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Introduction

Dissolved organic matter (DOM), which includes 
humic substances derived from stems and leaves15,21 can 
have negative effects on the water environment.  
Discharges and accumulations of DOM, especially recal-
citrant-DOM, can remain for long periods of time in bod-
ies of water15.  DOM can be a carrier of toxic chemical 
substances since it can combine with substances such as 
heavy metals and pesticides in the environment1,5,14,16.  
Furthermore, DOM includes humic substances which can 
be a precursor to trihalomethane during the drinking water 
treatment process.  One of DOM sources is known to be 
farmland.  DOM discharges from paddy fields during 

puddling9.  Therefore, it is important to remove DOM 
from agricultural drainage for conservation of water 
environments. 

Activated carbon, which is a popular adsorption 
material, is used to remove residual organic matter with 
small molecules after coagulation using Al3+ or Fe2+, Fe3+ 
during the drinking water treatment process19.  Activated 
carbon cannot adsorb humic substances with large mole-
cules because the pore diameter of activated carbon is too 
small for humic substances8,19.  Activated carbons undergo 
carbonization and activation treatment in the production 
process, so they require more time to make and the cost is 
higher. 

Wood charcoal has recently been attracting attention 
as an environmental purification material instead of acti-
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vated carbons.  We reported in a previous study that the 
wood charcoal made from thinned wood could adsorb 
DOM12,13.  We also showed that wood charcoal carbonized 
at 1,050ºC has the potential to remove humic substances13.  
The Japanese government is promoting the use of waste 
woods as a biomass resource in our country10.  A report on 
the utilization of woody biomass in 2005 showed that 
most thinned wood and tree material remaining in forests 
were not used11.  Accordingly, wood charcoal can play an 
important role in using this recyclable material resource in 
the environment since it can be made from waste woods.

In this study, the DOM adsorption rate and volume of 
charcoal was compared with those of activated carbon in 
order to use charcoal as an adsorption material which can 
be an environmentally-friendly recyclable material in 
Japan.  If the adsorption capability of charcoal performs 
as well as or better than that of activated carbon, it could 
be a useful application for overabundant resource materi-
als such as thinned wood.  The data on DOM concentra-
tion treated by activated carbon was added to the results 
of the DOM adsorption test in our previous report13.  
Additionally, the adsorption processes were evaluated by 
the coefficients with the adsorption rate model equation 
and the physical properties for charcoals and activated 
carbon.  The adsorption processes for charcoals and acti-
vated carbons are also discussed. 

Materials and methods 

1. Preparation of charcoals and activated carbon
We used five types of charcoal and an activated car-

bon in order to examine the DOM adsorption process.  
The charcoals were made from thinned wood from cedar 
(Cryptomeria japonica D. Don).  The activated carbon 
was a commercial granular activated carbon made from 
coal. 

The five types of charcoal were carbonized at 650ºC 
to 1,050ºC in intervals of 100ºC (hereafter C650, C750, 
C850, C950, and C1050) at the carbonization factory of 
the Forestry Cooperative of Fukushima Prefecture, Japan.  
The starting carbonization temperature, 650ºC was 
decided by the criteria described in our previous study13.  
The carbonization temperature interval of 100ºC was the 
setting limit of the carbonization equipment.  Two kinds 
of manufacturing methods, a one-stage method and two-
stage method, were used for the carbonization process.  
This carbonization factory generally operates using the 
two-stage method for the hard charcoal carbonized at 
more than 750ºC.  In other words, carbonization is per-
formed once for charcoal carbonized at less than 750ºC, 
and twice at more than 750ºC.  The carbonization process 
is different due to differences in the sizes and kinds of raw 

materials used or the carbonization furnace.  For example, 
in the case of the one-stage carbonization with high tem-
perature, charcoal is carbonized imperfectly or is burned 
out, thereby the material yield decreases.  Therefore the 
high temperature charcoal is produced by a two-stage 
method.  The carbonization furnace at the carbonization 
factory in this study was not an adequate facility for car-
bonizing charcoal at high temperature. 

The temperature is controlled with room temperature 
airflow from an air blower which has a number of nozzles.  
The airflow prevents an excessive temperature increase 
which allows the raw material to be added in the furnace 
continuously producing the charcoal without burning 
itself out.  The carbonizing temperature is controlled by a 
temperature sensor in the center of the furnace.  The fin-
ished charcoals are removed from the furnace 
continuously. 

