two-step process, when the micro- 
porosity is more developed, as in samples CC900, CC1000, 
and CC1200, the amount of iodine adsorbed is much larger. 
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