In the one-stage method, dried wood chips were car-
bonized at 650ºC or 750ºC using a batch treatment fur-
nace (hereafter C650 and C750: group-1).  In the two-
stage method, wood chips carbonized at 700ºC during the 
one-stage carbonization process were used as the starting 
material, and they were further carbonized up to 850ºC, 
950ºC or 1,050ºC in a rotary-type kiln (hereafter C850, 
C950 and C1050: group-2) following a similar process to 
the one-stage method.  The carbonization process used in 
this study was similar to the method reported by Pulido-
Novicio et al.17,18, in which high temperature carboniza-
tion used a two-stage method and low temperature car-
bonization used a one-stage method. 

The granular activated carbon (Shirasagi WH5C, 
Japan EnviroChemicals, Ltd.; hereafter GAC) was made 
from coal and selected as a reference to compare the per-
formance of the charcoals.  The GAC was produced as 
follows.  After crushing and shaping, carbon material was 
carbonized at between 700ºC and 800ºC and then acti-
vated with water vapor at between 900ºC and 1,000ºC3.  
The manufacturer reported that this GAC adsorbs humic 
substances relatively easily compared to the other acti-
vated carbons available4.  Although the GAC has the 
larger specific surface area, the larger number of pores 
and the smaller size of pores, the raw material of GAC are 
confined, including coal and palm shell3,4.

The physical properties of the charcoals and GAC 
are shown in Table 1.  These data were measured by the 
Brunauer-Emmett-Teller (BET) method with nitrogen 
gas.  There are significant differences between charcoals 
and GAC in the pore volume and the specific surface area.  
The pore volume of group-1 was 1/7–1/17 times, and that 
of group-2 was 1/4–1/5 times as large as that of the GAC.  
The specific surface area of group-1 was 1/10–1/12 times, 
and that of group-2 was 1/4 times as large as that of the 
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GAC.  These differences in physical properties between 
the charcoals and GAC depend on the following differ-
ences in pore structure.  The physical pores of the porous 
structure are classified into macro-pores (> 50 nm), meso-
pores (= 2–50 nm) and micro-pores (< 2 nm).  Generally, 
the micro-pores of GAC, which has strong adsorptivity20, 
hold the largest share of its surface area23.  The pore distri-
bution for charcoals and GAC are shown in Table 1.  The 
structure of charcoal micro-pores was less developed than 
that of GAC.  The distributions of the micro-pores of 
group-2 were larger than those of group-1.

Pulido-Novicio et al.17 reported differences in the 
physical properties of charcoal produced in the carboniza-
tion process by the one-stage and two-stage methods.  
According to their results, the difference between 1-step 
and 2-step carbonization was as follows.  For example, 
the specific surface area and the total pore volume of 
charcoal carbonized at 1,000ºC with a two-stage method 
were larger than those of a one-stage by 20 times and 15 
times, respectively.  Both the specific surface area and the 
total pore volume of a two-step method for charcoal car-
bonized at 700ºC were 2 times larger than those of a one-
stage method.  The development of pore structures was 
significant when carbonizing at more than 800ºC with a 
two-stage method.  Therefore, the high temperature car-
bonization using a two-stage method seems to result in 
perfectly carbonized charcoal, and would contribute to 
adsorbing DOM. 

2. Treatment of DOM solutions with charcoals
Solutions including DOM used in this study were 

prepared from rice straw immersed in tap water and aer-
ated for more than three months (hereafter rice-straw 
water).  The rice-straw water showed a brownish color. 

We conducted a test of DOM adsorption in order to 
understand the DOM adsorptive process onto the char-

coals and GAC.  The DOM adsorption experiment was 
performed using a batch-wise test.  The experimental pro-
cedure is as follows.  Five types of charcoals and GAC 
(12 g each) were placed in a bottle with 800 mL of the 
rice-straw water.  The sample waters in the bottles were 
continuously aerated at 20±1ºC.  The rice-straw water 
without charcoal or GAC was used as control water.  We 
took the sample waters by amounts of about 20 mL from 
the bottles after 0, 0.25, 1, 3, 6, 24, and 144 hours of 
immersing the charcoals in the rice-straw water.  We did 
not add water to the sample water in the bottles.  This 
method had no negative effect on the following TOC con-
centration because every sampling volume was less than 
3% for the residual solution volume in the bottle.  The 
samples were filtered through washed membrane filters 
(pore size, 0.2 µm; AJ0511-155, Whatman, USA).  The 
DOM adsorption onto charcoals was estimated by deter-
mining the total organic carbon (TOC) concentration.  The 
TOC in the samples was analyzed as nonpurgeable organic 
carbon by means of the 680ºC combustion catalytic oxi-
dation/nondispersive infrared method with a TOC ana-
lyzer (TOC-V, Shimadzu, Japan).

3. Calculation of adsorption rate 
Many adsorption rate equations have been proposed 

by researchers6.  Our study was based on the adsorption 
rate equation by Langmuir which has two independent 
phenomena, adsorption and desorption, simultaneously6.  
The adsorption phenomena in the adsorption rate process 
have some elementary steps because the adsorption onto 
the porous adsorbent is complicated.  Generally, the 
adsorption processes for liquid phase are explained as fol-
lows2,23: (1) the process of adsorbate diffusion toward the 
charcoals/GAC in solution, (2) the process of DOM diffu-
sion in the liquid laminar film on the surface of the char-
coals/GAC, (3) the process of adsorbate diffusion within 

Table 1.  Physical characteristics of the charcoals and GAC used 

Adsorbent Group-1 Group-2 GAC

C650 C750 C850 C950 C1050

Particle diameter (mm) 1.15 1.40 1.40 1.50 1.41 1.62

Mean pore diameter (nm) 4.62 × 10 5.63 × 10 2.33 × 10 3.90 × 10 2.19 × 10 2.97 × 10

Pores 
distribution

Macro-pores (%) 0.01 ― ― 0.01 0.01 0.01
Meso-pores (%) 37.19 47.10 13.00 17.63 14.50 9.84
Micro-pores (%) 62.80 52.90 87.00 82.36 85.49 90.15

Pore volume (mL g-1) 0.04 0.09 0.17 0.15 0.12 0.68

Specific surface area (m2g-1) 0.55 × 102 0.78 × 102 2.25 × 102 2.04 × 102 2.24 × 102 9.41 × 102

Standard deviation of surface area 12.87 3.87 24.98 9.47 15.53 62.04
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the particle pores of charcoals/GAC, and (4) the process 
of adsorption onto the pore surface of charcoals/GAC.  
The processes controlling the adsorption speed (the rate-
determining processes) are steps (2) and (3).  Step (2), 
which is the early step of the adsorption process, is rapid, 
while step (3), which is the latter, is slow.  It is suggested 
that the speed in the adsorption process depends on step 
(2).  That is, the adsorption phenomenon at the early stage 
of the process could determine the immediate adsorptive 
effect.  Supposing that these typical adsorption processes 
can apply to the DOM adsorption process of the char-
coals/GAC in this study, we focused on the liquid laminar 
film diffusion (step (2)) of charcoals/GAC in order to 
examine the adsorption rate differences in the early stage 
between the charcoals and GAC. 

DOM transfer was assumed to be one-dimensional 
diffusion in the liquid laminar layer between the surfaces 
(including pore wall surface) of the charcoals/GAC and 
the sample water.  The transfer rate, N (mg h-1) is pre-
sented as follows7; 

 ))(( ef CtCAkN −=  (1)

where A is the specific surface area of adsorbent per the 
amount of charcoals/GAC (m2), kf is the mass transfer 
coefficient (m h-1), C (t) is the adsorption concentration of 
time t in solution (mg m-3), and Ce is the adsorption equi-
librium concentration (mg m-3).  The solution concentra-
tion of interface in contact with the surface of the charcoal 
is assumed to be the adsorption equilibrium concentra-
tion.  DOM that passes through the liquid laminar layer 
for time dt is 

 dqvNdt aaρ=  (2)

where va is the volume of adsorbent (m3), ρa is the density 
of adsorbent (mg m-3), and dq is the variation in adsorp-
tion volume for the weight of the charcoals/GAC on min-
ute time dt (mg mg-1).

Similarly, the relationship between the change in the 
DOM adsorption volume onto the surface of charcoals/
GAC and the change of concentration in the sample water 
is shown as the following equation;

 VdCdqv aa =ρ  (3)

where V is the volume of rice-straw water (m3) and dC is 
the change in the concentration of solution (mg m-3).
Therefore, Eq. (1), Eq. (2) and Eq. (3) are represented as 
follows.
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In addition to the phenomena described above, the DOM 
can stay on the surface of the charcoals/GAC and move 
away from them.  Therefore, DOM desorption from the 
charcoals/GAC can be expressed with the following 
equation6; 
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where α is the desorption rate coefficient (h-1) and C0 is 
the initial concentration in solution (mg m-3). 

These two differences in phenomenon (Eq. (4) and 
Eq. (5)) can occur simultaneously4.
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Consequently, we estimated the DOM adsorption 
process by the charcoals/GAC with Eq. (6).  The values of 
Ce were assumed to be the concentration in solution at 
144 hours in this test.  This is because the sample water 
concentration changes in this test were predicted to stabi-
lize at 144 h and later.  This equation indicates that the 
DOM concentration in the solution would depend on three 
parameters (kf, α, A). 

Results and discussion

1. DOM removal experiments
The change in the TOC concentration in the sample 

water treated by the charcoals/GAC showed significant 
differences with contact time.  Figure 1 (a) shows the 
relationship between contact time and the TOC adsorp-
tion by the charcoals/GAC.  At the beginning of the test 
the rate of decrease in TOC concentration showed signifi-
cant differences between group-1 and group-2/GAC (Fig. 
1 (a)).  After 0.25 hours of contact time, adsorption of 
group-1 was around 1–4%, that of group 2 was around 
35–40%, and that of GAC was 27.4% of TOC.  The DOM 
adsorption rate at the beginning was reported to depend 
on the pore size of the charcoal surface determined by the 
carbonization temperatures13.  Group-2 and GAC having 
smaller pore sizes showed faster DOM adsorption rates.  
These results are explained by the fact that DOM could 
be adsorbed by molecular force7,23 and Polanyi poten-
tial theory7,22 depending on the pore size.  Therefore, it 
was suggested that the difference in pore size on the sur-
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face could determine the adsorption rate for group-1 and 
group-2/GAC.

During the first 6 hours in the adsorption test, the rate 
of TOC decrease by adsorption to charcoals carbonized at 
high temperatures (C950, C1050) was more rapid than 
that of the GAC.  The X-axis in Fig. 1 (b) is represented 
as a logarithmic scale in order to closely examine the 
beginning of decreasing TOC concentration.  The decrease 
in the TOC concentration for group-2, except for C850, 
was larger than that of GAC for the first 6 hours (Fig. 1 
(b)).  However, the decrease in TOC concentration of 
group-2 was less than that of GAC after 6 hours.  It was 
considered that the adsorption volume of GAC was larger 
than that of group-2 in the latter adsorption process 
because GAC has a specific surface area and pore volume 
larger than group-2.  The reason for the increased TOC at 
around 3 hours for control, C750 and C650 in Fig. 1 (b) 
was not clear.  It seemed that the increased TOC for the 
control was due to TOC eluted from some fragments of 
rice-straw, and that of group-1 was due to the lack of 
molecular force between the charcoals and TOC. 

These phenomena could be explained as follows.  All 
steps from step (1) to step (4) would be proceeding simul-
taneously.  In the early process step (2) was dominant, and 
in the latter process step (3) was dominant.  When the vol-
ume of decreasing TOC concentration of group-2 was less 
than that of GAC, step (3) would be more dominant than 
step (2) in the adsorption process of GAC.   

At the final stage of adsorption approaching the sta-

ble state, the adsorption volume depends on the specific 
surface area on the adsorbate7.  GAC can adsorb adsorbate 
a little more than group-2 because of its large pore volume 
and specific surface area (Table 1).  Consequently, the 
adsorption rates on C1050 and GAC reached 90% or 
greater at 144 hours and both showed equivalent adsorp-
tion for DOM.

2. Evaluation of adsorption rate by the adsorption 
model

The coefficients of Eq. (6) on the charcoals/GAC 
were compared with each other in order to understand the 
adsorption phenomena.  The results of the adsorption test 
indicated the difference in adsorption rate between group-
1, group-2 and the GAC.  In particular, the results in the 
early process showed that the adsorption rate of group-2 
was higher than that of the GAC.  In this section, we eval-
uated the coefficients calculated by Eq. (6), in order to 
discuss the early process.

The changes in the measured TOC concentration in 
the sample water treated by charcoals and GAC agreed 
well with the concentrations calculated by the model 
equation (Eq. (6)).  Figure 2 shows the plots of the mea-
surements obtained from the test and the calculated val-
ues.  We also obtained highly correlated correlation coef-
ficients on all charcoals and GAC (Table 2). 

The model parameters in the model calculations are 
shown in Table 2.  We have considered the charcoal 
adsorption rate property by categorizing it into three 
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Fig. 1.  Change of TOC concentration in sample water treated with 5 types of charcoal and GAC 
The x-axis in (a) is represented as a logarithmic scale in (b).
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Fig. 2. Comparison of TOC concentration between measurements in the adsorption test and calculated by the 
adsorption rate model onto (a) C650, (b) C750, (c) C850, (d) C950, as well as (e) C1050 and (f) GAC
●: Measured,  ▪: Calculated.

Table 2.  Parameters of adsorption rate model onto 5 types of charcoal and GAC 

Adsorbent Group-1 Group-2 GAC

C650 C750 C850 C950 C1050

Kf  (m h-1) 9.70 × 10-8 11.4 × 10-8 2.00 × 10-8

α  (h-1) 0.015 0.011 0.015
Ce (mg m-3) 9.49 9.8 2.33 2.24 1.26 0.52
R 0.95 0.84 0.95 0.85 0.90 0.96

R: correlation coefficients.
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groups.  Categorizing the groups made it possible to clar-
ify the rate properties of both charcoals and GAC.  We 
have explained rate properties by categorizing groups in a 
previous report12 using the results of the adsorption test in 
this study.  These parameters were selected to minimize 
the square of the differences between the measurements 
and calculated values.  The parameters of the mass trans-
fer coefficient kf were the liquid laminar film diffusion 
and the desorption rate coefficient α on charcoals/GAC.  
As these parameters, kf and α most closely approached 
each value for the minimum square of differences between 
the measurements and calculated values, each parameter 
was assumed to be equivalent by group, group-1, group-2, 
and GAC.  Their values are shown in Table 2.  The spe-
cific surface area, A was given analytical values (Table 1).  
We discuss three parameters (kf, α, Α) below. 

Parameter kf, which implies the mass transfer coeffi-
cient, showed the largest value for group-2.  The values of 
kf in increasing order are as follows; GAC (2.00 × 10-8) < 
group-1 (9.70 × 10-8) < group-2 (1.14 × 10-7).  These 
results indicated that DOM translation speed was rela-
tively high in the liquid laminar film of group-2, and was 
low in that of the GAC. 

Parameter α implies the adsorption rate coefficient.  
There was not so great a difference between each value.  
The value of group-2 (α = 0.011) was somewhat larger 
than the others (α = 0.015).  This indicates that it was rela-
tively hard to release adsorbed material from group-2.  

These results were summarized as follows.  In the 
early adsorption process the DOM adsorption volume by 
group-2 which had the largest kf was larger than the GAC.  
In other words, it was suggested that DOM could move to 
the surface of charcoal carbonized at high temperatures 
more rapidly than that of the GAC.  However, in the latter 
process the DOM adsorption volume by GAC which had 
the largest A exceeded those of group-2 and group-1.  
Group-1 adsorbed the least DOM because kf and A were 
smaller than those of group-2.  Therefore, it was clear that 
the factors affecting DOM adsorption were not only the 
DOM transfer rate and desorption, but also the specific 
surface area.

Conclusion 

In this study the DOM adsorption processes using 
five types of charcoal (C650, C750, C850, C950, and 
C1050) and commercial granular activated carbon (GAC) 
were quantitatively evaluated with the adsorption rate 
model based on the measurements obtained from the 
adsorption test.  The adsorption rate model was consid-
ered to consist of an adsorption process in the early step, 
which has a liquid laminar film diffusion and a desorption 

process by collision of DOM.
In the results of the adsorption test, the significant 

difference in the adsorption volume and rate were shown 
between group-1 (C650 and C750) with the one-stage 
method and group-2 (C850, C950 and C1050) with the 
two-stage method.  Similar differences were also shown 
between group-2 and the GAC.  Although the GAC with 
the largest specific surface area could adsorb DOM better 
than group-2 at reaching to the near stable state after 6 
hours in the test, C950 and C1050 adsorbed DOM quicker 
and better than GAC in the first 6 hours.  The DOM 
adsorption rates of C1050 and GAC reached over 90% at 
144 hours.  Consequently, the DOM adsorption volume of 
C1050 was not significantly less than that of GAC, and 
the rate of initial TOC concentration decrease by C1050 
was quicker than that of GAC.  Therefore, it was sug-
gested that C1050 could be used for DOM adsorption as 
well as GAC.

The measurements from the adsorption test agreed 
well with the values calculated by the adsorption rate 
equation (Eq. (6)).  The specific surface area of the char-
coals/GAC as well as transfer rate in liquid laminar film 
and adsorption rate could influence the adsorption 
process.

In this study we evaluated the adsorption rate process 
of only step (2) focusing on the early process.  In order to 
understand the adsorption rate process and create a model 
which more closely approaches measured values, we need 
to consider the latter process of step (3) in further 
research.
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